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Notice

Medicine isan ever-changing science. Asnew research and clinical experience broaden
our knowledge, changes in treatment and drug therapy are required. The authors
and the publisher of this work have checked with sources believed to be reliable in
their efforts to provide information that is complete and generally in accord with the
standards accepted at the time of publication. However, in view of the possibility of
human error or changes in medical sciences, neither the authors nor the publisher
nor any other party who has been involved in the preparation or publication of this
work warrants that the information contained herein is in every respect accurate or
complete, and they disclaim all responsibility for any errors or omissions or for the
results obtained from use of the information contained in this work. Readers are
encouraged to confirm the information contained herein with other sources. For
example and in particular, readers are advised to check the product information
sheet included in the package of each drug they plan to administer to be certain that
the information contained in this work is accurate and that changes have not been
made in the recommended dose or in the contraindications for administration. This
recommendation is of particular importance in connection with new or infrequently
used drugs.
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The introduction of high-resolution whole-body magnetic resonance imaging is based on
the rapid and intensive advancement of various magnetic resonance tomographic exami-
nation techniques, as well as new methods in data processing. The editor and authors have
made crucial contributions towards establishing whole-body MRI in various investiga-
tive settings, rendering it more precise and applying it for diverse indications. The work
presented here is founded upon the extensive experience of the editor, as well as drawing
upon the broad range of experience from other scientific working groups. The first section
of the book is dedicated to the technical requirements of whole-body MRI, as well as the
principles and the associated data processing, whereas all aspects of whole-body MRI are
presented from a clinical perspective in the subsequent chapters. This includes examina-
tion techniques, an update of the clinical questions posed, and a richly illustrated presen-
tation of the clinical areas of cardiovascular investigation and musculoskeletal diseases.
Oncological whole-body imaging tackles the comparison of whole-body MRI with bone
scintigraphy in the detection of bone metastases, and with FDG-PET in respect to whole-
body tumor staging. Both the clinical and experimental questions concerning whole-body
MRI are addressed in detail.

The book represents a crucial contribution towards the rapid propagation and clinical
integration of whole-body MRI. This book is outstanding by virtue of its clear structure, the
excellent image examples and also the clinical concept.

I wish this book all the success it deserves!

Prof. Dr. med. Thomas Vog]
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In modern MRI, the advent of movable surface coils, ultra-fast gradient technology and
multi-channel receivers (= 8 channels) have propelled whole-body MRI from conception to
implementation. The latest 32 channel systems allow simultaneous imaging from numer-
ous receiver coil matrices. This, coupled with automated table movement and image fusion
and montage postprocessing software, make whole-body MRI not only feasible but also
practical. Whole-body MR imaging times have decreased drastically from over an hour to
perform one pulse sequence on the whole body to less than an hour to perform multiple
pulse sequences on the whole body for a comprehensive examination. Whole-body MR
imaging and angiography advances have thus begat a whole family of clinical whole-body
MR applications.

The key to exploring new technology is separating the clinically relevant applications
from the simple academic curiosity of scientists which may be costly and clinically irrel-
evant or worse yet, potentially harmful. In an age where CT has become today’s plain film
equivalent, I sometimes think medical clinicians have forgotten that X-rays are potentially
harmful. After all, Europeans have kept better sight of the fact that indiscriminate use of
X-rays could have serious negative impact on the general population and thus many Euro-
pean countries regulate the use CT. Following suit, the United States Food and Drug Ad-
ministration has recently labeled X-rays a carcinogen. Thus MRI is poised to become a very
powerful whole-body screening tool because it lacks the two major pitfalls that plagued
whole-body CT, namely ionizing radiation and iodinated contrast material. Whole-body
MRI has great potential advantage over the competing modalities of PET and CT for
not only early detection of primary disease but also surveillance for local and metastatic
spread of tumor. Oncogenic osteomalacia and other more systemic syndromes may also be
facilely evaluated by whole-body MR, but proof of these concepts lies ahead.

My esteemed colleague and friend Dr. Mathias Goyen has been working extensively in
the field of MRI over the last years and has made seminal contributions toward expanding
the scope of whole-body MR applications and making it clinically practical and effective.
This book, to my knowledge, is the first of its kind and offers a hands-on approach to the
evolving field of whole-body MRI, which gives the reader the tools to effectively utilize
and optimize application of whole-body MRI technology in the patient care setting.

F. Scott Pereles, MD Salinas, Summer 2006
Salinas Valley Radiologists
559 Abbott St
Salinas, CA 93901
IX
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Technical advances in medical technology today allow the performance of high-resolution
whole-body magnetic resonance imaging (MRI) examinations of the body from an onco-
logical perspective in a single examination. Whole-body MRI, as a young, future-shaping
imaging technique, has therefore fundamentally changed the direction of discussions on
the use of MR technology in oncological secondary prevention. Although whole-body MRI
is just in the early stages of its development, the enormous medical and economic poten-
tial is already plain to see. The aim of this book is to provide a current overview of this
new and multifaceted field of modern MRI radiology. Following introductory chapters on
technology, the majority of the book is dedicated to clinical fields of application for whole-
body MRI I would like to thank all authors for their valuable contribution and dedicated
collaboration, which made this current compilation of essential aspects of whole-body MRI
possible. Thank you to my publisher, Dr. Axel Bedtirftig, for his uncomplicated, construc-
tive and always friendly collaboration and for his strong efforts to make an English edition
of the book possible. Special thanks go to my radiology teacher and mentor, Jorg F. Deba-
tin, MD, MBA, Medical Director and CEO of the University Medical Center Hamburg-Ep-
pendorf, who followed and very much supported this book project.

Mathias Goyen Hamburg, July 2006
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Mathias Goyen

Since the discovery of X-rays more than 110 years ago, radiology has made tremendous
progress. Especially in the last 30 years, the decisive breakthrough has been achieved with
the introduction of the cross-sectional imaging techniques computed tomography (CT)
and magnetic resonance imaging (MRI), as well as important advancements in the field of
interventional radiology and nuclear medicine.

Radiological imaging has become very accurate over the years, with high sensitivities
and specificities compared with the respective standard of reference; data can be acquired
three-dimensionally and presented to clinicians.

Functional imaging has become reality, and it is expected that molecular imaging will
also find its way into clinical use. New, organ-specific contrast agents for all imaging mo-
dalities, in particular for MRI, are undergoing clinical testing. With the help of new imag-
ing strategies, patients can be examined quickly; this means that even examinations with
expensive machines are economically viable, as a high patient throughput leads to reduced
costs.

The aforementioned progress of the last 30 years has become possible thanks to develop-
ments in the fields of information technology and computer science. The performance of
computers has doubled every 18 months over the last 15 years (Moore’s Law). Computers
and medical devices have become smaller in size, and image acquisition, resolution and
image transmission have appreciably improved and have contributed to further progress
in medical imaging over the last 20 years.

These developments have especially influenced the cross-sectional techniques CT and
MRI, both for which fast data acquisition has brought about a significant increase in patient
throughput.

For cost reasons, these cross-sectional techniques were for a long period only deployed
in stepwise diagnostics once the conventional X-ray images or ultrasound had already
been obtained. As a result of the reduction in acquisition times for CT and MRI, the ad-
ditional costs in comparison with conventional X-ray technology have fallen. These higher
costs are clearly put into perspective when the additional information derived through the
use of cross-sectional imaging techniques is taken into consideration. CT examinations of
the lung have already replaced conventional X-ray recordings for many applications; there
has also been a significant worldwide reduction in the number of barium X-ray diagnostic
examinations of the abdomen or in urology for example; here, CT is now often the exami-
nation mode of choice.

Xvil
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Introduction

The same technical advances, which through faster data acquisition lead to a reduction in
examination costs, lead to a paradigm shift in cross-sectional imaging away from focused
examination towards whole-body imaging. Until a few years ago this was not possible, i.e.
radiological imaging was limited to the depiction of a single region of the body for each
examination.

There were several reasons for this limitation: Above all were the aforementioned ab-
sence of technical options as well as limitations placed by contrast agents and reasons of
radiation protection.

For several years now, so-called multi-slice CT systems, which allow whole-body ex-
aminations, have been available in clinical routine work. An important consideration with
whole-body CT is the significant radiation exposure which sometimes arises. In the case
of a seriously injured patient with compelling reasons for the diagnosis to be performed
promptly, this radiation exposure is certainly justified, as it is with intensive care patients
e.g. with the indication of a focus search for sepsis.

The use of CT for the early detection of diseases (prevention), on the other hand, is
rightly subject to controversial discussion — especially in Europe. In recent years, vehicle
fleets with mobile CT systems are out and about in the US offering their services. The
health conscious in the US can nowadays even be examined with whole-body CT in shop-
ping malls.

The Food and Drug Administration (FDA) still has no data to document the benefit of a
whole-body CT examination. Large American specialist associations (American College of
Radiology, American College of Cardiology, American Heart Association) therefore do not
recommend whole-body CT examinations for screening purposes.

Just as the technical advancement in the field of CT made whole-body imaging possi-
ble, today we are in a position to image the entire body with a single MRI examination
(Chaps. 1 and 2). This is largely attributable to the enormous technical progress in the field
of MRI gradient technology over recent years, as well as the development of organ-specific
contrast agents (Chap. 9). Another factor is the development of rolling table platforms (e.g.
AngioSURF), which allow the patient to be moved through the magnetic tunnel. Advan-
tages of MRI compared with CT examination firstly include the absence of radiation expo-
sure, and secondly the fact that MR contrast agents show an excellent safety profile and can
be used e.g. for patients with kidney insufficiency or hyperthyroidism.

Various indications for whole-body MRI - both oncological and non-oncological — have
already been clinically evaluated. For instance, whole-body MRI can be deployed for pa-
tients with bone metastases as an alternative to the standard of reference, bone scintigra-
phy (Chaps. 6 and 7) or in comparison with FDG-PET (Chap. 8). In contrast to scintigraphy,
in which tumor-induced activity in osteoblasts is a prerequisite, in MRI the large number of

XV



Introduction

protons in the tumor matrix allows direct detection. Compared with scintigraphy, an MRI
examination allows assessment of soft tissue and parenchymal organs at the same time as
bone metastases, and an overview of the patient’s overall tumor load can be obtained.

Additional potential indications are whole-body fat measurement by means of MRI to
determine body composition (Chap. 10) and the imaging of muscular infections in patients
with polymyositis (Chap. 5). Whole-body MR angiography has already made advances in
routine diagnostics, on account of atherosclerosis being a widespread disease thus requir-
ing extensive diagnostic attention (Chap. 3).

A further indication for whole-body MRI is autopsy of the deceased. Initial studies from
Switzerland (Chap.13) indicate that MRI can be a useful supplement for autopsy, espe-
cially for patients for whom a conventional autopsy is not possible due to the absence of
consent by the relatives on religious grounds.

Today’s patient goes to the doctor even in good health so as not to become sick in the first
place. The trend is prevention. Prevention has many aspects; the most important ones are
cardiovascular risk factors, which have risen to shocking proportions since the Second
World War and have now become widespread diseases. Experiences with radiological
screening techniques are limited. The most noteworthy are X-ray thorax screening exami-
nations for tuberculosis in Europe in the 1960s and 1970s and mammography screening in
the 1980s and 1990s.

The advantages of the MRI technique (latest hardware developments, absence of side
effects and high diagnostic accuracy) make MRI appear to be especially well suited for the
early detection of diseases (Chaps. 11 and 12).

As the costs for a whole-body MRI examination are still too high to allow this technique
to be used in individualized screening examinations, a solution possibly lies in the combi-
nation of several MR-based separate examinations to form a comprehensive MR screening
protocol. The image quality attained in this examination is comparable with the image
quality that can be achieved for each separate examination. Of course, no conclusions can
be drawn from the current data status as to the general value of MRI screening, as a far
greater number of cases is required. Moreover, screening can only be medically appropri-
ate given a concise definition of the risk groups. It is obvious that a screening examination
may be advantageous for the individual if e.g. a kidney or liver cell carcinoma, which is not
symptomatic, is discovered. Future studies must e.g. compare the costs for this screening
with the life-years saved.

It is essential when deploying imaging techniques for screening purposes, especially
MR, that the radiologists working in preventative medicine are careful about what they
see on the images. They have to be aware of the limitations of the methods, the variations
and signs of wear of the human body, and provide an appropriate assessment during the
medical consultation with the customer to avoid the customer being a victim of the so-
called “VOMIT” syndrome (victim of modern imaging technology).

Whole-body diagnostics for prevention purposes should, under all circumstances, be in-
tegrated into a comprehensive prevention and screening concept, which, besides a clinical
examination, should ideally include a survey of laboratory parameters and functional ex-
aminations, such as ergometry, as well as lifestyle coaching based on the results obtained.

XIX
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¢ Cross-sectional imaging techniques have replaced conventional X-ray examinations as
the examination mode of choice.

* Whole-body examinations have become feasible as a result of the enormous progress in
the field of medical technology and advancements in contrast agent research. There are
essentially two modalities available: CT and MRI.

* Whole-body CT examination is mainly used for severely injured and intensive care pa-
tients.

* Whole-body MRI examination has already been successfully used in various oncologi-
cal and non-oncological investigations. Screening for diseases may represent a new in-
dication for whole-body MRI. In contrast to CT, MRI is not accompanied by radiation
exposure. Whole-body diagnostics should definitely be just one part of a comprehensive
prevention and early detection concept.

XX
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Harald H. Quick, Mark E. Ladd

MRI examinations are traditionally limited to areas, which can be covered by the MR field
of view (FOV). These are typically less than 50 cm. Certain investigations however require
a larger volume of the patient to be covered, e.g. examinations of the spinal column, MR
angiography (MRA) examinations of the pelvis-leg region or whole-body MRI metastasis
search. Strategies for enlarging the effective MRI image area must be developed for these
examinations. Multistation techniques, with which adjacent individual, slightly overlap-
ping stations are acquired, have therefore been developed to effectively expand the FOV.
There is also a trend towards ever shorter magnet designs that also further reduce the use-
able FOV (<40 cm). A shorter magnet generally improves acceptance among claustropho-
bic and overweight patients. A smaller FOV also tends to reduce the risk of nerve stimula-
tion because of the shortened gradient system, which allows shorter gradient switching
times (higher slew rates) and therefore faster imaging. However, to exploit these inherent
advantages of shorter magnets with an effectively larger FOV —up to and including whole-
body applications — the relevant technical requirements must be met.

Generally, the useable FOV of an MR scanner is essentially defined by three hardware
groups and their related parameters: 1. The main magnet with its homogeneity over the
imaging volume; 2. The gradient system with its linearity over the imaging volume; and
3. The radiofrequency (RF) system with its RF signal homogeneity and signal sensitivity
over the imaging volume. Whole-body MRI imposes very special demands on these sys-
tem components of the scanner hardware.

1.2.1  Main magnet

The magnet of a whole-body MR scanner should have a high main magnetic field strength
to provide sufficient equilibrium magnetization and therefore a high potential signal-to-
noise ratio (SNR) for good image quality. MRI at field strengths above 1.0 Tesla — or better
yet 1.5 Tesla (Fig. 1.1) — is currently viewed as the standard and is increasingly being sup-
plemented with 3 Tesla systems in clinical use. The homogeneity of the basic magnetic field
over the examination volume should be as high as possible to ensure low image distortion
and high signal homogeneity. The homogeneous examination volume should be as large as
possible to capture the full extent of the patient’s body without artifacts (Fig. 1.2) and dis-
tortions. A cylindrical design of the main magnet is conformant with all these requirements
and therefore currently represents the most frequently occurring magnet design (Fig. 1.1).

2
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Technical requirements for whole-body MRI

o

Figure 1.1 Modern 1.5 Tesla whole-body MR scanner with cylindrical design (“Avanto”, Siemens
Medical Solutions, Erlangen, Germany). The dimensions of the magnet aperture represent the cur-
rent norm of approximately 160 cm length with a 60 cm diameter (Photo: Siemens).

1.2.2 Gradients

Special demands are also placed on the gradient system in order to be able to realize whole-
body MR examinations: A fast gradient slew rate combined with a high gradient amplitude
are the prerequisites for short repetition and echo times (TR and TE) and thus for fast imag-
ing and coverage of a large examination volume in the shortest possible time. This can be
seen as a fundamental prerequisite for clinically acceptable examination times for the large
volumes of whole-body MRI. A high degree of gradient linearity over a large area is re-
quired to keep image distortion in and around the imaging FOV to a minimum (Fig.1.3).
These requirements can also be best realized with a cylindrical design of the gradient sys-
tem.

1.2.3 RF system

A radiofrequency system suitable for whole-body MRI is characterized by RF excitation
with a homogeneous signal excitation over as large an examination volume as possible.
Here it is important that the excitation flip angle remains as constant as feasible, as the im-
age contrast is fundamentally influenced by this parameter. Large cylindrical volume coils,

3
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Figure 1.2 Magnetic field homogeneity.
Coronal MR image with a large FOV (50 cm)

to demonstrate the effect of the magnetic

field homogeneity of the main magnet. In this
TrueFISP sequence, which is very sensitive to ho-
mogeneity, there are black ring artifacts shown
on the margins of the FOV (arrows) —

a consequence of signal obliteration in the
inhomogeneous region of the magnet.

Figure 1.3A, B Gradient non-linearity. Coronal MR images with a large FOV (50 cm) without (A) and
with (B) distortion correction of gradient non-linearities. Without distortion correction (A), the im-
ages with a large FOV show structures with significant distortion on the margins. To a certain extent
these distortions can be compensated for with image processing (B), such that the individual stations
or FOVs can be combined to form a single large image FOV for use in whole-body MRI.

like the RF whole-body coils fitted inside the magnet tunnel, are used here as they fulfill
this requirement.

In terms of signal reception, homogeneous RF signal reception over as large an exami-
nation region as possible is on the list of requirements; however, homogeneity plays a
lesser role here compared with signal sensitivity, as inhomogeneous reception intensity
only affects the brightness distribution over the volume, but not the underlying image
contrast. In regard to the homogeneous volume, the whole-body RF coil also offers an ad-

4
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Figure 1.4A-C Radiofrequency signal homogeneity. Coronal MR image with large FOV (50 cm)
acquired (A) with the built-in whole-body RF coil of the scanner. The image in (A) appears noisy, with
a low SNR and therefore poor image quality, but it nevertheless demonstrates a high level of signal
homogeneity. In comparison, the use of RF surface coils in (B) delivers a higher SNR and therefore im-
proved image quality. The signal is however locally restricted to the individual coil elements located
in the lower half of the image, which severely limits the illumination and signal homogeneity at the
upper edge of the image and forces RF coil elements to be placed over the entire FOV for complete
coverage of the anatomical region (C).

vantage here. For signal reception and the maximum SNR attainable with such a large
volume coil, a coil of this type is however extremely limited. Hence, diverse concepts with
RF surface coils have come into use. Surface coils are placed directly over the examination
region and receive signals from the immediate vicinity of the examination volume. At the
same time, these coils detect the unavoidable noise from a relatively limited region, so that
the potential SNR attainable with these coils is relatively high. At the same time, the disad-
vantage of surface coils lies in their severely restricted sensitivity range. Several coil ele-
ments of this type are required to cover larger anatomical regions (Fig.1.4); they can be
combined together as phased-array surface coils. Phased-array coils allow optimization of
the SNR while extending the region for signal reception. A prerequisite for exploiting the
advantages inherent in this type of coil technology is a large number of RF receivers to
which the coil elements can be connected either individually or in groups. This is also a
basic prerequisite for the use of parallel imaging acquisition techniques.

One possibility of extending the effective FOV is to divide the examination into several
discrete partial examinations, whereby the patient table together with the patient is moved
relative to the imaging volume in-between the partial measurements [1-4]. With these so-
called multistation techniques, the fact is exploited that different body regions lie sequen-
tially in the imaging region defined and limited by magnet homogeneity, gradient linearity,
and RF signal excitation and reception. The previously defined list of conventional limita-
tions remains applicable for each partial imaging field with this method; however, in this
way the effective FOV may be expanded over several stations.
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The basic requirement for the implementation of multistation techniques is the technical
capability to move the patient table relative to the imaging field of the MR scanner. Here
the maximum range of movement of the table directly determines the effective FOV, which
can be covered stepwise with an examination of this type. Older generation MR systems
typically have a range of movement limited to less than 150 cm. To examine a patient from
head to toe it is therefore unavoidable to reposition the patient at least once during the
examination. For example, in the first phase the patient is positioned head-first, in the sec-
ond phase feet-first.

For signal reception the multistation techniques initially used the whole-body RF coil,
which however only provided a moderate SNR and consequently limited image quality.
Later, various concepts were introduced using RF surface coils, with the aim to signifi-
cantly raise the attainable image quality through higher SNR.

1.3.1  Peripheral coils

MR angiography (MRA) of the pelvis-leg region may be viewed as the driving clinical ap-
plication for the development of table movement techniques. The limitations of a conven-
tional FOV were overcome for the first time through the expansion of this anatomical re-
gion to an examination region of 120-140 cm. After initial attempts with the RF whole-body
coil of the scanner [1-3, 8], which were limited by signal reception, solutions with motor-
ized table movement combined with RF surface coils were increasingly applied [4, 9, 10].

The useable range of movement and therefore the effective FOV of these initial table
movement techniques was around 150 cm, which corresponds to three or four stations, a
distance sufficient for peripheral vessel studies. The various peripheral RF surface coils
(Fig. 1.5) specially developed for this application also covered the target examination re-
gion, either on their own or in combination with additional RF coils.

The technical requirements for a stationwise expansion of the effective FOV with a high
SNR and concomitant high image quality were thus established. Nevertheless, clinical
needs and requirements were soon aimed towards further expansion of the FOV to possi-
ble whole-body MR applications [11].

1.3.2 Moving table platforms: SKIP, AngioSURF etc.

To overcome the limited range of movement of the patient table and to avoid having to
reposition the patient during whole-body MRI, crucial impetus was provided by inde-
pendent research groups for technical implementations to achieve “real” whole-body MRI.
Manually movable table platforms were developed, e.g. “SKIP” (Stepping Kinematic Im-
aging Platform, Magnetic Moments, Bloomfield, MI, USA) [12] and “AngioSURF” (Angi-
ographic System for Unlimited Rolling Field-of-views, MR-Innovation GmbH, Essen,
Germany) [13-15], which exceeded the range of movement of the motorized patient tables
used in MR scanners, thereby extending the achievable FOV to approx. 200 cm and giving
rise to “real” whole-body MRI. Stepwise whole-body MRI now became possible with five
to six stations.

The inadequate coverage of this examination field with RF surface coils was circum-
vented with the elegant solution of an RF surface coil pair positioned stationary in the
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Figure 1.5 Dedicated peripheral “phased-array” RF surface coil (Siemens Medical Solutions, Erlan-
gen, Germany) for the acquisition of multistation MR angiography (MRA) examinations of the pelvis-
leg vasculature. The phased-array coil provides expanded anatomical coverage, as well as a high
local SNR for enhanced image quality.

isocenter of the magnet (Fig. 1.6) A phased-array coil is integrated into the patient table for
this purpose, which delivers signals from the posterior region of the patient. On the ante-
rior of the patient, mounted on a coil glider, is a second phased array surface coil, which is
height-adjustable and held in position by two arms at the isocenter of the magnet, thereby
allowing the coil glider to adapt to the contour of the patient passing through the magnet
tunnel. The patient is positioned on an MR-compatible table platform mounted on rollers.

Using this technique, the patient can be quickly pulled stepwise through the magnet
passing between the two surface coils (Fig. 1.6). The RF surface coils provide the SNR re-
quired for high image quality without having to completely enclose the patient in RF coils
from head to toe. The technique has been applied extensively in clinical use in whole-body
MRA [12-17] (Fig. 1.7A), whole-body metastasis screening of oncological patients [18-21]
(Fig. 1.7B), and as part of MR-based preventive examinations [22, 23]. The phased-array RF
surface coils used here facilitate the use of parallel acquisition techniques to enhance spa-
tial resolution [15].

1.3.3 Matrix coils — Coil elements from head to toe

The latest generation of MR scanners increasingly offers integration of these requirements
for whole-body MRI: a table movement range of over 200 cm, integrated concepts for cov-
ering the patient’s body with a large number of dedicated phased-array RF surface coils, as
well as a large number of RF receivers for signal management of these coil elements.
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Figure 1.6 AngioSURF table platform (MR-Innovation GmbH, Essen, Germany) mounted on the
examination table of a Siemens Sonata MR scanner with a patient lying on top. The table and coil
position are shown for the third of five stations; for purposes of illustration, the table has been
moved outside of the magnet: for the actual measurement the coil glider is positioned in the iso-
center. For the MR whole-body examination, five contiguous 3D data sets are acquired from head to
toe. The patient is moved manually on the platform between each data set. As the table is moved,
the patient slides between a fixed RF receiver coil located posteriorly and a receiver coil mounted
anteriorly on the coil glider. The glider follows the contour of the patient, which minimizes the
separation of the coil to the patient, thereby optimizing the signal-to-noise ratio and the image
quality. An additional frame protects the patient’s face. The technique allows a fast MRl whole-body
examination with high image quality (see Fig. 1.7).

The aim is to cover the patient from head to toe with a uniform distribution of highly sen-
sitive surface coils to ensure the best possible signal sensitivity from the entire body. Sie-
mens (Siemens Medical Solutions, Erlangen, Germany) offers an RF system of this type
with up to 76 coil elements (newest systems with up to 102 coil elements) and up to 32 re-
ceiver channels with a 205 cm table movement range under the name “Tim" (Total Imaging
Matrix) (Fig.1.8). Through the use of dedicated surface coils adapted to the respective ex-
amination region and through the large number of RF receivers, this system fully exploits
the potentially achievable SNR. The individual coil elements can be flexibly combined with
the available receiver channels. As with the techniques previously cited, here the state-of-
the-art is the stepwise motorized movement of the patient and the associated data acquisi-
tion in discrete stations.
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Figure 1.7A, B Whole-body MR angiography
(A) combined from five individual 3D data sets,
which were acquired over a total period of 72
seconds. Contrast agent was injected during
image acquisition. Besides MR angiography,

the AngioSURF system can also be deployed

as a staging method for metastasis search in
patients with metastatic disease (BodySURF) (B).
Here the examination protocol encompasses
MR imaging of the soft tissue and the bones.

1.3.4 Software

With the emergence of multistation MR techniques, not only were hardware developments
required, such as dedicated RF coil concepts and table movement, but software require-
ments also changed in parallel: 1. RF coils need to be switchable between the stations so
that only the coils in the respective imaging volume actively contribute to signal acquisi-
tion. 2. The prescan to determine the adjustment parameters, such as tuning, shimming,
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Figure 1.8A, B Schematic representation of “Tim” (Total imaging matrix) RF technology (Siemens
Medical Solutions, Erlangen, Germany) in a top view (A) and side view (B). The patient can be cov-
ered with a full complement of dedicated RF surface coils. Up to 76 coil elements can be linked with
up to 32 independent RF receivers in various modes to form an RF matrix. The whole-body coverage
of the patient with separate RF surface coils in combination with motorized table movement permits
whole-body image acquisition with a relatively high SNR and, furthermore, the combination with
parallel imaging techniques (Photo: Siemens).

specific absorption rate (SAR), excitation flip angle, etc. needs to be carried out and stored
for each station separate from the actual examination, so that these time-consuming pa-
rameters can be determined for all stations prior to a potentially time-critical application
such as contrast-enhanced MRA. 3. The section stacks for data acquisition at each station
need to be individually positioned and angulated and variable in their respective local
resolution (matrix, section thickness), thereby allowing individual adaptation to the ana-
tomical situation of each station.

1.3.5 Parallel imaging

The use of phased-array RF surface coils along with the availability of RF receiver channels
for the multistation techniques forms the basis for the application of parallel imaging tech-
niques to whole-body MRI. Parallel imaging itself takes on a special role in whole-body
MRI. Besides the acknowledged advantages of parallel imaging, e.g. artifact reduction in
examinations of the thoracic-abdominal region through shorter breath holding, the total
time savings is multiplied by the number of stations required to cover the body volume.
Parallel imaging allows larger anatomical regions to be captured per unit time or the local
resolution to be raised in the same acquisition time (assuming a sufficient SNR) or a com-
bination of both effects. This is an important consideration, especially in whole-body MRI,
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for capturing the larger anatomical regions within a clinically acceptable time with an ad-
equate spatial resolution.

By using parallel imaging techniques, on the other hand, the already large quantities of
data involved in whole-body MRI are further expanded through the use of matrix coils,
through numerous receiver channels, and through the acquisition of large volumes over
several stations while maintaining a high spatial resolution. The demands placed on image
reconstruction, database management, archiving media, etc. are enormous and therefore
present further development potential and requirements.

The multistation MR techniques previously described still possess some potential disad-
vantages: The time taken for table movement is not available for data acquisition, and the
table movement between stations typically lasts between three and four seconds; the par-
tial FOVs for each station typically overlap slightly, requiring additional time for redun-
dant data acquisition; time is necessary at each station for the reestablishment of the steady
state; signal attenuation often arises on the margins of the FOVs which can lead to inhomo-
geneities in the resulting combined overview images; and non-linearities in the gradient
system lead to geometric distortions on the margins of the partial FOVs, which in turn can
cause artifacts on the boundaries between adjacent stations. Many of these disadvantages
hamper the evaluation of the images, especially on the boundaries of the partial FOVs. The
ideal situation would be a continuous data set with uninterrupted and unchanging quality,
which can be processed as a whole during image viewing and assessment.

Various techniques for data acquisition during continuous table movement have been
investigated as alternatives to the multistation techniques. In the simplest methods, fast
two-dimensional (2D) axially oriented sections are acquired in the isocenter of the magnet
during continuous table movement and are subsequently combined [24, 25]. If the table
speed is so slow that the table movement is less than the acquired section thickness, the
image artifacts are then tolerable.

Fast 2D axial section acquisition with continuous table movement is subject to some re-
strictions: Limited in-plane resolution and relatively large section thicknesses restrict the
possibility of reconstructing the axially acquired data in the coronal or sagittal planes; in
addition, until now only a small number of image contrasts (gradient echo or EPI variants)
have been made available. The conventional multistation techniques, on the other hand,
offer high spatial resolution and the complete range of MR image contrasts, whereby they
suffer from the limitations stated above — the temporal ineffectiveness and possible arti-
facts at the margins of the partial FOVs. Ideally, a combination of the advantages of both
methods should be sought.

Methods recently developed pursue just this strategy. They allow either phase encoding
[26] or frequency encoding [27-31] along the movement axis during table movement,
which facilitates 2D and 3D data acquisition. These techniques for continuous table move-
ment during data acquisition, also termed “Move During Scan (MDS)” techniques, place
special requirements on data acquisition, hardware and image reconstruction: Inhomoge-
neity of the main magnetic field (Fig. 1.2) and non-linearity of the gradients (Fig. 1.3) gener-
ate image distortions at the margins of the FOV, which are now a function of time, because

11



Technical requirements for whole-body MRI

the table is moved through the tomograph during acquisition [32]. In addition, a number
of adjustment parameters, which previously were modified once per station for the station-
wise examination of the patient, must now be automatically adapted during table move-
ment. These parameters include the tuning of the RF transmit coil, the transmit and receive
frequency, the RF transmission power, the RF receiver gain, the “shimming” of the magnet,
the activation of the RF surface coil elements located in the imaging region and other pa-
rameters, all of which are needed to ensure optimal, homogeneous image quality and the
safety of the patient. Otherwise, the excitation flip angle can, for instance, have a different
value in the pelvic region than in the thoracic region and the image contrast varies unpre-
dictably. Even without a complete solution for adapting these parameters “on the fly”, ini-
tial studies with MDS techniques show promising results with volunteers [33, 34] and pa-
tients [34, 35] (Fig. 1.9). Parallel imaging techniques can also be applied here through the
use of surface coils combined with independent RF receivers [34, 36], and the potential for
faster imaging, larger anatomical coverage in the same time, and/or improved spatial
resolution can be exploited.

Figure 1.9A, B Contrast-enhanced peripheral
MRA (A) compared with the “Move Dur-

ing Scan” (MDS) technique (B), with which
continuous data acquisition takes place during
patient table movement. The multistation
technique requires acquisition of several dis-
crete, slightly overlapping FOVs (A), whereas
the MDS technique delivers a large, seamless
FOV. With the multistation technique gradi-
ent distortions — as shown in Fig. 1.3 - on the
edges of the individual FOVs potentially lead
to discontinuity artifacts.

Both technologies have the potential to be
expanded to whole-body MRI from head to
toe (courtesy: Michael O. Zenge, MS, University
Hospital Essen, Germany).
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The application of such MDS techniques is potentially rewarded with the depiction of
extended anatomical structures in large seamless images and has the potential of achieving
a paradigm shift in MR data acquisition, reconstruction, postprocessing and evaluation.

In terms of magnet design, an unabated trend towards ever-shorter magnets with as large
of FOV as possible continues. The state-of-the-art for cylindrical 1.5 Tesla tomographs can
be considered a magnet length of approx. 140-160 cm coupled with a homogeneous vol-
ume of 40-50 cm length. With the multistation techniques, the number of stations required
to achieve whole-body coverage of the patient is directly dependent on the length of the
useable homogeneous FOV. A short useable FOV therefore necessitates the acquisition and
sequencing of many individual stations. MR systems with short cylindrical magnets, such
as the "Espree” from Siemens, present another special challenge for whole-body MRI in
this regard.

I \
[ |
I 1
1 1

Figure 1.10 Schematic representation of a longitudinal section through a cylindrical short magnet
(“Espree”, Siemens Medical Solutions, Erlangen, Germany). Whereas conventional 1.5 Tesla magnets
have a bore length of typically approx. 160 cm (dashed line) and a bore diameter of typically approx.
60 cm, this short magnet with the same field strength has a magnet length of just approximately
125 cm with a wider bore diameter of approximately 70 cm. Compared to the homogeneous FOV of
a standard magnet (FOV 1), the useable homogeneous FOV of the short magnet (FOV 2) is constrain-
ed by the shorter magnet design - at least in the longitudinal direction. This has consequences for
whole-body MRI. The sketch is not true to scale.
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With a length of 125 cm, the magnet lies significantly below the dimensions of the
standard systems described above, and the distortion-free useable FOV is also smaller with
approx. 30-40 cm (dependent on the application) (Fig. 1.10). The multistation techniques
certainly represent an alternative here for the acquisition of larger structures; however, the
full potential for exploiting the temporal efficiency of data acquisition tends to lie with the
application of the MDS techniques. This much speculation can be made at this juncture:
Through the use of MDS techniques, it is potentially possible to further reduce the magnet
length and therefore the length of the useable FOV and still carry out whole-body MRI.
Taking this thought experiment to its extreme: for axial data acquisition [33, 37, 38] com-
bined with MDS techniques [39], the acquisition of a single homogeneous section should
be sufficient to image the entire body as a stack of sections.

The introduction of whole-body MRI to radiological diagnostics not only has an impact on
the hardware and software architecture, data acquisition and image reconstruction, but
furthermore on the entire field of image postprocessing, on the presentation of data, and
ultimately on the assessment and archiving of greater and ever more comprehensive quan-
tities of images. PACS data archiving systems are becoming increasingly indispensable.
The development of algorithms for “Computer-Aided Diagnosis” (CAD) to support radi-
ologists with their examination reporting also contributes to this trend. A paradigm shift
has taken place which impacts all the areas described and opens up further indications and
attractive applications for MRI.
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Besides the challenges in the measurement process, whole-body imaging is also facing
considerable demands in postprocessing, evaluation and documentation of very large data

sets.

The following overview (Table 2.1) illustrates the enormous growth in data in whole-
body imaging compared with conventional single station examinations:

Table 2.1 Average numbers of images in routine MR and whole-body imaging

Examination

Images acquired

Images to be evaluated

Contrasts

Head ~ 120-200 = T1, T2, Flair, diffusion, post CA T1
Spinal cord ~ 70-90 = T1, T2, post CA T1

Liver ~ 200-300 = T1,T2,dyn T1, T1 FS

Pelvis ~ 80-140 = T1, T2

Knee ~ 100-150 = T1, PD/T2 FS + (3D)

Peripheral MRA |~ 450 9-30 MIPs + Source Pre/post CA

Heart ~ 1000 <1000 Cine, perfusion, late enhancement
Whole-body > 2000 ~ 2000 div. + partial-body (liver, heart) scans

Figure 2.1 Dual-moni-

tor workstation.
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Postprocessing and viewing of large MR whole-body data sets

Table 2.2 Protocol structure for a 6-station metastasis search and a 5-station MR angio

Table movement 205 ipat Size 205-5 steps

|_scout

I_t2_tse_tra_head
I_t1_fl2d_op_ph_sag_c-sp
I_t2_tirm_cor_mbh
Il_scout_280_F
II_t1_fl2d_op_ph_sag_t-sp
1l_t2_tirm_cor_mbh
11l_scout_560_F
I_t1_fl2d_op_ph_sag_I-sp
11_t2_tirm_cor_mbh
IV_scout_840_F
V_t2_tirm_cor
VI_scout_1120_F

Scout-head-neck-Omm
Vessel-Head
Scout-thorax-380mm
Scout-Abdomen-760mm
Vessel-Abdomen-760mm
Scout-upper-leg-1140mm
Vessel-upperleg-1140mm
Scout-lower-leg-1520mm
TFL-cor-CareBolus
FI3d_cor_Head-Omm
FI3d_cor_Thorax-380mm
FI3d_cor_Abdomen-760mm
FI3d_cor_upper-leg-1140mm

VI_t2_tirm_cor FI3d_cor_lower-leg-1520mm
VI_scout_1400_F Injection+rerun_Carebolus
VI_t2_tirm_cor

The increase in the number of relevant images for a report by a factor of 10-20 compared
with conventional MR examinations requires a specific viewing and postprocessing strat-
egy dependent on the particular investigation.

For evaluation during ongoing examinations, scrolling within the measured series is
generally the only feasible option. The number of series can easily exceed 40 depending on
the examination.

Comparison with any potential pre-examinations that may have been performed is
straightforward with the parallel screen layout of one or more monitors. Length, area and
volume changes of lesions can be determined effectively with this method.

Series evaluation will remain the standard even for whole-body examinations, with
added partial-body detail scans for brain, heart, liver and joints.

Table 2.2 shows measurement programs for a whole-body MR metastasis screening ex-
amination that are still relatively short (coronal orientation incl. sagittal T1 spine and trans-
verse T2 head as well as a whole-body angiography):

Aside from the main measurements, both program examples include 5 and 9 auxiliary
measurements, respectively, for the basic localizer (scout) for each table position. The sim-
ple metastasis search itself generates 10 series; a whole-body MR angiography on 5 stations
produces 10 series, as well as the automatically generated MIP series on the subtracted
series at each station. A combination of both programs, or supplementary T1 measure-
ments before and after contrast agent (CA) administration, reduces the number of auxiliary
measurements required, but leads to a further increase in the quantity of series to be evalu-
ated [7].

A more complex procedure for screening in Table 2.3 shows the integration of addi-
tional organ-specific measurements also for transverse slices:

The program in Table 2.3 alone produces 22 main series plus 7 auxiliary series. Integra-
tion of additional measurements for the heart and vascular system, the colon, and the large
joints is currently undergoing evaluation in extensive clinical studies [1]. Although the
measurement time for the comprehensive whole-body studies is about 1 hour or more,
times of less than 15 minutes are attainable for specific investigations such as metastasis
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Table 2.3 Protocol structure for an example of a 5-station screening program (T1, T2, and STIR)

I_t2_haste_cor_448_p2
|_t1_tse_cor_384_pat2
I_t2_tirm_tra_da-flu_head
Il_scout_280_feet_tho-abd
Il_t2_tirm_cor_384_pat2
II_t2_haste_cor_mbh_448 p2
Il_t1_tse_cor_384_pat2
__Lung metastasis__
II_t2_tirm_tra_mbh_320_p2
__Abdomen__
II_t1_fl2d_fs_tra_mbh_p2
II_t2_tse_fs_tra_ga_320_p2
Ill_scout_680 feet_pelvis
I1l_t2_tirm_cor_384_p2

high_res_ipat2 Ill_haste_cor_448 p2
I_scout_head-neck Ill_t1_tse_cor_384_p2
|_t2_tirm_cor_384_pat2 __Pelvis__

I1_t2_tse_tra_384_pelvis
IV_scout_1060 feet
IV_t2_tirm_cor_384_p2
IV_haste_cor_448 p2
IV_t1_tse_cor_384_p2
V_scout_1400 feet
V_t2_tirm_cor_384_pat2
V_haste_cor_448_p2
V_t1_tse_cor_384_pat2
_Cervical and thoracic spine_
localizer_80_F
t2_tirm_sag_pat2

_thoracic and lumbar spine_
localizer_390_F

t2_tirm_sag_pat2

search [2]; pure whole-body MR angiography programs may be realized in less than 5 min.
[3].

The consequent use of parallel imaging techniques reduces measurement times further
to much less than one hour, even for comprehensive whole-body programs [5, 6, 8].

MR angiography of peripheral vessels with a 2- to 4-station technique has shown that the
large number of images and series remains manageable due to the reduction of informa-
tion in maximum intensity projections (MIP) and subtraction series of pre and post CA
measurements. Station by station viewing of the source images in the regions of suspicion
is still essential [4].

In examinations including the heart, a virtual reduction of data is possible through the
cine view of the functional series by viewing the images with fast scrolling, which gives
rise to a correspondingly reduced evaluation time.

The quantity of data in certain MR measurement techniques can always be cut down
through integrated (Inline®) or through manual processing. The processing of images inte-
grated into measurement protocols frequently relieves the user of time-consuming post-
processing, consequently improving the entire workflow, with measurement and reporting
taking center stage.

As with the angiography data sets described above, the reduction of data helps in the
initial viewing of the image material or to document quantitative results. Nevertheless, the
individual images usually have to be inspected.

Of the techniques listed in Table 2.4, subtraction, MIP, ADC image, and, above all, com-
posing are of major significance.

Composing offers the option of linking morphological measurements of the same con-
trast at different overlapping table positions to form a single image. The program auto-
matically performs the necessary distortion correction over large measurement fields and
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Table 2.4 Processing and postprocessing to reduce the quantity of data (selection)

Technique Measurement method/ Result Reduction | Inline’
input data
1 Subtraction Pre/post CA T1 series Enrichment image 2:1 X
Pre/post CA MR angio Vessel data set X
2 Standard Phase contrast MRA Emphasis of dynamic N:1 X
deviation Dynamic MRA changes X
N images Pulsatile flow X
3 MIP Angio data Vessel image > 80-100:1 | X
3 t-test BOLD measurements Activation map > 60:1 X
5 ADC Diffusion weighting ADC map 3:1 X
6 Time-to-peak |Brain perfusion Perfusion map ~50:1 X
7 Wash in/out Mamma perfusion Emphasis on fast CA 6-10:1 X
uptake and washout
8 Composing Morphological and angio | Overall image with inter- | 2-8:1 X
data sets for different table| polation in the overlap-
positions ping regions
9 Dyn. signal Heart perfusion Standardized curves ~40:1
analysis
10 |Volume deter- |Heart function Tables ~250:1
mination

1. i.e. processing is already defined and performed in the measurement protocol

offers a suggestion for the combination of the respective stations. Manual shifting of the
overlap zone is possible. Synchronous scrolling of 2 series with different contrasts is also
achievable, either in the overview mode or in a detail zoom with movable magnifying glass
function (Fig. 2.2-2.4).

Figure 2.2 Composing a
3-station spinal column T1
scan; detail and overall view.
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Figure 2.3 Composing with the example of a spinal column for detail, overview and original images:
(1) detail image, (2) overview image, (3) original image.
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Figure 2.4 Composing with 2 comparison segments: (1) detail image, (2) overview image.

Syngo Composing task card: The sagittal image was compiled from 3 individual images
at different table positions. The overlap zones were calculated with smoothing interpola-
tion (at the level of the horizontal marking lines). The user navigates through the entire
image stack of a composite series and can zoom into target regions. It is possible to measure
distances, kyphosis and scoliosis angles as well as height differences. Storage of the com-
posed images in DICOM format reduces the number of series to be shown for a subsequent
demonstration of the images.

Figure 2.3 shows a layout which, besides the total overview, also shows the original data
and enlarged detail images in a working map. Marking and labeling of pathological find-
ings with subsequent storage of these extracted images serves to accelerate the final re-
port.

A comparative depiction of previous and new examinations or of different contrasts and
orientations may be seen in Figures 2.4 and 2.5. Synchronous scrolling or zooming makes
comparison of the images easier.
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Figure 2.5a, b 2 orienta-
tions in parallel configura-
tion; whole-body image
with liver zoom.

Composing can be helpful for the demonstration of data and also for a comprehensive
overview. Nevertheless, process-controlled diagnostic procedures will be required in the
future, which, similar to the CT software shown in Figure 2.6 for coin lesion marking in the
lung, provide the radiologist with tools for marking and extracting results in order to add
the essential image segments taken from the wealth of image data to the final report or a
structured report in accordance with the DICOM standard.
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Figure 2.6 CT of the lung,
CARE software for determi-
ning coin lesions; vessel-
view map for mapping the
midline of vessel sections
and determining the de-
gree of stenosis.

MOIA [98SEA

Segmental viewing of the data is still necessary. Cross-referencing with correlated
mouse pointers simplifies orientation on series with different section orientation; the pre-
requisite is that the data sets have a common coordinate system. This means that the data
from a session are acquired with automatic table movement and without patient reposi-
tioning.

New programs, such as COLON processing, which can use both CT and MR images as
input data, today offer the possibility of marking results in the software interface to gener-
ate structured reports. This approach to viewing image data and the extraction of the rele-
vant images and data will be further expanded to cope with large data sets.
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Figure 2.7 Patient set-up with a vertical field of 0.35 T with local coils: (1) CP Head/Neck
Array Coil with Neck Coil, medium, (2) Body/Spine Array Coil, medium, (3) Body/Spine Array Coil,
large.

Other software modules, such as the ,vesselview” program shown in Figure 2.6, allow
processing the midline of suspicious sections of tortuous vessels, allowing a non-overlap-
ping rotation around the mid-axis and determination of degree of stenosis. In this way,
80-128 sections and more of a contrast-enhanced MR angiography series can be evaluated
compressed in one view port.

In contrast to computed tomography (CT) with its water-referenced Houndfield units,
the intensity images generated in MRI are less well discriminating for different tissue types
and are therefore less well suited for computer-assisted algorithms (CAD). Systems based
on suggestions for the user, e.g. for STIR sequences, are conceivable.

Figure 2.7 shows that at low field strengths (0.35 T) there are also at least partial-body
multistation applications with dedicated array coils.

In conclusion, it can be said that whole-body MRI, similar to multi-slice CT, generates a
large volume of work for the radiologist, although the morphological series (STIR, T1, T2)
can be evaluated even during the patient examination as a result of the sequential nature
of the measurements. A preliminary or conclusive result can therefore be presented very
soon after the end of the completed examination.
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Christoph U. Herborn

Atherosclerosis is a complex systematic disease affecting the arterial bed of the human
body, and even at a young age it leads to verifiable changes in the vessel wall. These typi-
cally include thickening of the vessel wall, as well as the formation of circumscribed plaque
in flow regions which are subject to special hemodynamic stress. These are in particular
branching structures or long straight sections of arteries, such as the bifurcation of the ca-
rotid arteries, the origin of the renal arteries, the aortic bifurcation, and the passage of the
femoral artery in the adductor canal in the thigh. Atherosclerotic changes in the coronary
arteries are of particular relevance, as these arteries, being end arteries, show insufficient
collaterals in their supply region.

For patients with relevant atherosclerotic vascular changes in the lower extremities, ad-
ditional wall changes are often verifiable in other vessels [1], which are clinically proven to
increase the likelihood of other complaints. However, these complaints are often concealed
through the dominance of the primary symptoms (e.g. severe chest pain with coronary
heart disease or transitory ischemic attacks with symptomatic stenosis of the internal ca-
rotid artery, each with accompanying, but as yet undiscovered, peripheral arterial occlu-
sive disease) due to limited physical stamina and are only discovered through dedicated
investigation and examinations.

Extensive imaging techniques to examine the entire arterial vascular system are there-
fore indicated to systematically detect and hence quantify the manifestation of atheroscle-
rosis. Digital subtraction angiography (DSA) permits selective and superposition-free de-
piction of nearly all vascular territories of the human body. Besides determining the nature,
distribution and relevance of atherosclerotic vascular changes, the technique offers the
advantage, using a vascular introducer sheath into the arterial vessel system and the inser-
tion of special catheters, of combining diagnosis and therapy in a single examination and
of treating the relevant region of disease with circumscribed dilation or the targeted inser-
tion of stents. Despite these options, because of the overall X-ray dosage and the limited
quantity of iodine-based X-ray contrast agent that can be used due to its renal toxicology,
the use of DSA is not practicable for routine whole-body angiography. Due to its invasive-
ness and the associated risks, it is also excluded from the outset as a method for screening
purposes or for screening examinations.

The latest advancement in computed tomography (CT) to multislice devices with up to
64 detector lines allows selective and precise imaging of the arterial vessels from head to
foot within a few seconds thanks to the temporal coordination of contrast agent adminis-
tration with data acquisition. Despite its high spatial and temporal resolution, image
analysis of CT angiography is limited by laborious postprocessing. Calcified vessel regions
particularly present problems here, because precise quantification of the constriction of the
vessel lumen is only possible to a limited extent as a result of the hardening artifacts in X-
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ray radiation. In addition, for both CT and DSA, not only does the total X-ray dosage play
arole for the patient, but the potential renal damage from the contrast agent used must also
be taken into consideration. It is therefore understandable that DSA and CT are mainly
used today to depict selected vascular territories, and both techniques are limited in
achieving a comprehensive vascular clinical picture by their segmental applicability.

The introduction of magnetic resonance angiography (MRA) using paramagnetic con-
trast agents in radiological diagnostics at the beginning of the 1990s laid the foundations of
non-invasive, fast, and safe examination methods with which we can today depict large
vascular territories in a few moments with high temporal and spatial resolution [2-6]. Ini-
tially, the early enhancement of the surrounding soft tissue and the maximum permissible
amount of contrast agent stood in the way of using MRI for vascular imaging; also, a length
of only up to just under 50 cm in the field of examination could be covered. The recent in-
troduction of new and above all ultra-fast gradient systems, combined with bolus tracking
techniques with fast table movement after injection of a single contrast agent bolus, allows
imaging of several vascular territories in rapid succession. Whereas at first the depiction of
the abdominal aorta through to the lower legs was possible during a single examination,
gadolinium contrast-enhanced MR angiography of the blood vessels from head to foot is
now possible in less than a minute with the latest generation of MR scanners [7-10]. The
correlation of this image material with DSA examinations has produced very good agree-
ment between the methods, so that the expansion of the examination region from circum-
scribed vessel regions to the entire vascular system has opened up the way for a paradigm
shift in imaging: the all-encompassing evaluation of a complex clinical picture with a single,
non-invasive examination (Fig.3.1). On the basis of whole-body MRA, therapeutic options
for symptomatic patients can be discussed and optimally planned, while the methods can
also be applied in the healthy population as part of a health screening program to detect
clinically inert early stages of atherosclerosis and thereby support preventive measures
(see Chap.12).

The whole-body MR angiography concept is today based on two methods: Firstly, the
acquisition of five slightly overlapping 3D data sets in immediate succession using a
manually positionable moving table technique [10-15]. The first data set covers the aortic
arch, as well as the supraaortal vessels including the carotid arteries; the second data set
images the abdominal aorta with its visceral branches, as well as the renal arteries. The
pelvic arteries are acquired in the third data set, and the last two data sets present the arter-
ies in the upper and lower legs. The acquisition time for each individual 3D data set is 12
seconds; the examination table is moved manually between the respective stations during
each of the 3-second-long pauses. For 5 stations, a total acquisition time of 72 seconds re-
sults for the head to foot examination.

For the examination, the patient is placed on a rolling table platform (Angiography
System for Unlimited Rolling Field of Views, AngioSURF, MR-Innovation GmbH, Essen,
Germany, see Chap. 1), which is mounted on a roller system on the original patient table
and allows examination with a surface coil system (phased array coils). The surface coil
increases the signal-to-noise ratio (SNR) compared with the body coil and improves spatial
resolution, which for the described protocol is defined with an effective interpolated voxel
size of 0.8x0.8x2 mm. This leads to improved discrimination, especially of the smaller
vessels of the lower legs.

For planning the examination itself, overview images are firstly taken of the five regions
(moving vessel scout protocol: 6 slices per station, TR: 539 ms, TE: 10 ms, TI: 300 ms, flip
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angle: 50°, slice thickness: 8 mm, matrix: 114x256, field of view:
400 mm, acquisition time: 20 seconds). The time of passage of
the contrast agent from the lower arm to the descending aorta to
the level of the base of the heart is then determined. For this
purpose, a test bolus of 2 ml gadolinium is injected at a speed of
1.3 ml/s into the cubital vein and flushed with a physiological
saline solution at the same injection speed. An axial, multiphase
turboFlash sequence is used for this purpose. It allows a tempo-
ral resolution of 1 image/s.

The acquisition of 3D data sets to depict the arterial vascular
system is performed with a fast gradient-echo sequence. A total of
five data sets with an overlap of 3 cm are acquired, so that a total
length of 176 cm can be covered using AngioSURF. If required,
the examination area can be extended to six stations to enlarge the
field of examination. In contrast to the examination of patients
with peripheral arterial occlusive disease, screening examina-
tions do not require the acquisition of native (non-contrast-en-
hanced) data sets to produce subtractions on account of the very
short repetition times with good background signal suppression.

A second method does not use a single surface coil under
which the patient is moved, but rather covers the body from
head to foot with several surface coils, each optimized for the
respective region of examination [16]. During the examination,
the patient is automatically moved between a total of four sta-
tions to complete image acquisition at the isocenter of the mag-
net at each station. An area can be covered over a length of
205 cm. The latest MR systems allow the combination of up to
76 different coil elements (matrix coils) and data acquisition
with up to 32 receiver channels operating simultaneously (see
Chap.1). As a result, an optimal spatial resolution in the sub-
millimeter range is achieved for each station, and a maximum
signal strength from the tissue examined is measured.

Both techniques can be optimized by using parallel imaging;
this allows a significant reduction in the acquisition time with
unchanged spatial resolution. On the other hand, the spatial
resolution of the examination can be considerably improved
with parallel imaging without longer acquisition times. In par-
allel imaging, the spatially distributed MR signal is picked up

Figure 3.1 Whole-body MRA is suitable not only for the evaluation of
the vessel status of the patient with clinical symptoms of PAOD, but

it can also be applied as part of a screening examination for patients
with an elevated risk of arterial vascular bed diseases. The absence of
risks, good tolerance of the contrast agents used, short examination
times, and both high temporal and spatial resolution depiction of
vessels makes whole-body MRA an ideal technical tool for the compre-
hensive cardiovascular check-up.
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from various receiver coils. All coil elements used for MRA can be exploited for performing
parallel imaging in all three spatial planes. Varying MR spatial signal intensities are re-
ceived simultaneously from these receiver coils with different spatial intensity profiles.
The number of phase-encoding steps can therefore be reduced, without the spatial resolu-
tion or the matrix size of the image having to be restricted. The wrap-around artifacts that
possibly arise in conventional image reconstruction are corrected with the parallely-ac-
quired data and the individually adapted coil profiles of the receiver elements. Data recon-
struction can be performed both in the computed image (sensitivity encoding, SENSE) [17],
as well as in k-space (SMASH) [18, 19]. While the technique was initially not possible for
whole-body applications, the latest algorithms, with an autocalibration measurement in
each sequence for the respective coil configuration, permit an arbitrary number of coil ele-
ments and therefore also table movement between the respective stations with optimal
signal processing (Tim: total imaging matrix, Siemens Medical Solutions, Erlangen, Ger-
many), making them especially suitable for MR angiography of larger or composite vessel
territories. Parallel imaging can also be applied using a single receiver coil (with several
elements) and the table movement technique [20]. The reduced signal, which can lead to a
compromise in image quality compared with conventional acquisition techniques, repre-
sents a limitation for parallel imaging techniques.

A technique to improve image quality, which was evaluated at the beginning of clinical
MRA, has recently been rediscovered and is of special interest for users of systems that
cannot be equipped with parallel imaging: subsystolic venous compression for improved
arterial vessel presentation. Whereas the initial investigations were still aimed at improv-
ing the examination quality of individual vessel stations in the lower leg [21], the success-
ful use of transient venous compression (VENCO) has also proved convincing for MRA of
the extremities and whole-body MRA [22, 23]. Before the contrast agent is injected, blood
pressure cuffs are applied on both thighs and are inflated to a constant pressure of approx.
40-60 mm Hg. This pressure is maintained throughout the entire examination. The venous
stasis thus produced slows down the flow of contrast agent from the arterial vessel bed and
thereby allows a longer imaging window with improved spatial resolution and conse-
quently better image quality and diagnostic validity.

For all of the examination techniques described, the contrast agent is applied biphasi-
cally with an automatic injector (e.g. MR Spectris, Medrad, Pittsburgh/USA; Ulrich Medi-
zintechnik, Ulm, Germany). The total dose used is 0.2 mmol/kg body weight. The first half
of the dose is injected with a flow rate of 1.3 ml/s, the second half with a flow rate of
0.7 ml/s, followed by 30 ml saline solution with a flow rate of 1.3 ml/s. By reducing the
flow rate to 0.7 ml/s for the second half of the contrast agent injection, possible venous
superposition of the lower extremity arterial vessels is avoided. The examination time for
whole-body MRA using AngioSURF is approx. 10 min including repositioning the patient
and breathing instructions — roughly the same as whole-body MRA with several coils,
which have to be precisely located during preparation. The evaluation of the image data
takes place in both cases at a digital station.

The biphasic injection allows data acquisition of the first two stations (skull and thorax/
upper abdomen) during an initial high flow rate (1.3 ml/s), whereas a slower flow rate
(0.7 ml/s) is used for the remaining stations to achieve depiction of the vessels without su-
perposition. Marginal portal venous or peripheral venous contamination hinders image
analysis only in maximum intensity projections, whereas appropriate postprocessing can
almost completely cancel it out in multi-planar reconstructions.
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Whole-body MRA of patients with clinical suspicion of peripheral arterial occlusive
disease (PAOD) not only succeeded in detecting or excluding the presence of relevant vas-
cular disease in the suspected peripheral vascular territory, but by capturing additional
vessel territories detected in a third of the patients additional relevant vascular changes,
which prior to the examination had not been suspected or had only caused intermittent
symptoms (Fig.3.2) [10, 12-14, 24, 25]. Most studies succeeded in comparing and confirm-
ing the MR results with those of invasive DSA of the lower extremities; the other vessel
territories were verified with supplementary examinations, such as selective MRA or color-
encoded duplex sonography. The excellent correlation of whole-body MRA with these
methods to detect or exclude atherosclerotic vessel changes in the entire arterial vascular
system, combined with relatively short examination times, indicates the potential of this
imaging technique for patients with PAOD. The high prevalence of concomitant arterial
lesions in patients with peripheral arterial occlusive disease underlines the systemic pat-
tern of atherosclerosis and the resulting arterial occlusive disease. Accordingly, in up to a
third of cases, patients with clinically manifest peripheral arterial occlusive disease also

Figure 3.2 The figure shows the excellent correlation between the catheter-based DSA and whole-
body MR angiography of a 68-year-old man with peripheral occlusive disease in Fontaine stage Ilb
and bilateral occlusions of the superficial femoral artery. Whereas DSA is restricted to the lower ex-
tremities, the AngioSURF examination also succeeds in imaging the complete arterial vascular system
in a true 3D data set without overlay. Here the pathology (enlargement) is precisely captured, which
facilitates the subsequent therapy planning (in this case the installation of a bilateral vessel bypass).
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have renal artery stenosis [26], and symptomatic changes in the vessels supplying the brain
occur in approx. 26 to 50% of cases [27, 28].

Developments towards using single or multiple surface coils combined with fast table
movement techniques have overcome the limitations of initial whole-body examinations
(weak signal, poor spatial resolution) [7, 8] and today can even image the fine vessels of the
lower leg at the level of the ankle mortise with high resolution in routine applications. Be-
sides the improvements in image quality, this development is also reflected in an improve-
ment in diagnostic precision [9, 15, 25]. In selected works, the use of this new technique has
led to reports on the sensitivity and specificity in detecting stenotic regions of the arteries
of the lower leg of up to 98% [9, 29].

The prevalence of thoracic and abdominal aortic aneurysms in patients with arterial
occlusive disease is also known to be elevated [30]. Whereas the use of screening for aortic
aneurysms among asymptomatic patients is controversial and there exist a number of
varying recommendations in this respect [24-31], there is widespread agreement that tar-
geted examination of the thoracic-abdominal aorta in the patient group with peripheral
arterial occlusive disease is justified [35, 36], which further underlines the potential for
whole-body MRA with the depiction of the entire course of the aorta and its branches.

Against this background, MRI is also suitable as the imaging screening technique of
choice in the detection of cardiovascular diseases in a putatively healthy population (see
Chap.12). The absence of side effects (especially no ionizing radiation), combined with
high soft tissue contrast, as well as high spatial and temporal resolution, are ideal prereq-
uisites for use as an imaging technique for screening (Fig.3.3).

The results presented in the literature to date document the performance of MR angiogra-
phy in this context [16, 37]. The conditions for performing an examination of this type include
optimized technical equipment with high performance hardware, a moving table platform,
and an experienced examination team. This also applies for evaluating the data acquired.

The use of various gadolinium-based contrast agents for MR angiography has been de-
scribed in the literature. Although most MR examinations worldwide are performed with
gadopentetate dimeglumine (Gd-DTPA, Magnevist®, Schering, Berlin, Germany), additional
compounds have been licensed in recent times, whose use in whole-body MRA appears to be
promising [38—41]. Certain preparations remain in the blood pool for a longer period due to
transitory bonding of individual molecules to serum albumin and thereby give rise to an en-
hanced signal (gadobenate dimeglumine, Gd-BOPTA, MultiHance®, Altana Pharma, Kons-
tanz, Germany) [42-45]. A further neutral gadolinium chelate is Gadobutrol (Gadovist®,
Schering, Berlin, Germany), which, due to its higher molarity, produces higher relaxivity in
the blood and can generate a higher intravascular signal than Gd-DTPA [12, 38, 41]. Further
contrast agents will be licensed in the near future, from which an improvement in image
quality is to be expected: in addition to other preparations currently under investigation in
clinical multi-center studies, Vasovist® (Gadofosveset, MS-325, Schering, Berlin, Germany) is
the first intravascular contrast agent approved for use with magnetic resonance angiography
in the European Union (Chap. 4). Vasovist® reversibly binds to albumin providing extended
intravascular enhancement compared to existing extracellular magnetic resonance contrast
agents. The relaxivity of Vasovist® compared with conventional gadolinium compounds is
considerably higher [46, 47]. It remains to be seen how the quality of whole-body MRA can
be improved with new contrast agents of this type, and whether new vessel territories can be
opened up through the use of these preparations; a possible indication exists, for instance, in
the imaging of the coronary arteries with MRA after injection of Vasovist®.
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Figure 3.3 Whole-body MRA with AngioSURF technology shows the aneurysm of the right common
iliac artery with the same diagnostic quality as the invasive DSA examination of this 64-year-old
woman with symptoms of PAOD in Fontaine stage lla. The holistic depiction of the arterial vascular
system also revealed a severe stenosis of the right internal carotid artery (arrow), which was con-
firmed with duplex sonography.

Despite the promising initial results, the technique described in this article is known to
have its limitations. In the case of suspected stenosis, the limited spatial resolution of
whole-body MRA requires a subsequent dedicated examination to exactly quantify the af-
fected vascular regions, either using color-encoded duplex sonography or DSA, which is
still regarded as the standard of reference for vascular assessment. A shift in favor of MR
angiography here has become recently apparent, which could ultimately render invasive
diagnostic examination superfluous.

Finally, neither the small intracranial vessels nor the coronary arteries are captured in
whole-body MRA. Although intracranial blood vessels are rarely affected by atheroscle-
rotic changes in the western world, the supplementation of the examination protocol with
time-of-flight MRA without the additional administration of contrast agent and with rela-
tively short acquisition times of just a few minutes could round off the examination in this
area. The absence of the adequate depiction of the coronary arteries is far more problem-
atic. These vessels are more frequently and far more relevantly the site of atherosclerosis
manifestation, with potentially catastrophic consequences. The evaluation of the coronary
arteries is also important because atherosclerotic changes can be effectively treated with
minimally-invasive or established operational techniques. The imaging of coronary arter-
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ies with MRA techniques, both with and without the use of contrast agents, places enor-
mous demands on the operator and scanner and often still only delivers results of limited
conclusiveness and practical value [48, 49]. Therefore, the clinical use of MRA of the coro-
nary vessels for screening to exclude coronary disease is still to be considered a subject of
research far remote from clinical routine work.

Summarizing, the three-dimensional contrast-enhanced MR angiography technique
presented in this article shows itself to be a reliable technique to image vascular changes in
patients with peripheral arterial occlusive disease. Moreover, whole-body imaging of arte-
rial vessels opens up reliable detection of additional and also relevant atherosclerotic vas-
cular regions above the lower extremities of these patients. For this reason, whole-body
MRA, which can be performed within an examination time of less than 10 minutes includ-
ing preparation and positioning of the patient, appears to be suitable as a diagnostic refer-
ence technique for the clinical suspicion of hemodynamically-relevant stenoses in the arte-
rial vascular system, as well as an imaging method of choice for the health maintenance of
a supposedly vascular-healthy population.
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A number of studies have investigated the feasibility of “whole-body” MRA [1, 2], mean-
ing anatomic coverage of most, but hardly all, vascular territories of the body. In order to
assess vascular pathologies in more than one vascular region, several of these studies uti-
lized dedicated rolling platforms that are combined with fast imaging in order to cover the
entire body within a short scan time [3]. First results have been promising, but come along
with a somewhat reduced spatial resolution due to the necessity of fast imaging and cover-
age of a large field of view (FOV). In subsequent studies on multi-station MRA imple-
mented on new MR imagers with matrix coils and applying parallel imaging techniques,
coverage of the whole vasculature without the need of re-positioning the patient has been
demonstrated on standard scanner hardware [4]. Still, all studies described limitations and
compromises in either spatial resolution or anatomic coverage due to the limited time-
frame during first-pass of the contrast agent. Several approaches have been tested to
extend the duration of arterial phase imaging, such as the use of venous compression
(VENCO) for imaging the peripheral run-off [5, 6].

In addition to these continuing improvements in software (i.e. MR sequences and acqui-
sition strategies) and hardware (e.g., dedicated 32-channel whole-body MRI scanner), the
development of new and refined MR contrast agents will further improve and change im-
aging strategies in whole-body MRA. With the introduction of intravascular paramagnetic
contrast agents known as blood pool agents for enhancing MR angiographic images, limi-
tations of today’s whole-body MRA might be overcome, and imaging strategies in multi-
station MRA could further be developed and improved [7]. One such intravascular com-
pound is Vasovist® (Gadofosveset, MS-325, Schering, Berlin, Germany). This compound is
a small-molecule contrast agent that binds noncovalently to serum albumin. This rever-
sible albumin binding of Vasovist® enhances the paramagnetic effectiveness of gadolinium
and allows lower contrast agent doses than are needed with conventional MR agents [8].
Most of all, the albumin-binding characteristic extends the vascular lifetime of the agent,
and thus allows longer vascular imaging time, potentially higher spatial resolution, and
larger anatomic coverage. During the equilibrium or “steady-state” phase of the contrast,
several portions of the body vasculature can be examined consecutively without addi-
tional injections of contrast required. Thus, by combining new 32-channel MR systems
with matrix coils and intravascular contrast agents, whole-body MRA can be performed
with only a single injection of contrast, scanning the complete vasculature without com-
promises in spatial resolution or anatomic coverage, and without repositioning the pa-
tient.
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The latest MR acquisition techniques using conventional, extracellular contrast agents can
readily achieve a sufficient and optimized SNR that supports the spatial, sub-millimeter
resolution required for detailed analysis of small branch arteries. However, time con-
straints induced by the short intra-arterial presence of any extracellular contrast agent
limit data acquisition times and hence do not permit full exploitation of the spatial resolu-
tion potential. With the introduction of blood pool contrast agents, this paradigm could be
shifted [7]. The strongly albumin-binding gadolinium chelate Gadofosveset has a half-life
time of about 15 hours. Initial experience shows that Gadofosveset could allow for imaging
of more than 1 hour while maintaining a sufficiently high signal-to-noise ratio (SNR) dur-
ing steady-state imaging. The contrast can be injected with a low flow rate of 1 ml/s.
Gadofosveset is a gadolinium-based small-molecule (molecular weight, 975.88) contrast
agent designed specifically for MR angiography. Gadofosveset is 80%-96% noncovalently
bound to albumin in human plasma and is primarily excreted renally. In plasma, Gado-
fosveset exhibits a relaxivity at 1.5 T that is approximately 5 to 7 times that of Gd-DTPA
[8,9].
Administration volume of Vasovist® is calculated according to the following formula:
[Subject weight (kg) x 0.03 mmol/kgl/[0.25 mmol/mL]

For example, in a patient with a body weight of about 75 kg, the total injection volume
would be 9 ml. Applying an injection flow rate of 1 ml/s, this results in an injection dura-
tion of 9 seconds.

After injection of an intravascular contrast agent such as Vasovist®, two acquisition
phases can be discerned. During the arterial first-pass, or dynamic phase, typical arterial
angiograms can be obtained, similar to any arterial angiogram acquired with conven-
tional extracellular MR contrast agents. In this dynamic phase after contrast injection,
angiograms of a single vascular bed, e.g. the carotid arteries, renal arteries, or peripheral
arteries can typically be obtained. Alternatively, time-resolved imaging could be per-
formed during the first pass of the contrast, e.g. perfusion imaging of the lung or kidney.
With implementation of a new 32-channel whole-body 1.5 T MRI scanner with matrix
coils and parallel imaging (Magnetom Avanto, Siemens Medical Solutions, Erlangen,
Germany), it is even possible to scan two vessel territories during the first pass of the
intravascular contrast compound: E.g., the carotid arteries and lower leg arteries can be
acquired after a single contrast injection, since with this 32-channel MR imager, table
movement is faster than the passage of the contrast bolus, and purely arterial angiograms
of the lower legs can be acquired after imaging the carotid arteries. Figure 4.1 shows the
subsequent filling of calf arteries and veins after a single injection of contrast during re-
peated first-pass imaging of Vasovist®. The acquisition time is 29 seconds per phase, and
spatial resolution is 1.0x1.0x1.0 mm.

Following this dynamic phase, the contrast compound distributes in the complete body
vasculature, both arterial and venous system, and reaches an equilibrium phase after about
5 minutes. In this steady-state, or equilibrium phase, very high spatial resolutions can be
achieved, as certain vascular beds not affected by cardiac or respiratory motion, such as the
lower extremities, can be scanned for several minutes. Table 4.1 gives typical imaging param-
eters for first-pass and steady-state imaging of various vessel territories. In a Phase II study
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Figure 4.1a-d The four data sets (a—d) show the subsequent successive filling of calf arteries and
veins during the first pass of Vasovist®, displayed as subtracted maximume-intensity projections (MIP).
Data from a healthy volunteer (injection rate = 1.0 ml/s, TR/TE= 4.3/1.4 ms, FA = 30°, resolutions =
1.0x1.0x1.0 mm3; 29 s acquisition time per phase).

performing multi-station MRA with Vasovist®, a spatial resolution of up to 0.074 mm? (i.e.,
0.42 mm isotropic voxel length) was realized during the steady-state phase, within an acqui-
sition time of about 6 minutes [10].

High-resolution, multi-station MRA is a fairly new diagnostic approach to detect multiple
manifestations of systemic atherosclerosis. Using standard MR sequences, imagers, and
protocols, the diagnostic accuracy of MRA as compared to catheter-based angiography
may still be limited, even when performing MR angiography of single vascular beds. For
example, in a recent multi-center trial comparing renal MRA and X-ray angiography, the
combined sensitivity and specificity was as low as 64% and 92%, respectively [11]. Recent
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publications have shown that by using optimized acquisition techniques like parallel im-
aging or high-field scanners, the spatial resolution required for a reliable diagnosis of sig-
nificant renal artery stenoses can be achieved [12]. With the implementation of these paral-
lel imaging techniques, multi-station MRA benefits from an increase in spatial or temporal
resolution at low cost in scan time [13]. Recently, it could be shown that by integrating
parallel imaging techniques into a comprehensive whole-body cardiovascular screening
protocol on a 32-channel MR imager, all relevant vascular systems can be examined with-
out compromising spatial or temporal resolution [4]. Still, all these techniques share two
limitations:

1) MR angiograms can only be acquired during the relatively short period of the arterial

contrast passage, and
2) Several contrast injections are needed to cover the complete body vasculature.

Here, application of an intravascular contrast agent such as Vasovist® could result in ex-
tended imaging time, potentially higher spatial resolution, and larger anatomic coverage.
Below, initial experiences of a Phase II study combining state-of-the-art MRI techniques
with Vasovist® are reported using a setup as described above (combining Vasovist® and a
32-channel MR imager with parallel imaging techniques for high-resolution, multi-station
MRA, Table 4.1) [10]. In this study, 10 healthy volunteers and 10 patients with proven
atherosclerotic disease underwent whole-body MRA. In the patients, results of whole-
body Vasovist®-enhanced MR angiograms were compared to state-of-the-art MRA proto-
cols using conventional Gd-chelates as the reference standard.

Results of this preliminary study are indeed encouraging. In the dynamic phase or first
pass of Vasovist®, MR angiograms of both the carotid and the lower leg arteries with pure
arterial contrast were consistently obtained without venous overlay. For this first-pass im-
aging, typical MRA protocol parameters as used for extracellular contrast agents were ap-
plied, as acquisition strategies during first-pass are very similar to conventional arterial
MR angiograms. Due to the higher relaxivity of Vasovist® as compared to conventional MR
contrast agents, a low flow rate of 1 ml/s and a total contrast volume of about 7-10 ml were
sufficient for a very high arterial signal. As the relaxivity of Vasovist® is 5-7 times higher
than for conventional, 0.5 molar extracellular contrast agent (at 1.5 T), and since it is being

Table 4.1 Whole-body MRA using Vasovist®: First-pass vs. steady-state imaging with spatial resolu-
tion and acquisition time

First-Pass Imaging

Vascular Territory Spatial Resolution Acquisition Time
Carotid Arteries 1.0x1.0x1.0 mm = 1.0 mm3 0:12 min

Lower Leg 1.0x1.0x1.0 mm = 1.0 mm3 0:29 min
Steady-State Imaging

Carotid Arteries 0.8x0.8x0.8 mm =0.512 mm3 0:40 min

Thorax 1.0x1.0x1.0 mm = 1.0 mm3 0:37 min
Abdomen 1.0x1.0x1.0 mm = 1.0 mm3 0:35 min

Upper Leg 0.5%0.5x0.5 mm = 0.125 mm3 5:46 min

Knee 0.5x0.5%0.5 mm = 0.125 mm3 3:40 min

Lower Leg 0.42%x0.42x0.42 mm = 0.074 mm3 6:16 min
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injected at 1 ml/s, this would translate into an injection rate of about 5-7 ml/s using con-
ventional contrast agent. This might be one reason for the very high vascular signal and
high image quality of the Vasovist® first-pass data. Potentially, this benefit of a high SNR
during the first pass of Vasovist® could also be advantageous for time-resolved imaging,
potentially enabling assessment of absolute parenchymal organ perfusion.

During steady-state imaging of Vasovist®-enhanced MRA, acquisition strategies have to
be adapted and changed significantly. Due to the long half-life time of the contrast, steady-
state imaging can be performed for up to several minutes in one vascular bed. Thus, espe-
cially in vascular territories not affected by cardiac or respiratory motion, very high spatial
resolutions below 0.10 mm? can be achieved (e.g., in the lower leg). As compared to con-
ventional first-pass MRA techniques, performed at about 1.0 mm?3 spatial resolution, this
means an increase in spatial resolution by a factor of 10, comparing voxel sizes. However,
as the matrix size used can be as high as 1024 x1024 in certain vascular beds, long acquisi-
tion times of several minutes can occur. Also, image reconstruction time increases with
these high matrices, up to a maximum of about 10 minutes reconstruction time for 128 im-
ages at a matrix of 1024 x 1024, which has to be noted as a drawback of the technique, as an
exam has to be both accurate and patient/interpreter friendly, maintaining a high patient
throughput. Still, despite the long acquisition times at 0.125 mm3 and 0.074 mm? spatial
resolutions, image quality was rated as “excellent” in almost all cases of the study de-
scribed above. In the patient group, however, in a few cases image quality of the high reso-
lution lower leg data sets was diminished due to movement artifacts. Obviously, the risk of
movement artifacts possibly impairing image quality directly increases with mounting
acquisition times. On the other hand, especially in the lower leg, where small-caliber arte-
rial and venous vascular structures are in close vicinity, only at a high spatial resolution of
0.5 or 0.42 mm voxel length can the arterial and venous vessels be clearly differentiated
(Fig.4.2). In data sets with spatial resolution of 0.8 and 1.0 mm voxel length, venous over-

|
| |

Figure 4.2a-d Discrimination of arterial and venous vessels in the lower leg. In this example from

a 30- year-old healthy volunteer, magnified views of the anterior tibial artery (vessel in the center),
accompanied by two veins (vessels to the left and right), are displayed, with increasing spatial reso-
lutions (a—d, isotropic voxel lengths: 1.0 mm3, 0.,512 mm3, 0.125 mm3, 0.075 mm3). With increasing
spatial resolution, the central arterial vessel is delineated more and more clearly, proving demonst-
rating the dependency of arterial versus venous vessel delineation from on spatial resolution in the
steady-state phase images.
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Figure 4.3a-c First-Pass and Steady-State Imaging of thorax and abdomen:

a) First-Pass Imaging: During arterial first-pass of Vasovist®, pure arterial phase images of the renal
arteries can be obtained after a single injection of contrast, with an isotropic spatial resolution of
1.0 mm3, acquired during an 18 s breath-hold. Only minor vessel wall irregularities of the aortic wall
can be seen, no significant stenoses.

b, c) Steady-State Imaging: Maximum-intensity projections (MIP) of 20 mm thickness of the thorax
and abdomen. During steady-state imaging of the thorax and abdomen, a spatial resolution of

1.0 mm3 isotropic voxel size was acquired in a 32 s and 30 s breath-hold, respectively. Both arterial
and venous structures are homogeneously enhanced, maintaining a sufficiently high signal-to-noise
ratio (SNR) for diagnostic purposes. No significant disease was found in this patient.

lay is still present and can result in a potential diagnostic problem. As a compromise, a
spatial resolution of 0.5 mm voxel length seems to be acceptable for imaging the periph-
eral run-off, enabling a clear differentiation of arterial and venous structures during the
equilibrium phase of the contrast material and maintaining an acceptable acquisition time
of 3 to 5 minutes for the thigh, knee, and calf level.

In other vascular territories acquired during steady-state of Vasovist®, cardiac and
breathing motion artifacts can cause considerable problems concerning acquisition optimi-
zation. For example, in the thorax and abdomen, acquisition time is limited to the time
frame of a single breath-hold; thus, the potential of the intravascular contrast for high spa-
tial resolution, requiring acquisition times of several minutes, can not fully be exploited.
Refined acquisition techniques using free-breathing navigators, possibly combined with
ECG-gating, could be effective for both the thoracic and abdominal vasculature for over-
coming these hurdles. Still, even during the relatively short period of a breath-hold, SNR
of the Gadofosveset data during steady-state is high enough to enable acquisition of fully
diagnostic MRA data sets (Fig.4.3).

Concerning the diagnostic accuracy reported in the Phase II trial, Vasovist®-enhanced
MRA data sets yielded the full diagnostic information as compared to the reference imag-
ing modalities, showing a high sensitivity for significant vascular diseases at the carotid
arteries or the lower leg arteries. In general, first-pass and steady-state images can be read
in a combined fashion, providing complementary information (Figs. 4.4 and 4.5). Combin-
ing this information could be performed as follows: For a first overview, the first-pass MIP
data are very helpful, similar to conventional first-pass MRA data sets using extracellular
contrast agents. In a second step, source images of both the first-pass and steady-state data
should be read, possibly with additional three-dimensional reformations, e.g. multiplanar
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Figure 4.4a-d 54-year-old male patient with a long history of diabetes, suffering from increasing
claudication in his right leg. The subtracted maximum-intensity projection of the first-pass data of
Vasovist®-enhanced MRA shows significant disease, with an occlusion of the right superficial femoral
artery and right popliteal artery (a, arrows). The coronal steady-state Vasovist®-enhanced images of
the thigh and knee with a spatial resolution of 0.5 mm isotropic voxel length (0.125 mm3) show a
large aneurysm of the right distal superficial femoral artery (SFA), with a thrombotic occlusion of the
vessel, substituted by collateral vessels (b, arrowhead, ¢, magnified view). Performing curved multip-
lanar reformations (MPR), the course of the distal SFA and popliteal artery can be displayed for the
right and the left leg, showing the sites of vessel occlusions of the right leg (d), as well as all details
on vessel wall irregularities on the left side.

reformations (MPR). However, it has to be admitted that some special reconstruction tech-
niques, such as three-dimensional Volume Rendering (VRT), which have been described as
being helpful in the comprehensive assessment of MRA data sets [14], can not be used with
the steady-state data due to venous overlay. Earlier Phase III study results on the use of
Vasovist® in peripheral arterial disease had already shown significant improvement in ef-
fectiveness over non-contrast-enhanced MRA at a dose of 0.03 mmol/kg, and a safe and
effective MR evaluation of patients with aortoiliac occlusive disease [15, 16]. However,
these studies were limited to a single vessel territory and compared diagnostic accuracy to
non-enhanced MR angiographic techniques.
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Figure 4.5a—c 65-year-old male patient, suffering from transient ischemic attacks. The reference
imaging modality, i.e. color-coded Doppler ultrasound, showed a 75% stenosis with a maximal flow
velocity of 1.7 m/s (a). The maximum-intensity projection (MIP) of the first-pass Vasovist®-enhanced
data (spatial resolution, 1 mm3) shows a significant stenosis in the proximal right internal carotid
artery (b). A multiplanar reformation (MPR) of the steady-state images at 0.8 mm isotropic resolution
demonstrates the diagnostic value of both the first-pass and steady-state data, confirming the ICA
stenosis ().

Up to now, long acquisition times and restrictions in temporal and spatial resolution were
limiting factors for using MRI as a tool for multi-station or “whole-body” angiography. By
combining intravascular contrast agents such as Vasovist®, new acquisition techniques
such as parallel imaging and multislice sequences, and newly developed hardware such as
a 32-channel MRI imager, these problems might be overcome. After careful optimization
and adaptation of sequence parameters, multi-station MRA using an intravascular contrast
agent can be performed with high spatial resolution, maintaining a high diagnostic accu-
racy. First-pass imaging is feasible and delivers purely arterial angiograms comparable to
state-of-the-art first-pass angiograms of any given vascular bed using standard, extracel-
lular contrast agents. During steady-state, very high spatial resolutions can be achieved
that have not been reported for three-dimensional MR angiograms so far. Future work will
have to deal with optimization of scan time, reconstruction time, and image interpretation
strategies of steady-state data, as well as further optimization of the image quality during
steady-state imaging, especially in the thorax and abdomen.
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Sabine Lenk

The previous imaging methods used in whole-body diagnostics of the locomotive system
— conventional X-ray, scintigraphy and positron emission tomography (PET) — show lim-
ited specificity and anatomical depictability, as well as entailing radiation exposure. MRI
has already become established in the musculoskeletal diagnostics of various anatomical
regions, especially in the spinal cord and joints.

The introduction of the whole-body MRI technique opens up new possibilities for the
diagnosis of diseases of the locomotive system. Especially in cases of chronic polyarthritis,
systemic inflammatory connective tissue diseases, and musculoskeletal development dis-
orders, whole-body MRI facilitates depiction of the pattern of occurrence and provides
assistance in locating the optimal region for biopsy as part of initial diagnostics of the re-
lated disease. Whole-body MRI is also outstandingly suitable in tracking the progress of
these diseases (therapy success/advances of the disease/potential transformation etc.)
while avoiding examination techniques involving radiation exposure with frequently
young patients.

Important diagnostic options especially arise for whole-body MRI in polymyositis, mus-
cular dystrophy, fibromatoses, multiple cartilaginous exostoses, polyostotic dysplasia,
vasculitis, rheumatoid arthritis and ankylosing spondylitis. For diagnostics of the joints, it
should be mentioned as a restriction that high-resolution, one-stop imaging including the
small joints of the hand and foot is not possible with whole-body MRI. In the case of an
indication in these areas — e.g. theumatoid arthritis — a dedicated surface coil should be
used.

Whole-body MRI offers a very sensitive method for staging and for the control of thera-
py in bone metastases in identified primary tumors, lymphoma infiltration of the skeleton,
plasmacytomas and polyostotic tumors. Whole-body MRI is only of limited suitability
with low specificity for primary diagnostics of bone tumors.

For whole-body MRI indications, it should be borne in mind that the use of coronal
TIRM overview sequences alone is not sufficient for an adequate musculoskeletal diagno-
sis and therefore further specific sequences are required. The examination protocol must be
matched to the respective disease, whereby the examination times at a field strength of
1.5 Tesla extend to a total of approx. 45-60 minutes. Reductions in measurement times are
to be expected with the introduction of 3.0 Tesla whole-body MRI systems currently under-
going validation.

This chapter provides an overview of the possibilities and limitations of whole-body
MRI in the diagnosis of diseases of the musculoskeletal system. An efficient examination
protocol for whole-body musculoskeletal diagnosis is proposed, which takes account of
current technical advancements.
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5.2.1 Conventional MRI

Besides the absence of radiation exposure, the advantages of magnetic resonance imaging
over other imaging techniques lie in the high resolution of anatomical detail, the good
presentation of bone and soft tissue structures, as well as its high sensitivity and specificity
towards pathological changes. MRI has become well established over many years in the
specific examination of joint, muscle, and bone lesions of individual regions of the body.
However, due to technical limitations, the use of MRI for routine whole-body diagnostics
is still only possible to a limited extent. The reason is firstly the reduced spatial resolution
in the use of the whole-body coil and secondly, the time-consuming and impractical re-
placement of coils for use as surface coils.

5.2.2 Whole-body MRI
With the introduction of the table movement technique and use of whole-body coils or a

phased array coil (AngioSURF technique, see Chap. 1), whole-body MRI examination be-
came feasible for routine use. Since 2004, 1.5 Tesla MRI systems (Avanto, Siemens Medical

Table 5.1 Sequence protocol for whole-body musculoskeletal MRI at 1.5 Tesla

Sequence Orienta- | TR (ms) TE (ms) |TI(ms) |FOV |Resolution |Section |Acquisi-
tion thickness | tion time

(mm) (min)

TIRM whole- |coronal |5800-9760 |87 150 480 [1.8x1.3x5.0|5 11:13

body (5x)

TIRM neck axial 6180 59 150 220 [1.2x0.9x5.0 |5 2:17

TIRM thorax |axial 4480 100 150 380 [1.8x1.2x6.0 |6 0:48

TIRM axial 4480 100 150 380 [1.8x1.2x6.0 |6 0:48

abdomen

TIRM pelvis axial 7100 70 150 360 |1.3x1.0x5.0 |5 4:31

TIRM thigh axial 6150 70 150 330 |1.5x1.2x5.0 |5 3:31

TIRM lower | axial 6150 70 150 330 |1.5x1.2x5.0 |5 3:31

leg

T1 SE whole- | coronal |400-577 11 n 480 [1.6x1.3x5.0|5 15:10

body (5x)

T1SE whole |sagittal |476 11 n 400 |1.4x1.0x3.0 |4 1:38

spine

T2 TSE whole |sagittal |3360 100 n 400 |1.4x1.0x3.0 |4 2:39

spine

T1 SE fatsat

post i.v. CA . )

where specifically for pathological result

applicable
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Systems, Erlangen, Germany) equipped with a whole-body coil system (76 coil elements)
and 32 radiofrequency channels have been available, with which a coronal TIRM whole-
body overview can be obtained at high spatial resolution with a 205 cm field of view
within approx. 14 min. A targeted examination of individual regions of the body can then
be undertaken dependent on the clinical issues to be addressed without further reposition-
ing. The common spin-echo and gradient-echo sequences are available for this purpose.
For musculoskeletal whole-body MRI diagnostics, coronal and axial T1w spin-echo and
axial TIRM sequences are available for basic diagnostics in addition to coronal TIRM over-

Figure 5.1a—j Comparison of 1.5 Tesla with 3.0 Tesla whole-body MRI in a patient with polymyositis.
Diffuse infiltration of polymyositis in almost all muscle groups of the trunk and extremities.

(a, j) Coronal TIRM overview; (b, d, f, h) 1.5 Tesla — axial and coronal TIRM; (c, e, g, i) 3.0 Tesla — axial
and coronal TIRM.
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view sequences. Sagittal TIw-SE and T2w-TSE sequences are also acquired to examine the
whole spine. Dependent on the problem, axial and coronal T1w-SE sequences with the fat
suppression (FS) technique following administration of an intravenous contrast agent
(0.2 mmol Gd-DTPA /kg body weight) can be specifically performed. Intravenous contrast
agent administration has been shown to be effective, especially as part of whole-body tu-
mor staging while searching for soft tissue and bone metastases, but also in the investiga-
tion of inflammatory muscle and joint conditions.

For the large joints, both a primary musculoskeletal overview screening and a directed
high-resolution examination are possible in a single examination session. Problems arise in
the attempt to simultaneously image the small joints (hands, elbow joint, feet) with high
resolution. Here the whole-body coil system succeeds, at least for a rough diagnostic repre-
sentation. The unfavorable placement of the hands beside the body or on the thighs rather
above the head is also problematic. Therefore, if there is a need for detailed diagnostics of the
small joints, a separate examination using selective surface coils should be supplemented.

Difficulties sometimes arise with patients with a stout physique in the full depiction of
the shoulder joint, which in such cases may be located on the margins of the maximum
field of view.

The following proposed sequence protocol can be used to perform comprehensive mus-
culoskeletal whole-body diagnostics within a reasonable period of 45 min. As required, a
specific examination of pathological findings using T1w-SE-FS sequences can be supple-
mented following the administration of an intravenous contrast agent. A broad spectrum
of clinical investigations, such as multifocal inflammations, tumors or degenerative chang-
es of the bones, joints and muscular system, as well as musculoskeletal development disor-
ders can be covered with this protocol (Table 5.1).

Currently, 3.0 Tesla whole-body MRI systems are undergoing clinical testing, and the
initial results look promising, especially in regard to a reduction in measurement time. A
significant time savings with unchanged image quality is expected following the introduc-
tion of new high-field technology, at least for some indications (Fig.5.1).

The clinical symptoms of the musculoskeletal group of diseases, for which whole-body
MRI appears effective, are presented in the following section.

5.3.1 Bones

5.3.1.1 Polytrauma

In a study from 2003 [4], Green et al. carried out an MRI examination of the full spine with
127 polytraumatized patients and in 77% of the cases detected an additional vertebral in-
jury in a secondary accident level which was not see on conventional X-ray examinations.
Sagittal fat-saturated T2w-TSE sequences, as well as sagittal and axial T1w-SE sequences,
were employed. This study presents an interesting approach for using whole-body MRI
following moderate polytrauma (e.g. minor traffic accidents where an expert opinion for
insurance purposes must be formulated) in the detection of multi-station injuries of the
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skeletal system not seen on plain films. However, for a routine examination of the acutely
traumatized patient, CT is still to be preferred as a faster method with better monitoring
options.

An important indication for whole-body MRI is given in the case of battered child syn-
drome (child abuse). The use of a coronal whole-body STIR overview sequence with sub-
sequent specific examination of the affected body regions is recommended, especially in
comparison with bone scintigraphy.

5.3.1.2 Tumors and metastases

Whole-body MRI has advantages for staging and progress monitoring of multifocal tu-
mors and bone metastases.

Bone metastases are the third most common manifestation of distant metastasis of ma-
lignant tumors and the most frequently occurring bone tumor. 80% of bone metastases
originate from a breast, prostate, bronchial, thyroid or renal carcinoma. Only 10% of bone
metastases appear primarily [15]. There are already several publications on the significance
of whole-body MRI with the automated stepping movement technique for skeletal metas-
tasis [1, 5,9, 10, 13, 16]. In a study conducted by Tausig et al. in 2000 [10] in 20 patients with
bone metastasis from a breast carcinoma, MRI in the regions of the thorax and skull was
considered as an inferior method compared with scintigraphy on account of artifacts, al-
though only STIR sequences were used. On the other hand, a study from Engelhardt et al.
from 2004 [1] showed MRI (sensitivity 92%, specificity 90%, detection accuracy 91%) to be
superior to scintigraphy (83%, 80%, 82%, respectively) in the diagnosis of bone metastases
in 22 female patients with breast carcinoma. Coronal STIR sequences, axial T2w-TSE se-
quences, and, for the spine, sagittal T1w-SE sequences were used. Reference was made to
the high potential of whole-body MRI for screening of bone metastases; however, scintig-
raphy was still preferred as the cheaper method for routine use.

A study from 2000 conducted by Steinborn et al. [16] with 18 patients with bone metas-
tases from different primary tumors compared whole-body MRI (sensitivity 91.4%) with
bone scintigraphy (84.8%) and indicates the advantage of MRI, especially in the assessment
of complications with spinal metastasis. TIw-SE, STIR, and T2w-TSE-FS sequences were
used. Lauenstein et al. found a good correlation between whole-body MRI and bone scin-
tigraphy in a study from 2002 [13] as part of a tumor staging protocol for 8 patients with
bone metastasis, even though only 3D T1w-GE-FS sequences were used following admin-
istration of an intravenous contrast agent (see Chap. 7). In an article from 2005 [5], Daldrup-
Link et al. refer to difficulties in MRI in bone barrow assessment in children and preferred
the use of axial TIw-SE sequences in the detection of bone metastases. In this work, MRI
(sensitivity 82%), FDG-PET (90%) and bone scintigraphy (71%) were compared for chil-
dren with bone metastases from different tumors. While PET was superior, weaknesses of
MRI were mainly found in the diagnosis in the region of the small peripheral bones and the
ribs.

The use of very sensitive whole-body TIRM sequences alone is not sufficient for specific
bone marrow diagnostics. Supplementary T1w-SE and T2w-TSE sequences are required
especially in the spinal column. Irrespective of the MRI technique, the differentiation be-
tween residual hematopoietic bone marrow and neoplastic bone marrow infiltration still
causes problems. Besides considering the age-specific distribution pattern of the red and
yellow bone marrow and the underlying disease of the patient, the use of in-phase and
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out-of-phase pulse sequences is recommended by some authors [5, 16]. The administration
of intravenous contrast agent has not been shown to be helpful in most cases for differen-
tiating bone marrow lesions.

Given the very diverse study results in the literature so far, larger scale clinical studies
with unified study designs, selected according to tumor entities and large populations, are
required to verify the significance of whole-body MRI in the diagnosis of bone metastases
in comparison with other imaging methods (Fig.5.2.)

5.3.1.3 Plasmacytoma

Plasmacytomas are monoclonal B-lymphocyte tumors with increased immunoglobin syn-
thesis and infiltration of the red bone marrow. Given a variable osteolytic pattern of occur-
rence in the skeletal system (solitary, multiple, diffuse, disseminated), there is a higher in-
cidence in the skull, the spinal column, the ribs, the pelvis and the femur. MRI using fat
suppressed T2w sequences (TIRM/T2w-TSE-FS) and T1w-SE sequences shows a high sen-
sitivity in the detection of plasmacytoma manifestations with a relatively low specificity.
Whole-body MRI is therefore suitable as an examination method in therapy monitoring in
the case of identified plasmacytoma [17]. In current studies, the value of whole-body MRI
compared to whole-body multisection CT is under investigation, especially with regard to
costs and investment in time (Fig.5.3).

5.3.1.4 Lymphoma

In approximately 20% of cases of Hodgkin lymphoma and up to 40% of non-Hodgkin lym-
phoma, a skeletal manifestation occurs, whereby this predominantly affects the spinal
column, pelvis, ribs and proximal femur.

Both osteosclerotic and osteolytic lesions may present with very variable X-ray mor-
phology. Analogous to metastases and plasmacytomas, MRI also shows high sensitivity
here in the detection of lymphoma localization, although with low specificity, and is out-
standingly suitable for the assessment of bone marrow complications (fracture risk). In a
feasibility study conducted by lizuka-Mikami et al. from 2004 [2], the options for detecting
a bone marrow infiltration were compared in 34 patients with non-Hodgkin lymphoma
between whole-body MRI, bone scintigraphy, and biopsy. The authors point out the high
sensitivity of MRI in the detection of bone marrow infiltration, especially using STIR se-
quences, and primarily recommend the use of whole-body MRI for patients for whom it is
not possible to perform a PET-CT. However, the use of whole-body MRI compared with
other methods, such as multi-slice CT and PET-CT, in the diagnosis of bone dissemination
still remains to be validated in further studies.

5.3.1.5 Further bone diseases

In the multifocal bone diseases described as follows, the use of whole-body MRI is suited
for primary staging and for follow-up examinations in already identified disease, as well
as in the search for a suitable biopsy region to verify the diagnosis:

e eosinophilic granuloma,

e chronic recurrent multifocal osteomylitis,

e Paget’s disease,
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Figure 5.2a-i Melanoma metastases. Metastases T-spine 8 and 12, L-spine 4 and 5, 7. Left rib, left Os
ilium, left Femur. (a) Bone scintigraphy; (b, c) 16-slice CT - sagittal reconstructions of the T/L-spine;
(d-i) Whole-body MRI: sagittal T1w-SE-fatsat of T/L-spine and axial T1w-SE-fatsat thorax/abdomen
following i.v. contrast agent, coronal TIRM of the pelvis, coronal TIRM whole-body overview.
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Figure 5.3a-g Plasmacytoma. Diffuse infiltration of plasmacytoma in the spinal column, sacrum,
upper and lower legs, shoulders. (a, b) 16-slice spiral CT of the L/T-spine with sagittal reconstructions;

(c-g) Whole-body MRI, sagittal and coronal TIRM.
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Figure 5.4a-e SAPHO syndrome. Typical infiltration of the sternoclavicular and acromioclavicular
joints bilaterally. (@) Whole-body scintigraphy; (b-e) Whole-body MRI: coronal TIRM, T1w-SE, T1w-SE-
fatsat post i.v. CA.

e SAPHO syndrome (pustulous arthroosteitis) (Fig.5.4),
e musculoskeletal development disorders: especially osteochondrodysplasias, polyostotic
fibrous dysplasia, multiple cartilaginous exostosis.

There are no extensive whole-body MRI studies on these disease groups in the current lit-
erature. Initial results, however, show the suitability of the method, especially for progress
monitoring in young patients while providing the option of detecting disease complica-
tions and transformation tendencies.
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5.3.2 Joints

Due to its ability to effectively depict the internal joint structures and periarticular soft
tissue, MRI has progressed to become the method of choice in the diagnosis of individu-
al joints. With the introduction of new techniques in whole-body MRI, new possibilities
also arise in the diagnosis of polyarthritic diseases. Using the whole-body coil system,
whole-body MRI offers resolution of the large joints with good detail. The small joints of
the hand and foot, as well as the elbow joint, can only be generally evaluated, so that if
high resolution imaging is required, e.g. for rheumatoid arthritis, an additional separate
examination with a dedicated surface coil is necessary. A further problem arises in adi-
pose patients in the imaging of the shoulder joint on the margins of the maximum field
of view.

Figure 5.5a—g Rheumatoid arthritis. Acute infiltration of the lower cervical spine and the AC joint
left; ankle joint right. Secondary result: Total hip replacement right; spondylosis L4/5. (a) Whole-body
MRI: TIRM overview; (b) X-ray of lumbar spine ap; (c-g) Whole-body MRI: coronal and sagittal TIRM,
coronal T1w-SE-fatsat following i.v. contrast agent.
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column can be efficiently imaged. Especially in young patients, whole-body MRI can re-
place repeated X-ray checks, with the exception of the hand and foot regions.

5.3.2.1 Rheumatoid arthritis

Rheumatoid arthritis is a systemic inflammatory connective tissue disease of unclear origin
with chronic synovialitic joint destruction. The incidence is around 1% of the population.
The disease starts in the metacarpophalangeal and interphalangeal joints of the fingers and

Figure 5.6a-h Ankylosing spondylitis. Infiltration of the mid cervical spine, iliosacral joint, ankle joint
- non-acute; Secondary result: slight local metal artifacts due to total hip replacement bilaterally. (a)
Whole-body MRI: coronal TIRM overview; (b) Whole-body MRI: sagittal TIRM whole-spine overview;
(c, d) X-ray of C/L-spine lat.; (e, f) Whole-body MRI: sagittal T1w-SE of the C/L-spine; (g) Whole-body
MRI: coronal TIRM of both ankle joints; (h) X-ray right ankle joint ap.
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toes. Primary diagnostics usually involve determination of the rheumatoid factors, the
typical clinical symptoms (ARA criteria), and X-ray diagnostics.

The potential of whole-body MRI is mainly to be seen in propagation diagnostics and
progress monitoring in case of centripetal infiltration and of occipitocervical transition.
The use of T1w spin-echo sequences with fat suppression following intravenous adminis-
tration of contrast agent is important for presenting the pannus tissue (Fig.5.5).

5.3.2.2 Ankylosing spondylitis (Bechterew disease)

Ankylosing spondylitis is one of the seronegative forms of spondylarthritis and shows a
typical “mixed picture” of joint destruction, subchondral sclerosis and ankylosis, mainly in
the region of the thoracolumbal transition of the spinal column and the iliosacral joints.

Peripherally, there is increased symmetrical infiltration of the hip joints, knee joints and
shoulder joints, as well as of the manubriosternal joint.

Whole-body MRI can also be utilized as part of staging examinations to search for early
changes, as well as in follow-up examinations. An advantage exists in the region of the
spinal column, particularly in the detection of complications (Fig. 5.6).

Figure 5.7a-f Polyarthrosis clarification. Whole-body MRI with detection of arthrosis in both knee
joints and of the left AC joint; osteochondrosis of the L-spine. (a) Coronal TIRM whole-body over-
view; (b) sagittal TIRM whole-spine overview; (cf) specific coronal and sagittal TIRM of hip, knee
joint and ankle joints.
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5.3.2.3 Polyarthrosis and other diseases of the joints

Whole-body MRI is also suitable for diagnostics of the large joints in the case of polyarthro-
sis (Fig.5.7) and for joint conditions concurrent with systemic inflammatory connective
tissue diseases, such as lupus erythematosus and scleroderma.

5.3.3 Muscular system

5.3.3.1 Polymyositis/dermatomyositis

Polymyositis is an inflammatory disease of the muscle with a symmetrical pattern of occur-
rence, in which additional dissemination in the skin (dermatomyositis) and joints (20 to
50% of cases) may occur. In 7% of polymyositides, there is an underlying connective tissue
disease or a malignant disease. Differential diagnostic discrimination from a viral myositis,
myasthenia gravis and motor neuron disease is important in the initial diagnosis. Given
unspecific electromyographic results, frequent false-negative muscle enzymes in serum,
and false-negative muscle biopsies in 10-25% of cases [6], a high potential arises for whole-
body muscle diagnostics by means of MRI.

The use of coronal and axial TIRM sequences is generally sufficient to assess disease
extent during initial diagnostics or acute exacerbation. T1-weighted spin-echo sequences
can be called upon to differentiate between myositis and steroid-induced myopathy in
patients who have already undergone treatment and to assess dystrophic muscle changes.
In initial diagnostics, additional T1-weighted, fat suppressed sequences following admis-
sion of intravenous contrast agent are recommended to exclude primary tumors if tumor
imaging diagnostics have not yet been performed. Whole-body MRI is outstandingly well
suited for polymyositis diagnostics in general (Fig.5.8).

5.3.3.2 Muscular dystrophy/muscular hypertrophy

Duchenne muscular dystrophy is an X-chromosome recessive inherited disease leading to
the destruction of muscular tissue with subsequent replacement by fat and fibrous tissue.
The first signs of the disease appear starting at an age of 3 years. There is a loss of muscle
mass of approx. 4% per year during the course of the disease. Accurate quantification of the
muscle loss and fatty tissue increase is important for the clinician. Work conducted by
Pichiecchio et al. from the year 2000 [12] introduced a model to quantify the fat/muscle
mass of the body in 9 children with Duchenne dystrophy using MRI with axial T1w spin-
echo sequences on a 0.5 Tesla system. The authors recommend their very time-consuming
method for monitoring the progress of the disease and for dietary planning. In a study
from 2000 [14], Gong et al. recommend the inclusion of the Cavalieri method for volumetric
assessment of the muscle and fat compartments in MRI. Using axial Tlw spin-echo se-
quences, this study compared the volume distribution of the respective body compart-
ments of 4 Duchenne patients with control groups.

A more experimental application of muscle-fat determination using whole-body MRI
arises for the field of sports medicine (see Chap. 10). In a volunteer study from 2003, Abe et
al. succeeded in ascertaining that after a 16-week weight training program, the skeletal
muscle mass had increased more than the other fat-free body mass, whereby the muscular
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Figure 5.8a-g Polymyositis. Acute exacerbation of polymyositis with extended symmetric infiltration
in the muscles of the trunk and the extremities. (a-g) Whole-body MRI with whole-body TIRM over-
view as well as specific coronal and axial TIRM sequences over the respective regions of the body.

hypertrophy was incident in varying degrees. This provides interesting perspectives for
the investigation of the muscle structure and training success in athletes using whole-body
MRL

The basic requisite for muscle quantification is the acquisition of axial T1w sequences of
the whole body. The measurement time for data acquisition is significantly reduced with
the introduction of whole-body MRI technology, and the examination complexity is simul-
taneously reduced. Which evaluation method is to be preferred remains to be clarified in
comparative studies. The muscle-fat volume determination of the body using whole-body
MRI is generally reserved for special indications.
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After the lungs and the liver, the skeletal system is the third most common region of lo-
calization of distant metastases with malignant tumors. Depending on the various primary
tumors, solid tumors show a relatively high rate of metastasis in the skeletal system [1].
The initial localization of metastasis in the skeletal system of patients with solid tumors
takes place in the bone marrow. The prognosis for metastasis in the bone marrow is more
favorable than for visceral metastasis. Screening of bone marrow metastases allows fast,
targeted therapy with a concomitant reduction in morbidity. Autoptic studies indicate that
the actual incidence of bone metastases with various solid malignant primary tumors is
higher than the detection rate with radiological or nuclear medicine based techniques [2].

Nuclear medicine methods are of great importance in the diagnosis of bone metastases.
The use of bone scintigraphy with technetium-marked phosphate complexes has been
largely unrivalled in the basic diagnostics of bone metastases since the 1980s, and this
method of examination, with its sensitivity in excess of 95%, has been shown to be an effec-
tive screening examination for malignant solid tumors [3, 4].

However, the significance of bone scintigraphy has become overshadowed in recent
years, as major studies have demonstrated that bone metastases can be detected even at
early stages of infiltration using MRI, before scintigraphic detection succeeds [5-8].

Positron emission tomography (PET) is increasingly used successfully in whole-body
staging, which also covers the skeletal system, as an imaging modality for bone metastasis.
Combined PET/CT has come of age over the last couple of years in the diagnosis and stag-
ing of oncological patients [12, 13].

MRI is now superior in its sensitivity, specificity and in diagnosing the extent of bone
metastasis, to scintigraphy, which is now over 30 years old. As a very sensitive technique,
it reveals bone metastasis in the axial skeleton and the peripheral skeletal system [14-20].
Possible threatening complications of bone metastasis in the spinal column can be easily
detected with MRI [5, 20]. Its greatest limitation was a limited examination field of view,
such that whole-body depiction required multiple examinations using different coils and
consequently relatively long examination times [8].

New developments in MRI, such as ultrafast data acquisition and new coil and moving
table concepts, today allow the performance of a whole-body examination within a toler-
able and considerably reduced examination time [22-25].

For bone metastasis diagnostics with whole-body MRI, there are only a few studies
available with small case numbers and a partly inhomogeneous patient population [8,
22-27].

The aim of this article is to present the importance of MRI and whole-body MRI in com-
parison with the established techniques of bone scintigraphy and '8F-FDG-PET in the de-
tection of bone metastases.
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Bone metastases are 25 times more common than primary bone tumors: Three different
metastasis progressions are possible in principle. Besides per-continuitatem infiltration
and lymphatic protraction, the bloodstream represents by far the most significant means of
propagation in the form of hematogenic dissemination.

The relative frequency of bone metastases varies dependent on the respective metastasis
type; for example, with the pulmonary type, metastases occur in 34% of cases, followed by
the cava type with 25% and the portal type with 7% [28].

Bone metastases predominantly occur in hematopoietically active bone marrow, which
in adults is primarily located in the bones of the trunk as well as the skull and the proximal
regions of the humeri and femura [29]. This ultimately leads to the preferred metastasis
localization in the axial skeleton (80%), the femura (40%), and the skull and pelvis (20%).
Other sites of manifestation are the ribs and the sternum (25-30%) [29].

Nuclear medicine methods are of great importance in the diagnosis of bone metastases.
The use of bone scintigraphy with technetium-marked phosphate complexes has been
largely unrivalled since the 1980s in the basic diagnostics of bone metastases, and, with its
sensitivity in excess of 95%, it has also been shown to be an effective screening examination
for malignant solid tumors [3, 4, 29]. The use of ‘regions of interest’, of SPECT (single pho-
ton emission computed tomography) technology, and of multiphase bone scintigraphy
have led to an increase in the already high sensitivity of the examination technique and in
particular to an increase in the specificity of bone scintigraphy.

However, the significance of bone scintigraphy has become overshadowed in recent
years, as major studies have demonstrated that bone metastases can be detected even at
early stages of dissemination using MRI, before scintigraphic detection succeeds [5-8].

Bone scintigraphy currently remains the most conclusive and cost-effective technique to
allow a whole-body examination of almost all patients with high sensitivity [19-21, 29].

Compared with conventional X-ray overview examinations, bone scintigraphy is cer-
tainly a more sensitive technique. Furthermore, the time interval between the positive bone
scintillation result and the subsequent positive X-ray result shows a difference of several
months [30]. The effective dosage of bone scintigraphy using *™Tc-marked polyphospho-
nates with an application of 555 to 740 MBq of activity is around 4 mSv. Numerous studies
confirm the sensitivity of bone scintigraphy in the detection of bone metastases [29-32]. On
the other hand, a frequently cited limitation is the low specificity [29, 30]. The phospho-
nates are not only enriched in malignant processes, but especially also in the inflammation
accompanying arthritides and osteomyelitides, in trauma, and in benign bone tumors.
Given knowledge of the full clinical information and drawing upon conventional X-ray
diagnostics, the specificity of bone scintigraphy can be raised to 95% [33]. Three-dimen-
sional imaging of the skeletal system in SPECT technology raises the specificity of bone
scintigraphy, as this technique presents significantly improved anatomical localization of
the enrichment detected by scintigraphy.
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For this reason, PET has now become established as a more modern nuclear medicine
technique for clinical routine work, and, alongside ®F-FDG-PET, '8F-fluoride-PET has also
arrived in the detection of bone metastases [9, 10, 19, 29, 34, 35]. 18F-FDG-PET (fluorode-
oxyglucose) is used most frequently in oncological diagnostics. This PET tracer is a marker
for cellular glucose metabolism and is significantly enhanced in malignomas. '8F-FDG is
not tumor specific, rather it is partly also enriched in inflamed tissue. Initial studies in
which the value of bone scintigraphy is compared with that of 8FDG-PET present diver-
gent results. However, bone metastases can be significantly more effectively excluded us-
ing PET, as degenerative changes in the bone are not presented to the same extent in
IBFDG-PET as in bone scintigraphy [10, 11, 34, 35].

PET offers advantages over bone scintigraphy in that the technique is, on the one hand, a
purely tomographic acquisition technique and, on the other hand, the local resolution of PET
is much higher than that of bone scintigraphy. Besides 8F-FDG, 18F-fluoride is increasingly
used as an osteotropic radiotracer, which shows a greater bone uptake than *™Tc-marked
biophosphonates and also, by virtue of increased renal clearance, leads to an improved con-
trast between compact and trabecular bone [34]. Comparing FDG-PET with bone scintigra-
phy, itis apparent that '8SFDG-PET shows greater sensitivity than planar scintigraphy [35-38].
In contrast, some studies show that 8FDG-PET is less sensitive than bone scintigraphy in the
detection of bone metastases in prostate carcinoma and osteogenic sarcoma [10, 39].

Comparing the number of detected lesions in 145 patients with different primary tu-
mors, the sensitivity is higher with 8FDG-PET than with bone scintigraphy [40]. These re-
sults are confirmed in patients with breast carcinoma. In a differential analysis, the superi-
ority of bone scintigraphy was shown in the sub-group of female patients with purely
osteoblastic metastases [11]. Schirrmeister et al. compared '8F-fluoride-PET with bone scin-
tigraphy, and !8F-fluoride-PET detected a total of 64 bone metastases in 17 out of 34 pa-
tients [34]. With bone scintigraphy only 11 out of 34 patients were positive, with a total of
29 metastases.

Metastasis propagation in the bone marrow leads to an increase in T1 relaxation times with
consequent signal decay compared with T1-weighted imaging in the high signal fatty tis-
sue. Changes in the T2-weighted relaxation time differ. There is an increase in the T2 time
with a significant signal increase of the lesion; solid, cell-rich tumor regions show an inter-
mediate signal intensity in T2-weighted imaging. However, given accompanying osteo-
blastic components and bone regeneration, the T2 relaxation time drops again and there is
a fall in signal intensity of the lesion in T2-weighted imaging. In principle, it should be said
that malignant, as well as inflammatory bone marrow, conditions lead to signal attenuation
due to an increase in the amount of water and suppression of the fat components in T1-
weighted imaging. T1-weighted spin-echo sequences are therefore an essential aspect in
the detection of bone marrow metastases. They should be supplemented with T2-weighted
sequences with fat suppression, such as the STIR technique or with sequence-selective, fat
suppressed T2-weighted sequences [41]. As a consequence of fat suppression of normal
bone marrow and the emphasis on T2 prolongation due to pathological infiltration, these
sequences achieve an especially high contrast between the lesion and the normal healthy
fatty marrow [42].

64



Whole-body MRI compared with bone scintigraphy and "8F-FDG-PET

Phase-shifted gradient-echo imaging — unenhanced and contrast-enhanced — was found
to be very sensitive as a search sequence in metastasis detection [43, 44]. Administration of
intravenous contrast agent is not of great assistance in the detection and characterization of
bone metastases. The application of contrast agent can depict extraosseous (paraosseous/
paravertebral /intraspinal) soft tissue tumor components in order to demonstrate the precise
extent of the tumor and thereby reveal potentially threatening complications [5, 42—44].

In the case of malignant underlying diseases, enhanced reconversion of the bone mar-
row may occur due to the disease or in association with the therapy [45]. The hemopoieti-
cally active bone marrow is characterized in T1-weighted imaging by a low signal and in
T2 or STIR imaging by a higher signal than the adjacent normal fatty marrow. Hematopoi-
etically active bone marrow regions can be configured irregularly or arranged focally, so
that they are very difficult to distinguish from the skeletal /bone metastases in their dif-
ferential diagnosis. The use of opposed-phase gradient-echo sequences was shown to be
very helpful in the detection of hematopoietic marrow [46, 47].

The detection of bone metastasis in tumor patients is of enormous clinical significance for
stage classification and the resulting therapy planning [5, 44]. Localization and propaga-
tion of bone metastasis must be depicted to identify potentially threatening complications
of bone metastasis in a timely manner. Since the beginning of the 1990s, it is well known
that MRI succeeds in detecting bone marrow involvement at an early stage, before bone
scintigraphy can detect any bone involvement [5, 8, 9, 14, 15, 18, 48-50].

The sensitivity of MRI in the detection of metastases is cited as up to 100% in the litera-
ture [51]. In numerous studies, MRI was consistently evaluated as superior to bone scintig-
raphy [5, 7, 8, 14, 48-55]. Many studies have reported a higher sensitivity for MRI based on
a patient comparison [5, 18, 53, 54] as well as a regional comparison [5, 15, 16, 44].

At the beginning of the 1990s, Frank et al. reported on 95 patients with bone metastasis;
30 of the 95 patients (28%) showed no metastases with bone scintigraphy, whereas MRI
detected bone metastases in all the patients [14]. Avrahami et al. underlined the enormous
advantage of MRI compared with bone scintigraphy in a study of 10 patients with small-
cell bronchial carcinoma [53].

Haubold-Reuter et al. studied 21 patients with malignant underlying diseases and
showed clear superiority of MRI compared with bone scintigraphy in the axial skeleton
[15]. Only 70% of the lesions seen with MRI were detected in bone scintigraphy. The au-
thors nevertheless pointed out the fact that in 11 of 21 patients bone scintigraphy detected
lesions outside the MRI examination field of view, which certainly represents a major limi-
tation of MRI [5, 7, 8, 15, 44].

In a comparative study conducted by Altehoefer et al., peripheral bone metastases were
described in 26 out of 81 patients with bone scintigraphy, but MRI of the axial skeleton was
markedly superior to bone scintigraphy [5]. Altehoefer et al. examined a total of 81 breast
carcinoma patients and showed a clear superiority of MRI over bone scintigraphy in regard
to detection and propagation of metastases in the axial skeleton [5]. The result for bone
scintigraphy was false-negative for seven of the 81 patients. For 26 out of 53 patients with
positive concordant results (49%), MRI showed more extensive disease with a subsequent
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therapeutic consequence. The greatest limitation of this comparative study is the fact that
only a few positive lesions found in the study were verified histologically.

Besides its superiority in the detection and propagation diagnostics of bone metastasis,
MRI, as an imaging technique, is in a position to present additional results from the axial
skeleton which are of relevance for therapy [5, 17, 29, 44, 55]. Altehoefer et al. reported over
81 secondary results visible in MRI among 45 female breast carcinoma patients with posi-
tive concordant results in MRI and bone scintigraphy in the axial skeleton: Vertebral poste-
rior border involvement (n = 22), vertebral arch (n = 16), pathological vertebral fractures
(n =18), spinal canal constriction (n = 14), myelon compression (n = 11). For 28 out of 45
breast carcinoma female patients, the MRI result led to a change in the therapy regime [5].
Direct comparisons between MRI and 8FDG-PET are available only in a few studies. In a
study directly comparing three different modalities (whole-body MRI, 8FDG-PET, and
bone scintigraphy) in a total of 39 children and youths, Daldrup-Link et al. reported clear
superiority of BFDG-PET with a sensitivity of 90% compared with MRI. Bone scintigraphy
was well behind with a sensitivity of 71% [35].

In a retrospective study of 38 patients, Ghanem et al. demonstrated eight discordant
results between MRI and PET in the axial skeleton. In seven out of eight cases, ®FDG-PET
was false-negative, and in two out of 7 cases a change in therapy regime followed. In one
case the MRI was false-negative [56].

Previous limitations of MRI in clinical routine work were due to a restricted examination
field of view, so that several examinations using different coils were required to present the
whole body [7, 8, 43, 57, 68]. The development of ultra-fast data acquisition for MRI high
performance gradient systems with fast slew rates has recently allowed whole-body MRI
to be performed within a tolerable time [8, 12, 22-27, 35, 57-65, 68, 69, 71-74].

With the development of the moving table technique using a whole-body table top (An-
gioSURF [System for Unlimited Rolling Field of Views, MR-Innovation, Essen, Germany])
it has become possible to perform whole-body MR-examinations for clinical routine use
[12, 24, 60, 62, 63] (Fig. 6.1-6.4) (also see Chap.7). In our own whole-body examinations
with the AngioSURF system, 129 comparisons with bone scintigraphy were possible [24].
In 56 out of 129 patients (43%), typical metastasis lesions were not found, either with
whole-body MRI or with scintigraphy. In 49 out of 129 patients (38%), both examination
techniques were positive in detecting bone metastases (Fig. 6.2, 6.4, 6.5). Investigating the
extent of the bone metastasis in 49 patients with positive concordant results in the axial
skeleton, as well as in the peripheral skeletal system, it was possible to detect a similar ex-
tent of skeletal metastasis in 21 out of 49 patients (43%). In 22 out of 49 patients with posi-
tive concordant results (45%), whole-body MRI was superior to bone scintigraphy (Fig. 6.2,
6.4); in 6 out of 49 cases, bone scintigraphy was superior to whole-body imaging (12%).

In 24 patients (19%) there were discordant results in the detection of bone metastases
(Fig. 6.1). In 15 out of 129 patients (12%), whole-body MRI examinations revealed bone
metastases, whereas bone scintigraphy failed to detect any changes typical of metastases in
either the axial skeleton or in the peripheral skeletal system. In one case, however, whole-
body MRI was false-positive in the detection of a unifocal signal intensity increase in the
thoracic spine, which, when viewed together with a CT, represented a hemangioma, but
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Figure 6.1a—f 34-year-old female patient in the follow-up examination for a PNET (primitive neuro-
ectodermal tumor).

(a, b) The bone scintigraphy (with kind permission: Prof. Dr. Dr. Dr. h.c. E. Moser, Dept. of Nuclear
Medicine, University Hospital Freiburg, Germany) shows neither increased uptake of the radiophar-
maceutical in the anterior and posterior projections nor a photopenic defect.

(c—f) The whole-body MRI performed at the same time detects four skip lesions in the L-spine, the
pelvis and the remaining right upper leg stump in the form of metastases (arrow).
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s

Figure 6.2a-h 64-year-old patient with bron-
chial carcinoma.

(a, b) The bone scintigraphy (with kind per-
mission: Prof. Dr. Dr. Dr. h.c. E. Moser, Dept. of
Nuclear Medicine, University Hospital Freiburg,
Germany) in the posterior projection shows a
photopenic defect in the lower T-spine (arrow)
indicative of a bone metastasis.

(c-h) Whole-body MRI shows a diffuse, partly
multifocal metastasis in the axial skeleton and
in the peripheral skeletal system (arrow) and is
therefore clearly superior to bone scintigraphy.
The primary tumor with lymphogenous metas-
tasis is also depicted (d, e).
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the whole-body MRI was able to correctly detect a progressive femur metastasis. The bone
scintigraphy performed at the same time was negative. In 14 out of 15 cases whole-body
MRI was shown to be true positive in the detection of bone metastases in the axial and
peripheral skeletal system, with the exception of the hemangioma diagnosed as a meta-
static site.

In nine cases (7%), bone scintigraphy was superior to whole-body MRI; in all cases uni-
focal metastases in the axial skeleton or in the peripheral skeletal system were present. In
two of the nine cases the diagnosis was not verified in the course of the study. In three
cases, progress in the condition could be conclusively shown over the course of the study
with nuclear medicine and radiological examination techniques, so that there were false-
negative MRI results in three out of nine cases. Since the end of 2003, a new whole-body
coil system equipped with 76 coil elements and 32 radiofrequency channels has been of-
fered in a 1.5 Tesla system (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Ger-
many) [58, 59, 64, 66, 67] (Fig. 6.5). In this new MRI system, coronal STIR imaging with a
205 cm field of view is possible within 14 minutes with good spatial resolution.

Eustace et al. were the first to compare whole-body MRI using turbo-STIR imaging with
planar bone scintigraphy in 1997 [25].

A total of 25 patients with various tumor entities were studied; the authors determined
a sensitivity for whole-body MRI of 96.5% and a specificity of 100%. Planar bone scintigra-
phy, as an established technique, has a sensitivity of 72% and a specificity of 98% [25].

Steinborn et al. studied 18 patients with different malignant underlying diseases and the
suspicion of bone metastases with a study protocol comprising STIR imaging and T1-
weighted spin-echo imaging [9]. The whole-body MRI detected 91.4% of the metastases
verified and confirmed in the course of the study, whereas bone scintigraphy only detected
89 of the 105 lesions (85%).

Regarding the distribution pattern of anatomical localization in this study from Stein-
born et al., whole-body MRI was a superior technique in the axial skeleton and in the ex-
tremities, whereas bone scintigraphy detected more lesions in the skull and thoracic skel-
eton, as expected [9]. This is partly reflected in our own study results [24, 69], in which
whole-body MRI is regionally inferior to bone scintigraphy in the ribs.

In a study of 26 patients, Lauenstein et al. reported on a total of 60 regions that were
detected with bone scintigraphy as metastasis infiltrated. Whole-body MRI was identical
in 53 regions [26] (also see Chap. 7). The results not detected with whole-body MRI were in
the region of the skull and ribs. This partially agrees with our own results [24, 67, 69] and
those of other authors [35, 60, 62, 63, 67]. Goo et al. were, however, unable to confirm this
in a study of 41 children.

Tausig et al. studied 20 female patients with breast carcinoma using a turbo-STIR se-
quence to exclude or detect bone metastases [65]. In 11 of the 20 patients (55%), both bone
scintigraphy and whole-body MRI were positive, although bone scintigraphy only re-
vealed 109 lesions in the skeletal system typical of metastasis, but whole-body MRI 150.
The authors refer to the enormous limitations due to artifacts, in particular pulsation arti-
facts in the thorax, which hamper assessment of the ribs, sternum, and scapula. These were
not confirmed by Goo et al. in a whole-body MRI study of children [71].

Lauenstein et al. underlined that the coronal orientation selected to depict long bones,
such as the femur and humerus and the spinal column, can lead to disappointing detection
results in the thoracic skeleton [26]. It was therefore proposed to image these skeletal regions
with an axial orientation [63]. Engelhard et al. studied 22 female patients with breast carci-
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noma (coronal STIR sequences combined with axial T2-weighted TSE imaging of the head
and T1-weighted opposed-phase imaging for the complete spinal column) [60]. In 12 of the
22 cases, both examination techniques were positive. In their study, the sensitivity for whole-
body MRI was specified as 92%, whereas for bone scintigraphy sensitivity was shown to be
63%. The specificity for whole-body MRI was 90%, for bone scintigraphy 80%. The diagnos-
tic accuracy was specified as 91% for whole-body MRI and 82% for bone scintigraphy [60].
For whole-body MRI, Goo et al. specified a sensitivity of 99% in the detection of bone metas-
tases and a positive predictive value (PPV) of 94%, whereas bone scintigraphy achieved
values of 26% and 76%, respectively. The authors compared whole-body MRI with 123-J-
MIBG scintigraphy and showed a significant superiority of whole-body MRI in skeletal me-
tastasis detection. Mentzel et al. detected 119 bone metastases with whole-body MRI using a
STIR sequence; however, bone scintigraphy only detected 58 lesions (47%) [73].

There are still only limited data available to directly compare whole-body MRI, bone
scintigraphy, and FDG-PET [35, 67, 69, 72] (Fig. 6.3-6.5).

Daldrup-Link et al. studied 39 children and youths in direct comparison of whole-body
MRI, FDG-PET, and bone scintigraphy [35]. Clear superiority of 8FDG-PET with a sensi-
tivity of 90% was shown, whereas whole-body MRI using a T1-weighted and T2-weighted
spin-echo sequence combined with STIR imaging showed a sensitivity of 82%. Bone scin-
tigraphy produced a sensitivity of 71% [35]. In our own studies, whole-body MRI also

Figure 6.3 83-year-old patient with identified hepatic and bone metastatic bronchial carcinoma. The
18F-FDG-PET (with kind permission: Prof. Dr. Dr. Dr. h.c. E. Moser, Dept. of Nuclear Medicine, Universi-
ty Hospital Freiburg, Germany) and whole-body MRI show, in addition to the diffuse bone metastasis
in the axial skeleton, multifocal hepatic metastasis as well as cervical and medial lymphogenous

metastasis with a left central tumor. '8F-FDG-PET also presents a metastatic infiltration of the humeri.
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Figure 6.4a—c 44-year-old female
patient with freshly diagnosed breast
carcinoma. (a) The bone scintigraphy
(with kind permission: Prof. Dr. Dr.
Dr.h.c. E. Moser, Dept. of Nuclear
Medicine, University Hospital Freiburg,
Germany) shows two bone metastases
in the peripheral skeletal system. (b)
The 18F-FDG-PET performed at the
same time shows no bone metastases.
(c) The whole-body MRI, however,
shows a multifocal bone metastasis site,
which was also confirmed in the course
of clinical progression.
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Figure 6.5a-c 26-year-old patient with a right central tumor, as well as paraosseous and osseous
metastasis in the left lower leg. (a) Bone scintigraphy (with kind permission: Prof. Dr. Dr. Dr. h.c. E.
Moser, Dept. of Nuclear Medicine, University Hospital Freiburg, Germany) shows a solitary metasta-
sis in the left lower extremity and osseous involvement of the right ventral hemithorax (arrow). (b)
18F-FDG-PET performed at the same time (with kind permission: Prof. Dr. Dr. Dr. h.c. E. Moser, Dept.
of Nuclear Medicine, University Hospital Freiburg, Germany) shows the primary tumor as well as an
adjacent pleural metastasis (arrow). (c) The whole-body MRI firstly shows the primary tumor with
adjacent right-side pleural metastasis and effusion, and secondly the metastasis in the left dorsal

tibia (arrow).
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showed superiority over 18F-FDG-PET in the detection of bone metastases [67, 69, 72]. In
35 out of 130 cases (27%) there were positive concordant results (Fig. 6.3). In 85 patients,
both techniques succeeded in excluding bone metastases, leading to total concordance in
92% of cases. In 3 cases '8F-FDG-PET was superior to whole-body MRI, in 7 cases the re-
verse was the case [69] (Fig. 6.4, 6.5).

Numerous authors refer to secondary results associated with tumors which were de-
tected with whole-body MRI as opposed to bone scintigraphy [24-27].

In our own study of 129 patients with solid tumors, whole-body MRI succeeded in pre-
senting tumor-associated secondary results in 77 patients relating to the primary tumor,
lymph node, soft tissue and distant metastasis in visceral organs [24] (Fig. 6.1, 6.5). In 52 of
the 129 patients (40%), there were no tumor-relevant secondary results found with whole-
body MRI. In 63 out of 129 patients, various primary tumors were detected, of which 52
cases were large bronchial carcinomas. In 54 out of 129 patients, lymph node enlargement
was detected with a total number of 102 enlarged lymph node stations. In 30 of the 129
patients, distant metastasis in the liver (n = 21), lung (n = 6), adrenal glands (n = 4), and
brain (n = 5) was shown. Secondary results associated with tumors in patients with nega-
tive concordant results between whole-body MRI and bone scintigraphy were recorded in
29 of the 48 (60%) patients with the help of whole-body MRI. Eighteen primary tumors
were detected. In 17 patients, 39 lymph node enlargements were described. Soft tissue me-
tastases associated with tumors were detected in 8 cases, and in 15 cases information on
distant metastasis in the liver (n = 11), brain (n = 5), lung (n = 2), and adrenal glands (n =1)
was described.

Eustace et al. reported secondary findings in 13 out of 25 (52%) patients [25]. In their
study of 17 breast carcinoma female patients, Walker et al. refer to liver lesions in 5 of 17
cases (29%) and CNS metastasis in 4 out of 17 cases (24%) [26]. In our own studies, second-
ary results associated with tumors of relevance to therapy were detected in 77 out of 129
cases (60%) by whole-body MRI.

Lauenstein et al. undertook a study of tumor-associated (n = 56) and non-tumor-associ-
ated secondary results (n = 36) [27]. The results associated with tumors largely comprised
those from liver and lung metastases, which were detected with the STIR sequence in 47
out of 56 cases (84%). In the non-tumor-associated secondary results, T1-weighted gradi-
ent-echo imaging was most sensitive; the HASTE sequence was not shown to be very sensi-
tive, either in relation to non-tumor-associated or tumor-associated conditions in patients
with malignant underlying diseases and bone metastases.

Summarizing, it can be said that whole-body MRI represents a promising new staging
technique for the detection of bone metastases in the oncological diagnosis of solid tumors,
which in many cases is more sensitive than the established technique of bone scintigraphy
in regard to the detection and extent of bone metastases in the entire skeletal system. The
staging of rib metastases is problematic with whole-body MRI. Secondary results associ-
ated with tumors of relevance to therapy are detected with whole-body MRI.

There is still only a limited amount of partly contradictory data available comparing
whole-body MRI with 8FDG-PET in the detection of bone metastases, so that large com-
parative studies using special tracers and PET-CT are still outstanding. Whole-body MRI,
as a new, fast, and effective examination method, offers significantly better detail presenta-
tion than bone scintigraphy and is easy to implement in clinical diagnostic routine work;
due to the absence of radiation exposure, comprehensive progress monitoring is possible
without reservations.
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Thomas C. Lauenstein

Various whole-body MRI concepts for screening or staging purposes in tumor patients
have been presented in the past. Why these whole-body MRI methods have failed to make
an impact in clinical routine work is mainly attributable to the following two reasons.
First, the investment in time for data acquisition for some examination protocols was far
too long [1]. And second, other less time-consuming approaches, especially those using
EPI sequences, only offer limited spatial resolution and therefore restricted diagnostic ac-
curacy [2].

It was possible to overcome these limitations with VIBE imaging (volumetric interpo-
lated breath-hold examination). In this type of MR imaging, a T1-weighted, three-dimen-
sional (3D) gradient-echo sequence is used with integrated fat saturation and almost iso-
tropic spatial resolution. Data acquisition takes place with the breath-holding technique;
the 3D data sets can be acquired in around 20 s. The VIBE sequence has become established
beyond whole-body imaging, especially in the imaging of the abdominal organs [3, 4] as
well as the lungs [5]. A comparable image quality to that of conventional 2D gradient-echo
sequences can be achieved. With integrated fat saturation, tumors or metastases are easily
identified in the parenchymatic organs following intravenous administration of gadolin-
ium due to their significant contrast agent uptake.

The basic requirement for whole-body MRI using VIBE is fast patient repositioning, so that
different anatomical regions can be examined in quick succession. Two techniques are suit-
able here: In recent years, patient tables with automatic or manual movement have come
into use that allow a surface coil to remain stationary in the isocenter of the magnet during
patient movement, thus ensuring high image quality. Newer MR scanners offer the option
of using a large number of different coils simultaneously, so that no coil repositioning is
necessary here, either, given the additional automated table movement. It is possible in
principle to position the patient in the prone as well as the supine position. The supine
position is, however, preferable, as this ensures greater patient comfort and the breath-
holding technique is easier.

The acquisition of local scout sequences of all regions to be examined (head — thorax —
abdomen — pelvis — thigh) serves to verify that complete imaging of the required regions is
performed with later imaging sequences. Here it should be ensured that the subsequently
acquired VIBE data sets overlap by approx. 2.5 cm to ensure a diagnosis despite possible
aliasing artifacts on the cranial or caudal ends of the 3D data sets. Depending on the pa-

78

Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use.



VIBE whole-body MRI for metastasis screening

tient’s size, 5 to 6 individual imaging stations should be planned. Especially for large pa-
tients, the caudal anatomical regions (lower leg and knee region) should be imaged in two
different stations.

Firstly, intravenous administration of a paramagnetic contrast agent (e.g. gadopentetate
dimeglumine, Magnevist®, Schering AG, Berlin, Germany) takes place with a dosage of
0.2 mmol/kg body weight and a flow rate of 3.0 ml/s. The first examination station covers
the abdomen with a data set acquired 20 s after administration of the contrast agent in an
arterial contrast agent phase. A second acquisition is taken in the same patient position a
total of 60 s after administration of the contrast agent in a portal-venous phase. Once this
second acquisition has been performed, the patient is moved manually or automatically
depending on the system so that the thorax, the pelvis, the lower leg, and the head can then
be imaged in an equilibrium phase. Finally, another data set should be taken of the abdo-
men in a late-venous phase. The entire image acquisition time is therefore between four
and five minutes. Data acquisition of the liver in three different contrast agent phases is
advantageous, because metastases can be differentiated from benign conditions with a
high degree of probability [6]. A summary of the most important sequence parameters may
be found in Table 7.1. The examination procedure for the respective regions of the body is
presented in Table 7.2.

Table 7.1 Recommended parameters for VIBE imaging

TR [ms] 3.1

TE [ms] 1.2

Flip angle [°] 12
Bandwidth [Hz/pixel] 490

Slab thickness [mm] 312
Partitions 104"
Section thickness [mm] 3

Matrix 240 x 512*
Pixel size [mm x mm] 0.9x0.7
Acquisition time [s] 22

* with interpolation

Table 7.2 Sequence order for VIBE whole-body MRI

Region of the body Contrast agent delay [s]

1 Abdomen 20

2 Abdomen 60

3 Thorax 90

4 Pelvis 120

5 Lower leg 150

5b* Distal lower leg 180

6 Head 180/210+

7 Abdomen 210/240+

* optional, depending on the body size
+ if data acquisition is carried out in Station 5b
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Figure 7.1a—g The axial source data of the VIBE sequence
from the head, thorax, pelvis, and thigh (a-e) can also be
presented in coronal or sagittal orientation (f, g) using
multiplanar reconstruction as a result of the three-dimen-
sional character.
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Figure 7.3a, b VIBE imaging shows high sensitivity, especially for the identification of liver metas-
tases (a) with good correlation to CT (b).

Figure 7.4a, b Adrenal gland metastasis in a patient with bronchial carcinoma identified both in MRI
(a) as well as CT (b).
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Due to the large amount of data and images, the diagnostic viewing should take place at
a postprocessing console. As a result of the three-dimensional nature of the VIBE sequence,
evaluation in the multiplanar reformation mode (MPR) is desirable so that presentation is
also possible in coronal or sagittal orientation, in addition to the axial source images
(Fig. 7.1). This evaluation has to take all the relevant organs into consideration, including
the head, lungs, liver, adrenal glands, as well as potential stations for lymph node or bone
metastases (Figs. 7.2 to 7.4). Information can also be derived on the primary tumor, espe-
cially in the case of bronchial carcinoma. Finally, it must be considered that other lesions
not directly related with the malignant disease may be detected, especially changes in the
arterial vascular system.

The value of whole-body VIBE MRI has only been described in two clinical studies so far.
The first results in a small patient population were presented in 2002 [7]. Four women with
identified breast carcinoma and four men with testicular tumors were examined using
whole-body VIBE MRI. The number, size, and localization of the identifiable metastases
were documented. Reference standards were provided by CT examinations of the head,
thorax, abdomen, and pelvis as well as a whole-body bone scintigraphy, which had been
performed a few days before the MRI. It was possible to perform whole-body MRI in all
eight patients without complications. The average examination time was 11 minutes in-
cluding positioning of the patient and coils. In this initial feasibility study, whole-body
VIBE MRI led to liver metastases being identified in 5 patients and cerebral metastases in 2
patients. The corresponding CT only managed to detect an additional 5 mm lung metasta-
sis. Furthermore, retroperitoneal lymph node metastases were correctly detected in the
MRI in one patient and soft tissue metastases in another patient. There were even advan-
tages achieved by MRI compared with bone scintigraphy in the detection of bone metas-
tases. Metastases in the L-spine were found in one patient, which were not detected by
bone scintigraphy.

This first feasibility study in general gave rise to further evaluations of the whole-body
VIBE concept. The results of a significantly larger patient population were published in
2004 [8]. There were several minor modifications of the examination protocol in this fol-
low-up study. The contrast-enhanced, T1-weighted VIBE data sets were supplemented
with fast T2w imaging of the abdomen and thorax. This addition made it possible to clas-
sify certain diseases more reliably and in particular to identify fluid accumulations, such as
pleural effusion or ascites, without difficulty. 51 patients with various malignant tumors,
including breast, bronchial, thyroid and prostrate carcinoma, were studied. Data acquisi-
tion took place in the same way as in the first whole-body VIBE study with the aid of a
manual movable patient table (BodySURF®, MR-Innovation, Essen, Germany, see Chap. 1).
Dedicated MRI examinations of the head and individual skeletal sections were used as a
standard of reference in this study, as well as the corresponding dedicated CT examina-
tions and bone scintigraphy. The average examination time was less than a quarter of an
hour, as in the first study. The data interpretation time was also evaluated, which was 11
minutes on average. Metastases could be ascertained in a total of 43 patients using VIBE
MRI, which could be confirmed by reference examinations in 42 patients. Interestingly, for
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the patient with a discrepant result, a biopsy succeeded in confirming the suspicion of a
singular hepatic metastasis so that, in relation to the number of patients, whole-body MRI
provided an even higher sensitivity than the previous clinical standard. However, there
were clear differences in terms of accuracy of MRI among the various metastasis types.
Whereas considerably more liver metastases could be detected by MRI (compared with the
corresponding CT), individual lung metastases (<6 mm) were not visible in MRI images.
In the group of bone metastases, there were clear differences between scintigraphy and
MRI in terms of different anatomical regions: Whereas whole-body scintigraphy was able
to detect more lesions in the ribs and the skull, MRI was able to depict more bone metas-
tases in the spinal column and the pelvic region.

The two studies described served to prove the value and, in particular, the clinical prac-
ticability of whole-body VIBE MRI. This imaging technique offers reliable tumor staging in
less than 15 minutes, and its diagnostic accuracy can even exceed that of the previous
clinical routine techniques such as CT or bone scintigraphy in some areas.

The concept of whole-body VIBE MRI holds great potential. Nevertheless, a dedicated MRI
examination of an individual region of the body cannot be substituted for by whole-body
imaging in the individual case. This means that newer strategies of whole-body MRI inte-
grate a large number of additional MRI sequences in addition to contrast-enhanced VIBE
imaging to improve the sensitivity and specificity of MRI [9]. Additional imaging of the
head (e.g. with FLAIR sequences) or individual skeletal sections (using STIR sequences)
can certainly be helpful. At this juncture, the question should always be asked whether
ever-longer examination times as a result of extended sequence protocols really promise
additional diagnostic benefit. It is therefore recommended to view VIBE MRI as the basis
of a whole-body imaging technique and to expand this individually taking into account the
clinically-based tentative diagnoses.
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The diagnosis and therapy of malignant tumors has become a focus of interest over recent
years in the industrial countries as a result of demographic changes. The accurate assessment
of the extent of cancerous disease is an essential requirement for efficient therapy, as it is now
recognized that the prognosis depends on the stage classification with the application of the
appropriate therapy [1-5]. Stage classification of cancerous disease is prescribed by interna-
tional standards (e.g. American Joint Committee on Cancer, AJCC, or the International Union
against Cancer, UICC). This serves to define the stage (TINM stage) based on the size of the
primary tumor and any infiltration in the vicinity (T stage), the assessment of metastasis in
the local lymph nodes (N stage), and the detection of distant metastases (M stage). Mainly
magnetic resonance imaging (MRI), computed tomography (CT), and nuclear medicine tech-
niques, such as positron emission tomography (PET), have become established in the diag-
nosis of the various tumor types. Besides the absence of radiation exposure, MRI offers the
advantage of superior soft tissue contrast and high spatial resolution. The superiority of MRI
over CT in the detection of liver and bone lesions has been verified [6, 7]. Whole-body MRI
has only been available to a limited extent until recently, however. Disadvantages included
long examination times, time-consuming repositioning procedures, and the difficulty of
combining several examination sections to form a single image. With the introduction of
moving table platform systems and concomitant data acquisition from several surface coils,
whole-body MRI has, however, gained continuously in importance. Especially the new and
fast sequences have contributed to an improvement in practicability of this examination
method in the assessment of the TNM stage [8-11].

In contrast to the predominantly morphological information gained from MRI, PET is a
whole-body examination technique which delivers functional information based on the
metabolic activity of a tumor. ['8F]-2-Fluoro-2-desoxy-D-glucose (FDG) is mainly used as a
radioactive pharmaceutical in oncological imaging. FDG is absorbed and metabolized to
varying degrees in the different organs depending on their glucose metabolism. Many
malignant tumors have a high density of glucose transporters in their cell membranes; they
also have an accelerated metabolism due to their malignant growth and therefore show an
increased consumption of FDG. On the basis of this functional information, PET demon-
strates high accuracy in the detection of malignant tumors, as well as their lymph node
metastases, and has already contributed to an improvement in diagnostics for various tu-
mor entities compared with purely morphological imaging techniques [12-14]. However,
due to the limited anatomical information provided by PET, a correlation between a mor-
phological technique, such as CT or MR, is often helpful for precisely locating the tumor.
The attempt to retrospectively fuse functional and anatomical data sets has, until now,
proven to be complex and not completely reliable and for this reason has not become of
widespread importance in clinical routine work, apart from in cerebral imaging.
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Since the introduction of combined PET/CT systems, the accurate, co-registered presen-
tation of anatomical and functional image data is now routinely possible [15]. The data sets
from both examination techniques are acquired in a single examination procedure and are
then precisely fused. As a result of developments in multi-array spiral CT and integration
of multi-detector CT systems in PET/CT scanners, fused data sets with CT resolution in the
sub-millimeter range with additional metabolic information have become possible.
Through the use of combined PET/CT, it has become possible to detect and TNM stage
various tumors in oncological imaging with significantly higher precision than with PET
or CT alone, as well as in comparison with MRI [16-20]. However, in the literature avail-
able to date, there is insufficient information on which indications and cancerous diseases
whole-body MRI or whole-body PET/CT is better suited for. For this reason, the current
state of scientific knowledge is to be presented at this point and various tumor entities
discussed by way of example, where one of the two examination modalities offers advan-
tages over the other.

8.2.1 General technical overview

PET/CT systems from various manufacturers are now commercially available. CT compo-
nents with 2-64 spiral arrays are currently available. Among the PET detectors, bismuth
germanate (BGO), lutetium oxyorthosilicate (LSO) or gadolinium oxyorthosilicate (GSO)
are mainly used. The basic approach of combined image acquisition is always founded on
the same principle [15] (Fig. 8.1, 8.2).

Firstly the CT is acquired; the duration of the examination essentially depends on the
number of detector rows available. The emission data are acquired in PET immediately
thereafter. Because the CT data can be used for PET attenuation correction, the acquisition
time can be reduced by approx. 30% compared with the PET systems previously available,
which required a further transmission measurement for PET attenuation correction. Here
the PET examination time depends both on the detector material used and on the activity
applied, as well as on the height of the patient, which determines the number of bed posi-
tions for the PET. The length of the individual bed positions for PET depends on the device
type and can vary between 10 and 15 cm. The scanning time for a bed position is also de-
pendent on the detector material and the patient circumference and typically varies from
3-5 min in everyday clinical work [21]. A total time of 20-40 min therefore needs to be al-
located for a PET/CT whole-body examination; reductions in time arise accordingly if only
certain parts of the body are examined (Fig. 8.3).

8.2.2  PET/CT acquisition

Several authors exclude the skull in whole-body examinations, as only limited information
on cerebral metastases is possible on the basis of the physiological FDG uptake of the brain.

The patients are instructed to abstain from eating for approx. 4-6 h prior to the examina-
tion. The blood sugar level, especially of diabetics, should be in the normal range to assure
an adequate quality of the examination.
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'1

Figure 8.1 PET/CT system with patient table, which can be fully inserted
into the system. To prevent deflection of the table, a special device is
fixed to the end. The PET/ CT tunnel is longer than for CT or PET on their
own, as both scanners have to be accommodated in close proximity to
one another (also see Fig. 8.2)

CT PET

=4

| [

Figure 8.2 Patient on the PET/CT table; during the examination the patient lies on
the table in the same position for both of the successive techniques. The CT is firstly
acquired in the front part of the system; the detector arrays are only indicated
schematically here. The emission data (PET) are captured immediately afterwards

in the rear part. The CT data are used for attenuation correction of the positron
emission tomography data; PET/CT acquisition is therefore approx. 30% faster than
a PET examination.
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Figure 8.3 Whole-body PET/CT of a patient
after resection of a melanoma in the left upper
arm. No detection of pathologically increased
glucose metabolism. With the combined PET/CT
examination, the metabolic PET information is
precisely fused with the anatomical CT informa-
tion over the entire length of the body during
data acquisition.

The patients’” blood sugar is therefore checked before injecting FDG. The radioactive
pharmaceutical FDG is administered intravenously approx. 1 h before the examination.
The patients should then sit or lie in a comfortable position to avoid excessive muscular
metabolic activation. During this time it is possible for the patient to drink oral contrast
agent. Negative oral contrast agent has become established as the substance of choice over
positive contrast agents, because an increase in the Hounsfield units from positive contrast
agent can cause an artificial increase in the standard uptake value (SUV) — quantification of
the FDG uptake in PET — due to the CT-based attenuation correction; thus, artifacts in the
PET image can arise. A special negative oral contrast agent consisting of 0.2% carob bean
flour and 2.5% mannitol dissolved in 1.5 1 water has been found to be suitable in clinical
applications so far [22]. Oral contrast agents based on this composition are now commer-
cially available and are in clinical use. The performance of CT examinations can take place
with or without intravenous contrast agents dependent on the investigation (see below).
The administration and dosage for intravenous contrast agent must be matched to the CT
system available (2-64 slices) and corresponds to typical CT protocols.
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Typical whole-body PET/CT acquisition parameters are:

* 6-12 bed positions,

¢ 3-5min acquisition time per bed position,

* reconstruction with and without attenuation correction to identify potential artifacts.

8.2.1 General technical overview

Two different systems have been used in practice to date to compare whole-body PET/CT
with whole-body MRI: firstly, 32-channel MRI systems are available with which several
surface coils (including the head coil) can be positioned simultaneously on the patient. Us-
ing the integrated parallel acquisition technique (iPAT), the image data from several of the
applied coils can be acquired simultaneously and subsequently reconstructed to form an
overall data set (Fig.8.4). Using this technique, a reduced number of k-space lines is ob-
tained during acquisition. These can then be reconstructed with various algorithms. This
takes place either by calculating the missing k-space lines before Fourier transformation
(SMASH or GRAPPA) or with the retrospective fusion of the individual images that are
obtained (SENSE) [23-25]. The advantages of these acquisition techniques include a high
spatial resolution without a significant increase in the acquisition time, or a corresponding
reduction in the acquisition time with unchanged resolution. The disadvantage however is
the drop in signal-to-noise ratio (SNR). This examination technique has thus far been car-
ried out on a 1.5 Tesla scanner (Magnetom Avanto, Siemens Medical Solutions, Erlangen,
Germany). The system can process image information from the connected coil elements on
a maximum of 32 channels simultaneously and thus facilitates an examination field of
205 cm with single positioning of the patient (Fig.8.5).

A further approach for performing a whole-body MRI examination was used in another
comparative study [19]. Here a movable table platform for MR scanners is used (BodySURF,
MR-Innovation, Essen, Germany, see Chap.1), which allows movement of the patient. Sur-
face coils are used positioned ventrally and dorsally of the patient. The ventrally mounted
surface coil is positioned on a device secured to the original patient table so that it can slide
over the patient when the patient is moved (Fig. 8.6). The region to be examined is always
positioned in the isocenter of the MR scanner. Through the use of parallel image acquisition,
high-resolution acquisition from the skull to the feet can be performed with this system.

An examination field of approx. 190 centimeters length is possible with a single posi-
tioning of the patient on the mobile part of the table (Fig. 8.7). This system was used with
the examinations previously available on a 1.5 Tesla system (Magnetom Sonata®, Siemens
Medical Solutions, Erlangen, Germany); this mobile system can, however, in principle be
used with other Siemens MR scanners.

8.3.2 MRI examination

Various sequences were used during the examination in axial and coronal orientations
with the 32-channel system described (e.g. STIR, HASTE, T1 with and without contrast
agent). Here it is important to mention that with contrast-enhanced sequences (3D VIBE),
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Figure 8.4 Patient in supine, head-first position. The patient is
covered with several surface coils. The whole body can therefore be
captured using parallel image acquisition in all three planes.

Figure 8.5 Whole-body MRI
examination of a patient
with a non small-cell bron-
chial carcinoma (white arrow
right half of the thorax).
Coronal whole-body image
using a STIR sequence.

Figure 8.6 Patient lying in the supine position on the BodySURF
system.

The roller-mounted patient platform is mounted as an accessory
on top of the original MRI table and can be moved over the entire
length. The integrated surface coil is locked on a device fixated to
the original table (black arrow). The patient can be moved under
this surface coil, which facilitates axial acquisition of nearly the
whole body.
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Figure 8.7A-J Axial orien-
tation with the BodySURF
system to the distal thighs.
(A) Image of the head
(axial) with a contrast-en-
hanced T1 sequence. (B)
Image of the thorax (axial)
with a contrast-enhanced
3D VIBE sequence. (C)
Image of the abdomen
(axial) with a contrast-en-
hanced 3D VIBE sequence.
(D) Image of the pelvis
(axial) with a contrast-en-
hanced 3D VIBE sequence.
(E) Image of the thighs
(axial) with a contrast-en-
hanced 3D VIBE sequence.
All sequences specified
were acquired sequential-
ly in a single examination
procedure. The patient re-
mained lying on the table
in an unchanged position
throughout.

(F-J) Corresponding
coronal reconstruction of
the axial image stations.
Patient with a non small-
cell bronchial carcinoma in
the right lung (G).

Whole-body tumor staging: MRI or FDG-PET/CT?
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a dynamic examination with early arterial, portal venous and late venous sequences was
carried out. The overall acquisition time was approx. 55 min using this system; the se-
quence protocols should be adapted here dependent on the investigation, however.

A similar sequence order with the corresponding technical parameters was used with
the moving table platform. After acquiring the unenhanced sequences from the thorax and
upper abdomen, enhanced acquisition can also be performed in this case with contrast
agent (3D VIBE) in the dynamic flow phases described above. A single sequence for the
specified protocol lasts 22 s. An examination of this type takes approx. 30 min overall. It is
possible to extend the sequences without difficulty depending on the relevant indication.

8.4.1 T stage

The T stage firstly specifies the size of the primary tumor and secondly the relationship and
extent of the primary tumor with reference to the surrounding organs. As a result of its very
good soft tissue contrast, MRI is often superior to CT in this respect. However, as a purely
morphological technique, it lacks functional information; this is supplemented by the PET
examination. Due to the limited anatomical information provided by PET, a morphological
technique should be called upon if at all possible to assess and define the T stage (Fig. 8.8).

The accuracy of whole-body MRI and whole-body FDG-PET/CT in the assessment of the
T stage has only been investigated with various tumor entities in one study so far. The T stage
was correctly assessed with FDG-PET/CT in 80% of tumors, with MRI in just 52% [19]. Apart
from the more accurate assessment of the T stage due to the functional data additionally
available in PET, the makeup of the patient collective certainly also had an influence on these
results. A large number of patients had a bronchial carcinoma as the underlying disease.
FDG-PET/CT is known to be particularly accurate here, whereas the diagnostic accuracy of
MRI for lung tumors is still subject to controversial discussion today [26, 27].

8.4.2 N stage

The lymph node stage is another important parameter with respect to staging cancerous
disease. Lymph nodes are differentiated morphologically into benign and malignant on the
basis of their size. According to experience, however, characterization on the basis of size
alone is only possible with limited accuracy. A lymph node can be enlarged due to an in-
flammatory reaction and not be infiltrated by metastasis. On the other hand, micrometas-
tases may already exist in lymph nodes without pathological enlargement of the lymph
node. It has already been demonstrated in the case of various malignant diseases that up to
20% of lymph nodes near tumors and not enlarged are already infiltrated with metastases,
whereas up to 40% of lymph nodes exceeding the applicable pathological size criteria are
not infiltrated with tumors [28-30]. The sensitivities of purely morphological techniques
for lymph node staging lie between 58% and 88%, the specificities between 58% and 86%
e.g. for lymph nodes associated with head-neck tumors [31]. Similar sensitivities and spec-
ificities are known for the evaluation of abdominal lymph nodes. The CT sensitivities in
these cases is stated as up to 40-72% and specificities up to 90%, depending in each case on
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Figure 8.8A-C Female patient after surgery (trisegmental resection) of the liver due to a cholangi-
ocellular carcinoma. Rising tumor marker for approx. 8 months, MRI controls negative. (A) Contrast-
enhanced MRI of the abdomen (axial 3D VIBE); after hepatic partial resection, parts of the intestine
lie next to the hypertrophied left liver lobe. (B) Enlargement and focusing on the hepatic veins. A hy-
podense structure is apparent next to the middle hepatic vein with low marginal CA uptake (white
arrow); judged in MRI to be a postoperative residual, non-malignant result. (C) Axial, contrast-
enhanced FDG-PET/CT: focal increase in glucose utilization of a highly suspicious malignancy lying
directly beneath the middle liver vein and adjacent to the inferior vena cava. The female patient had
a recurrence in this region.

the patient collective and study design [32, 33]. MR, as a morphological technique, shows
overall comparable values [34].

In this context, PET has shown its superiority over morphological techniques in the assess-
ment of the N stage. The values cited in the literature fluctuate e.g. for staging thoracic and
cervical lymph nodes between 87% and 94% for sensitivities, and between 86% and 96% for
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specificities [32, 35, 36]. For abdominal lymph nodes the values lie between 75% and 91%
(sensitivity) and 92% and 100% (specificity) [37]. In direct comparison with PET on its own,
PET/CT showed a significantly higher sensitivity in patients with bronchial tumors [35].
Based on this preliminary study, a higher accuracy of PET/CT in the evaluation of the N
stage compared with the purely morphological technique of MRl is expected. In comparison
of different tumor entities, significantly more accurate evaluation of the N stage is shown
with FDG-PET/CT (93%), with a sensitivity of 95% and a specificity of 92%.

MRI showed an accuracy of 79%, a sensitivity of 79%, and a specificity of 78% [19].
Schmidet et al. [38] was largely able to confirm these results by using a 32-channel system
with an MRI sensitivity of 83% and a specificity of 85% in correlation with PET/CT as the
standard of reference. A direct comparison of the two examination methods in patients
with non small-cell bronchial carcinoma also succeeded in proving the significant advan-
tage of PET/CT over MRI [39] (Fig. 8.9). It must still be investigated on an individual basis
in which tumor entities this superiority is to be found. There are indications that the sensi-
tivities and specificities in lymph node detection of metastasized melanomas do not differ
between MRI and PET/CT [40].

Figure 8.9A, B

(A) Axial, contrast-enhanced MRI image (3D VIBE) in a patient with a non small-cell bronchial carci-
noma. A non-pathologically enlarged mediastinal lymph node is apparent (white arrow). MRI judged
the lymph node as non-malignant.

(B) Axial, contrast-enhanced FDG-PET/CT: The same patient shows a non-pathologically enlarged medias-
tinal lymph node with significantly increased glucose utilization. The lymph node was assessed as malig-
nant from the PET/CT. The result was subsequently histopathologically verified with a mediastinoscopy.

8.4.3 Mstage

In an evaluation of the M stage, a study from Antoch et al. [19] revealed no significant dif-
ference between whole-body PET/CT and whole-body MRI. PET/CT showed sensitivity
and specificity of 93% and 95% respectively, as well as an accuracy of 94%, whereas MRI
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Figure 8.10A, B

(A) Axial, contrast-enhanced
MRI image (3D VIBE) of a
female patient with a recur-
rent mamma carcinoma.
Hypodense, irregularly con-
toured and low CA absorb-
ing lesion in the right-sided
pubic ramus (white arrow).
MRI assessed the result as
bone metastasis.

(B) Axial, contrast-enhanced
FDG-PET/CT of the same pa-
tient. Focal increased glucose
utilization in a bone osteoly-
sis (white arrow); PET/CT also
evaluated the result as bone
metastasis.

achieved values of 90%, 95%, and 93%. The different organ systems should however be
distinguished here: MRI was considerably more sensitive than PET/CT in the detection of
bone lesions (85% versus 62%), although the difference in specificity was not significant
(92% versus 96%). MRI and PET are discussed controversially in the literature for detection
of bone metastases (Fig. 8.10). Some studies consider MR examination to be more accurate,
others PET [41-43]. MRI was also superior to FDG-PET/CT in the detection of liver metas-
tases; here the sensitivities and specificities of MRI were 93% and 95%, whereas the PET/
CT values attained were 86% and 96% [44]. In the evaluation of metastasis of the lung,
PET/CT was, on the other hand, more accurate than MRI. Schmidt et al. state the sensitiv-
ity, specificity, and accuracy of MRI in the detection of distant metastases as 91%, 87%, and
90% compared with PET/CT as the standard of reference.

With combined whole-body PET/CT and whole-body MRI, two methods are available
which are in a position to replace the previous multimodal staging strategies in oncological
diagnostics [17-19, 38, 45, 46]. Concepts for oncological whole-body imaging are not new,
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but whole-body MRI and also whole-body PET were very time-consuming until a few
years ago, and, at least in the case of MRI, routine clinical application was only possible to
a very limited extent. The use of whole-body MRI has received an enormous impetus
through recent technological developments [9, 10, 11, 47]. With the development of faster
sequences, movable table platforms, multi-channel technology, and multiplanar recon-
struction options, whole-body MRI has now moved into the focus of clinical applications.

As a result of the CT-based attenuation correction, it is possible with PET/CT to reduce
the examination time by approx. 30-40% compared with PET and, at the same time, to
obtain a hitherto unique combination of morphological and metabolic information in a
single examination procedure.

8.5.1 Indications for FDG-PET/CT and MRI

As previously mentioned, there are still only two studies available comparing combined
whole-body PET/CT and whole-body MRI. These both involved investigating an inhomo-
geneous patient population with various tumor entities. The decision in favor of whole-
body MRI or whole-body PET/CT is essentially influenced by the tumor entity studied.
As FDG has primarily been used so far as the radioactive agent in combined PET/CT, an
advantage of PET/CT over MRI is only to be expected with FDG-PET-positive tumors.
Only then can the additional metabolic information from PET/CT be used to improve the
diagnosis. Various tumors show no increased glucose utilization and are therefore only of
limited suitability for a PET/CT examination. For instance, according to the literature cur-
rently available, only between 0 and 64% of primary hepatocellular carcinomas (HCC) are
PET-positive [48, 49]. Our own experience shows that HCC is FDG-PET-positive in ap-
prox. 40% of cases. Limited sensitivities are also known for FDG-PET imaging with carci-
nomas of the gastrointestinal tract [50]. New and alternative tracers, such as DOTATOC,
promise improved diagnostic efficacy in this field. Many neuroendocrine tumors of the
pancreas, medullary thyroid carcinomas, pheochromocytomas, and Merkel cell tumors
are therefore also not typical indications for FDG-PET/CT [51]. For prostate and bladder
carcinomas, as well as for renal cell carcinoma, there is also only a low PET positivity to be
expected; here, superiority of MRI over FDG-PET/CT imaging is to be anticipated. Espe-
cially for prostate carcinoma, however, another tracer (choline) has become established as
an alternative to FDG.

But even in the case of PET positivity of lymph node and distant metastases, MRI can
yield results of an equivalent quality to those from FDG-PET/CT. Our own experience
with melanoma patients shows comparable sensitivities of MRI and PET/CT in the detec-
tion of lymph node metastases. This is also attributable to the fact that melanomas with a
certain tumor depth cause primary lymphogenous micrometastasis. These micrometas-
tases can be detected neither with MRI nor with PET/CT on account of their small size. It
remains to be seen which of the two modalities can first detect a recurrent tumor based on
occult metastasis. Common FDG-PET-positive tumors are thyroid carcinoma, head-neck
tumors, esophagus carcinomas, colorectal carcinomas, mamma and ovarian carcinomas,
lymphomas, melanomas, and lung tumors.

It has been possible to prove the superiority of FDG-PET/CT over whole-body MRI in
staging and influencing the therapy regime of various tumor entities. However, a differen-
tiated view cannot help identifying that MRI appears superior in the detection of bone and
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liver lesions. This may to some extent be because the liver lesions in the available studies
were often smaller than 1 cm. As the acquisition of PET/CT takes approx. 3-5 min per bed
position with shallow breathing, the breathing displacement of the liver can cause a blur-
ring effect on the image and the increased FDG uptake can be ,smeared” in the image. The
increased glucose utilization is no longer identifiable, and a lesion cannot be detected or is
erroneously evaluated as benign.

In the detection of bone metastases, the superiority of MRI for a PET-negative primary
tumor is easy to explain. But PET also appears to be insensitive compared with MRI in the
detection of diffuse, non-focal bone marrow metastasis. In MRI such cases have been diag-
nosed as true positive as a result of the bone marrow edema, as well as the diffuse increase
in contrast agent uptake. The resolving power of the PET components (approx. 4-5 mm)
can also be an important reason for the absence of detection of small lesions. It also remains
to be seen here whether an advancement of PET/CT systems through an improvement in
resolution will affect the accuracy of tumor staging.

In contrast, PET/CT appears to be superior to MRI in the detection of lung metastases.
This superiority is primarily based on the high sensitivity of CT in the detection of lung
metastases. As in the case of the liver, PET can miss small lesions owing to the blurring ef-
fect. Following the introduction of fast pulse sequences, a few studies have verified similar
detection rates for lung lesions for both MRI and spiral CT. Further studies dedicated to
this question are expected.

Whole-body FDG-PET/CT was superior to MRI in lymph node diagnostics with vari-
ous tumor entities. However, through the use of ultra-small superparamagnetic iron oxide
(USPIO) contrast agents, MRI shows a significant improvement in lymph node diagnos-
tics. Clinical applications associated with whole-body MRI or in comparison with PET/CT
are not yet available, though.

Systematic differences arise between the various MRI protocols. While the study from
Antoch et al. stated a time requirement of approx. 35 min for whole-body MRI, the protocol
from Schmidt et al. required approx. 55 min. The essential difference was that in the first
study the FOV (field of view) did not cover the lower legs. These could also have been im-
aged with the moving table platform system; however, this would have necessitated repo-
sitioning the patients and thereby substantially prolonged the examination time. As all the
lymphatic drainage pathways, all abdominal organs, and the axial skeleton were included
in the examination, this additional effort did not seem to be justified to the authors. An es-
sential advantage of the whole-body MRI protocols compared with PET/CT is, however,
the inclusion of the brain in the examination procedure, as cerebral metastases have an es-
sential impact on the prognosis and consequently on the patient’s therapy regime. Al-
though the head can also be studied with FDG-PET/CT, the sensitivity of FDG for small
cerebral lesions is low on account of the physiologically intense glucose utilization of the
brain. Optimization of the CT acquisition could bring about an improvement in the sensi-
tivity of PET/CT, but, as is known from comparisons of CT with MRI, the sensitivities of
MRI will not be attained.

Additional disadvantages of whole-body PET/CT are the not insignificant radiation
doses to the patient, which amounts to approx. 22 mSv for an examination from the head
to the thighs. Of this, approx. 7 mSv are attributable to the PET and approx. 15 mSv to the
CT if a diagnostic CT is acquired. In the view of the authors, a diagnostic CT component is
indispensable to be able to anatomically classify increased glucose utilization of PET ac-
curately and, if required, to have the CT data available for a diagnosis in the case of a FDG-
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PET-negative lesion. The response of the tumor is evaluated in follow-up examinations
under therapy based on the intensity of the tracer uptake, so that in these cases a low dose
component appears sufficient for clinical monitoring.

Last but not least, today the choice of technique is also decided by the availability of
equipment. Combined PET/CT systems are only installed in a few centers in Germany, but
are becoming increasingly widespread internationally. The further spread of PET/CT is
currently hindered in Germany by the failure of the statutory health insurance to cover the
costs of the examination. Whole-body MRI systems, on the other hand, are increasingly
available, and their number exceeds that of PET/CT systems many times over. The ques-
tion as to whether a PET/CT or MRl is performed ultimately has to be made dependent on
availability and the tumor entity.
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Organ-specific MRI contrast agents have been intensively developed since the early 1980s
to change the signal properties in defined target organs such that immigrant pathological
tissue can be reliably distinguished.

Besides the liver, other organs can be studied with specific contrast agents injectable in
bolus form, so that the use of whole-body MRI opens up expanded options in tumor stag-
ing. In the case of the iron-oxide-based lymph node specific contrast agents, coverage of
the whole body is often necessary to be in a position to evaluate the lymph drainage path-
ways over long distances.

The liver-specific MRI contrast agents can be classified into two groups: firstly the super-
paramagnetic iron oxides (SPIO), which lead to a signal drop in the healthy hepatic paren-
chyma in T2-weighted images (healthy liver becomes black), and secondly paramagnetic
contrast agents, which effect a signal increase of the healthy hepatic parenchyma in T1-
weighted images (healthy liver becomes white).

For whole-body imaging, only the paramagnetic T1 contrast agents Primovist® (gadox-
etic acid, Schering AG, Berlin, Germany) and MultiHance® (gadobenate dimeglumine, Al-
tanapharma, Konstanz, Germany) can be used. Both contrast agents show the well-known
contrast effects shortly after injection in the arterial and venous perfusion phases for un-
specific, extracellular contrast agents (e.g. Magnevist®, Schering AG, Berlin, Germany).

Primovist® has a higher liver specificity and therefore provides the most favorable con-
ditions for the detection of liver metastases. Roughly 50% of the administered dose is ab-
sorbed by the liver [1]. A European multicenter study showed that Primovist® allows sig-
nificantly improved detection and localization of liver lesions [2]. In particular, small
lesions under 10 mm in diameter are more reliably discovered. The characterization of the
lesions discovered is also improved [2-3].

Both the good detection of focal lesions [4] and the higher extracellular T1 effect speak
in favor of the use of MultiHance®, as the contrast agent is administered in higher doses
compared with Primovist® (at least 0.05 mmol/kg body weight for MultiHance® compared
with 0.025 mmol/kg body weight for Primovist® with comparable relaxivity). A disadvan-
tage however is the longer period of time before acquisition of the liver-specific images
(40-120 min after application).
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A rectosigmoidoscopy or colonoscopy with biopsy is recommended for staging a rectal
carcinoma. Endosonography should also be performed. In terms of imaging diagnostics,
an X-ray examination of the lungs in two planes or a thorax CT and a computed tomogra-
phy (CT) of the abdomen is recommended [5]. Current studies have shown that thin-slice
MRI of the rectum shows high accuracy for TN staging [6-7]. Following the results of an
extensive multicenter study, it was recently recommended to routinely include MRI in the
staging concept for rectal carcinoma [7-8]. According to current knowledge, this exclu-
sively involves the use of thin-slice T2-weighted sequences in axial and sagittal orientation
[9-10]; an additional evaluation of T1-weighted sequences after administration of extracel-
lular gadolinium-based contrast agents showed no increase in the diagnostic accuracy [11].
In up to 30% of patients with identified rectal carcinoma, liver metastases already exist at
the time of the first diagnosis. The liver represents by far the most frequent localization of
hematogenous metastasis (approx. 75%). The second most frequent site of metastasis is the
lung (approx. 15%); the skeletal system and the neurocranium are only rarely affected.

This constellation, i.e. a high prevalence of liver metastasis at the time of the primary
diagnosis, a change in the therapeutic strategy in the case of diagnosis of liver lesions, and
the lack of necessity for contrast-enhanced dynamics in staging the primary tumor, repre-
sent the ideal conditions for the use of liver-specific contrast agents for full TNM staging.
The aim of this approach is to combine the currently highest accuracy for the detection of
liver metastases [2], precise diagnostics of pulmonary [12] and abdominal metastases, and
an unaltered accuracy for TN staging of the primary tumor into a single examination.

The examination with a whole-body MR scanner with TIM (Total Imaging Matrix) tech-
nology (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany) includes the
depiction of the rectum, liver, lung, abdomen, and pelvis (Table 9.1). Matrix coils are used
(24-channel spine coil and two to three 6-channel body coils depending on the size of pa-
tient). The sequences used for rectum, liver, and lung are summarized in Tables 9.2-9.4.

The examination starts with the thin-slice imaging of the rectum in axial and sagittal
orientation (Fig.9.1). T2-weighted sequences are used exclusively.

The liver is then imaged unenhanced with T1-weighting. Administration of Primovist® then
follows as a fast injection at 1-2 ml/s; the arterial phase (approx. 15 s after injection) and the
portal-venous phase (approx. 50 s after injection) of the liver are acquired with a 3D sequence.
Immediately thereafter, the lung is imaged in the venous phase, also with the use of a 3D se-

Table 9.1 Examination strategy

Localizer pelvis, abdomen, lung

Rectum HASTE axial, coronal, sagittal for fine planning

Spasmolyticum (Buscopan i.v.)

Rectum T2-weighted, high resolution axial and sagittal

Liver T1-weighted, pre-contrast (3D VIBE sequence)

Liver T1-weighted, dynamic arterial and portal-venous

Lung T1-weighted, venous

Lung and liver T2-weighted

Full abdomen (HASTE)

Liver T1-weighted with fat saturation in liver-specific phase (Primovist®, 20 min post contrast)
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Turbo spin-echo sequence

TR 5420 ms

TE 84 ms

Flip angle 180°

Slice thickness 3.0 mm

Number of slices 23

Inter-slice separation (gap) 0

Field of view 160 mm
Acquisition time 5min32s
Matrix 256 x 256

Local resolution 0.6x0.6x3.0 mm
Orientation axial and sagittal

Table 9.3 Liver MRI

Volume-interpolated breath- 2D gradient-echo sequence
hold examination (3D VIBE)

TR 4.87 ms 152 ms

TE 2.33ms 2.72 ms

Flip angle 10° 70°

Slice thickness 2.5mm 7.0 mm

Number of slices 64 24

Inter-slice separation (gap) / 10%

Field of view 350-400 mm 350-400 mm

Acquisition time 23s 22s

Matrix 125x% 256 145% 256

Spatial resolution at least 2,2x1,4x2,5 mm atleast 2,0x1,4x7,0 mm

Figure 9.1 Whole-body MRI for staging a patient
with histologically verified adenocarcinoma of the
rectum. T2-weighted turbo spin-echo sequence in axi-
al orientation. Wall thickening of the right-side and
dorsal rectal wall with blurred boundary to perirectal
fat tissue consistent with T3 stage. Presentation of
two surrounding lymph nodes under 1 cm diameter.

MR imaging stage T3N1.
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Table 9.4 Lung MRI

Volume-interpolated breath- T2 turbo spin-echo PACE
hold examination (3D VIBE)

TR 4.87 ms 1200 ms

TE 2.33ms 70 ms

Flip angle 20° 150°

Slice thickness 2.5mm 6.0 mm

Number of slices 64 42

Inter-slice separation (gap) / 10%

Field of view 350-400 mm 350-400 mm

Acquisition time 23s approx. 2.37 min

Matrix 135x256 216x320

Local resolution 2.2x1,4x2.5 mm 1.3%x1,2%x6.0 mm

Orientation axial axial

Breathing breath-hold PACE respiratory triggering

quence (Fig. 9.2). As Primovist® has no influence on T2-weighted images and the liver-specific
images are not acquired until after 20 min [13], the option is available of imaging the liver and
lung with respiratory-triggered T2-weighted sequences. In addition, the entire abdomen and
pelvis are imaged with a T2-weighted half-Fourier single-shot turbo spin-echo (HASTE) se-
quence to capture organ infiltration, pathologically enlarged lymph nodes, or metastases.

The acquisition of the liver-specific phase in axial and coronal orientation takes place after 20
min (Fig 9.3). Whole-body imaging with T1-weighting can be useful, especially for the docu-
mentation of the overall TNM stage (Fig. 9.4). The total examination period is around 45 min.

The highest accuracy for the detection and localization of liver metastases is offered in
the liver-specific late phase; it is therefore also conceivable to forgo the liver dynamics in

Figure 9.2a, b Liver in the portal-venous phase (3D VIBE sequence). Hypovascularized round me-
tastasis in Segment 8 (a). Lung in venous phase (approx. 30 s after contrast, 3D VIBE sequence). No
evidence of lung nodules. Good contrasting of the vasculature after administration of liver-specific
contrast agent Primovist® (b).

104



Whole-body tumor staging with specific contrast agents

Figure 9.3 Coronal orientation through the liver
in the liver-specific phase (20 min after admi-
nistration of contrast agent). The high signal
presentation of the hepatic parenchyma in the
T1-weighted 2D GRE sequence through the spe-
cific uptake of Primovist® in the hepatocytes is
clearly recognizable, while the 3 liver metastases
appear hypointense. The high contrast between
the hepatic parenchyma and metastases on the
one hand, and the rapid washout of the contrast
agent from the intravascular space on the other
hand (identifiable from the hypointense portal
vein), leads to an improvement not only in the
detection of lesions, but also exact localization.
The preoperative planning of metastasis resec-
tion is improved as a result.

the perfusion phase and instead to acquire the perfusion of the primary tumor after injec-
tion of Primovist®. However, the characterization of the discovered liver lesions (e.g. dif-
ferential diagnosis metastasis/focal nodular hyperplasia) can become problematic, as the
dynamic perfusion information of the lesion is missing [3].

The Primovist® protocol presented can also be applied in a similar form for staging
other malignomas, e.g. colon carcinoma or stomach carcinoma.

The new ultra-small superparamagnetic contrast agent Sinerem® (Guerbet, Paris/France)
is still undergoing clinical trials. It is phagocytized by the reticuloendothelial system (RES),
as are larger iron oxides. After intravenous application, the ultrasmall iron oxide particles
(USPIOs) pass through the first lymphatic barriers (liver and spleen) due to their small
diameter and their neutral electrical charge, and arrive in the lymph nodes, where they are
phagocytized by the local macrophages.

The local concentration of iron oxide leads to a significant rise in the local T2 and T2*
relaxivity [14-15].

Non-pathological lymph nodes therefore show a significant reduction in the T2 and T2*
signal starting 1 hour after administration of the contrast agent. Pathological lymph nodes,
for which the regular lymphatic tissue is displaced by the metastatic tissue, show no sig-
nificant signal change due to the absence of macrophage activity. Promising results have
been reported in the staging of solid tumors of the prostate and the larynx [16-20].
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Figure 9.4a, b Coronal T1-weighted GRE sequence (slice thickness 5 mm). Thickened rectal wall with
blurred boundary to the perirectal fat tissue, perirectal lymph nodes (b), liver metastasis in Segment
8 (a), no evidence of bone metastases. To summarize: rectal carcinoma stage T3N1 M1hep.

Whole-body MRI opens up new perspectives, especially for lymph node staging (N status)
of malignant tumors. Until now MRI has been primarily limited to the evaluation of re-
gional lymph nodes. The identification of distant lymph node metastases is only possible
with great effort, i.e. repositioning the patient and/or the exchange of coils. Also, the infor-
mation on the infiltration of lymph nodes is not very specific, as the criteria consist of
morphological parameters, such as size, ratio between longitudinal and transverse diam-
eters, or homogeneity of the signal. Sensitivities of between 25 and 70% are stated in the
literature for the identification of lymph node metastases. Especially lymph nodes with a
diameter under 10 mm cannot be reliably assessed [17].
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Whole-body MRI using USPIOs could succeed in overcoming both limitations. The di-
agnostic accuracy in the detection of metastasis-infiltrated lymph nodes increases, as func-
tional information is available with the analysis of the USPIO image and the enhancement
pattern alongside the morphological parameters. Whole-body technology allows the pres-
entation of all lymph node stations within a reasonable period of time.

Initial experience is available in staging Hodgkin and non-Hodgkin lymph nodes. Pa-
tient management and the prognosis of both diseases are significantly affected by the ex-
tent of the disease, as well as by the clinical findings and the laboratory values. The staging
of Hodgkin lymphomas takes place according to the Ann-Arbor criteria from 1971 and
their modification by Cotswold from 1989 for non-Hodgkin lymphomas. Until now, this
has primarily been determined on the basis of combined throat, thorax, abdomen, and
pelvis CT examinations.

The whole-body MR imaging examination strategy with TIM technology (Siemens
Magnetom Avanto, Siemens Medical Systems, Erlangen, Germany) includes coronal T1, T2
and T2* weighted sequences (Table 9.5). Matrix coils (24-channel spine coil, 12-channel
head coil, 6-channel neck coil, two-three 6-channel body coils depending on the size of the
patient, and 18-channel peripheral coil) are used. All sequences are performed consecu-
tively at each level; 5-6 stations of each sequence are measured with a field of view (FOV)
of 35-40 cm and an overlap of 20% and are then automatically combined (“Composing”,
Fig.9.5). In addition, axial sequences of the neurocranium (e.g. T2-weighted turbo spin-
echo sequences, fluid suppressed T2-weighted FLAIR sequence, T1-weighted spin-echo
sequence) and axial T1 and T2-weighted sequences of the thorax and abdomen can be per-
formed in breath-hold or using respiratory triggering.

All sequences are performed without contrast agent. The USPIOs are administered un-
der medical supervision as slow infusions. The dose used is 2.6 mg iron/kg body weight.
A time window of 24-36 h after application of the USPIOs is recommended as the ideal
time for post-contrast imaging. Here the T2 and T2*-weighted sequences are performed
using identical parameters as in the examination prior to administration of contrast agent,
so that the uptake in lymph nodes and other tissue through RES activity can be evaluated
both visually as well as quantitatively (Fig.9.6). Additionally, the T1-weighted sequences
should be repeated, because the USPIOs produce a high intravascular contrast effect even
after 24-36 h, so that vessels can be imaged with a rich signal and are easy to distinguish
from other structures, such as lymph nodes (Fig. 9.7). This intravascular contrast effect is
caused by the particles still circulating in the blood. The USPIOs, as very small iron oxides,
have a strong influence on the T1 relaxivity [21].

Table 9.5 Whole-body MRI examination for lymphoma staging

e T2-weighted fast spin-echo sequence (TR: 4000-4500 ms, TE: 80-100 ms, flip angle: 90°,
coronal orientation, slice thickness 5 mm, slice separation 0.1 mm, 512 x410 matrix, field of view:
5x (350-400 mm).

e T2*-weighted gradient-echo sequence (TR: 800-1500 ms, TE: 25 ms, flip angle: 30°,
coronal orientation, slice thickness 5 mm, slice separation 0.1 mm, 256 x 160 matrix, field of view:
5x (350-400 mm).

e T1-weighted fast spin-echo sequence (TR: 400-600 ms, TE: 5-10 ms, flip angle: 90°,
coronal orientation, slice thickness 5 mm, slice separation 0.1 mm, 512 x410 matrix, field of view:
5x (350-400 mm).
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Figure 9.5 Unenhanced fat suppressed T2-STIR
sequence. Extended CLL (chronic lymphocytic
leukemia) in a 53-year-old patient with extensive
cervical, thoracic, abdominal, and pelvic lymph
node conglomerates and splenomegaly.



Whole-body tumor staging with specific contrast agents

Figure 9.6a, b T2*-weighted gradient-echo sequence in axial orientation before (a) and after
administration of Sinerem® (b). Extended, confluent abdominal lymph node conglomerates which
completely surround the abdominal aorta (‘bulking disease *). Absorption in the liver and spleen is
apparent 24 h after administration of the contrast agent. Several focal lymphoma lesions are visible
in the spleen, which are not distinguishable in the unenhanced sequence. There is no change in the
signal pattern for the bulking disease; only lymphoma tissue is present here. In the region of the
lesser stomach curvature, several solitary lymph nodes, which on account of their size cannot be reli-
ably classified as pathological, are shown with a significant and homogeneous signal change. These
lymph nodes therefore display proper RES activity and are not infiltrated by lymphoma.

Figure 9.7 The same patient as in Fig. 9.6.
T1-weighted turbo spin-echo sequence in

axial orientation 24 h after administration of
Sinerem®. Apparent is the intense intravascular
contrast effect with identical signal intensity in
the abdominal aorta, inferior vena cava, right
renal vein, and the intrahepatic vessels. In this
distribution phase, one speaks of a blood pool
contrast effect.
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Besides the previously published indications for use of Sinerem® (N staging with pros-

tate carcinoma and ENT-related malignomas), the use of the contrast agent is also conceiv-
able for staging numerous other tumor entities, e.g. gynecological malignomas (cervix
carcinoma, endometrium carcinoma, ovarian carcinoma).
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Obesity, as an expression of a raised body fat proportion, represents an increasing health
problem in the western world with growing prevalence [1]. Studies recently conducted in
the US have revealed that more than half of all adults are overweight. Although the body
fat plays an important role in the metabolic process as a source of aerobic energy during
low intensity, prolonged activity, a raised proportion of body fat often has negative health
implications [2]. The risks correlated with obesity have formed the basis of many studies.
A consequence of increased fat in the aging population is a change in total weight and the
ratio of active body substances (muscular system and bone structure) compared to body
fat. It could be shown that even persons with an ideal weight for their age still increase
their fat and reduce their muscle with age. This development may be accompanied by an
impairment of muscular function and physical constitution. Furthermore, cardiovascular,
endocrinological, gastroenterological, and neoplastic disease have been shown to correlate
with obesity and represent a frequent cause of death [3-5]. Determination of the body fat
provides information on the active body substance (muscular system and bone structure).
In an effort to optimize measurement of the body fat, various methods have been devel-
oped, such as calipermetry, densitometry, infrared measurement, impedance measure-
ment, and DEXA (dual-energy X-ray absorptiometry). All these methods allow improved
evaluation of the body composition than a simple body composition index, e.g. the body
mass index (BMI) or the BROCA index, which both simply reflect the relationship between
body height and body mass with differentiated dimensionality of body height [6]. All these
methods provide more or less sufficiently reliable information on total body fat; however,
a detailed differentiation and quantification of subcutaneous and visceral storage fat is not
possible. Recent studies indicate that mainly visceral storage fat, which differs morpho-
logically and metabolically from subcutaneous fatty tissue, appears to play an important
role in the pathogenesis of insulin regulation, dyslipidemias, hypertension, coronary heart
disease (CHD), as well as ovarian and colon carcinoma [7-16]. However, it is not only the
ratio of visceral to subcutaneous fat, but also the quantification of regional fat reserves in
the different regions of the body that is of clinical and scientific interest. Changes in and
control of diet, on the one hand, and training programs, on the other, are of increasing im-
portance in the evaluation of total body fat and its distribution [17].

Modern cross-sectional imaging, such as computed tomography (CT) and magnetic
resonance imaging (MRI), allow differentiation and determination of visceral and subcuta-
neous fat in all regions of the body [18-19]. The accuracy of both methods has been evalu-
ated in vivo with different models and shows excellent correlations [20-24]. Whereas CT is
only permitted for a limited number of individual measurements on account of the accom-
panying radiation exposure, MRI not only allows whole-body acquisition, but also the
option of repeated progress monitoring [17, 25-28]. The goal of this article is to provide an
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overview of the options for determining body fat. Taking current technical advancements
into consideration, various MRI techniques to determine the fat reserve and its distribution
are discussed, and an efficient examination protocol for whole-body fat measurement is
proposed.

10.2.1 Anthropometric methods

The starting point is the division of the whole body into so-called compartments. Accord-
ing to the two-compartment model, body mass can be divided into fat mass and fat-free
mass. This dichotomic division is indeed strongly simplified, but has proven its worth as
the basis for fat measurement.

The simplest method is calipermetry. The portions of the body fat are determined at
various places on the basis of measurement of the skin fold thickness with orientation from
morphological features. The doubled skin folds are measured with a caliper by lifting the
skin with forefinger and thumb [29]. Prescribed measurement rules make an examination
easy to perform, but its reliability depends on the experience of the practitioner. The meth-
od is subject to several possible sources of error. The caliper is to be placed with a contact
pressure of 10 g/mm?. The thickness of the skin fold must be read off within 4 s to avoid
compression of the fat tissue. The measurement error is 3-11% and is furthermore influ-
enced by age and gender [30]. However, this method is inexpensive, widely available, and
its low level of technical complexity and easy performance justify its use for non-scientific
applications.

10.2.2 Classical laboratory methods

10.2.2.1 Densitometry

Densitometry involves determining body density with underwater weighing. This is given
by the formula: Body density (g/cm?3) = body mass (g)/body volume (cm?). The fat and
non-fat masses are determined from the ratio of body mass to body volume. A densitomet-
ric examination is very time-consuming. For example, the determination of the body vol-
ume is dependent on the residual volume of the lung, so that the residual air must be de-
termined prior to underwater weighing to obtain the most accurate density value possible.
This technique is chosen for selected examinations in a laboratory with a water tank. A
good correlation has been described between densitometry and DEXA, CT, and MRI in the
measurement of total body fat [31, 32].

10.2.2.2 Hydrometry

Body water determination is often chosen in the evaluation of body composition and is
based on the dilution principle of fluids (blood). Analyses of this type often use deuterium
[33]. It is based on the assumption that body water makes up a constant proportion of
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73.2% of the fat-free body mass. The correlation between body mass and total body water
is very high at r = 0.96-0.99. This method is only possible at technically well-equipped
laboratories with qualified personnel. The measurement accuracy is high.

10.2.2.3 Bioelectric impedance analysis (BIA)

BIA is an electrical resistance measurement with which the electrical conductance of the
organism is determined [34]. The devices used generate a homogeneous electrical field
with constant current and high frequency in the person undergoing measurement. The
total body fluid can be concluded from the electrical resistance (impedance) that the body
presents. Lean muscle tissue has a higher electrical conductivity than fat tissue on account
of the higher fluid and electrolyte content, so that the fat and lean mass in the organism can
be derived with the use of a low current passed through the body and the resistance that
arises. Although some studies show good agreement in the quantification of fat mass be-
tween BIA and other more direct methods, insufficient knowledge of the scientific and
methodological background of fat determination with BIA must be emphasized [35]. The
measurement conditions must be kept constant to obtain reliable results. The influential
internal and external factors in the impedance method appear wide-ranging. These include
the fluid balance of the organism, on which the impedance measurement is based, which
cannot be easily ascertained. Alcohol consumption, a full stomach, or a full bladder can
lead to falsified results, as can sweating or temperature changes in the hands and feet.

10.2.2.4 Infrared measurement

Infrared measurement is based on the different absorption of infrared radiation. Whereas
the absorption maximum for fat is at a wavelength of 930 nm, water absorbs infrared ra-
diation up to 970 nm. A well-known device is the Futrex, which is placed on the skin of the
dominant upper arm (biceps) [36]. Near-infrared illumination takes place during the meas-
urement, with which the optical density of the tissue is determined. This is taken to analyze
the fat proportion of the organism by means of an estimation function while taking age,
fitness, gender, body weight, as well as bone structure into consideration. The measure-
ment accuracy still requires detailed scientific investigation. The measurement accuracy is
apparently around 2%.

10.2.2.5 Dual energy X-ray absorptiometry (DEXA)

The use of the DEXA method to evaluate total body fat content has become widely estab-
lished due to its easy applicability, rapid examination procedure, and low costs. The prin-
ciple of the method is based on the three-component model, which differentiates between
fat tissue, lean tissue, and bone [37-39]. These attenuate the applied low dosage X-rays (ef-
fective dose < 5 pSv for whole-body examination) to varying degrees. Advances in hard-
ware and software have brought about a multitude of studies investigating the differences
between the respective devices [40, 41]. The DEXA method is often taken as the standard of
reference for the evaluation of new methods of body fat determination [42]. Nevertheless,
this method also presents several sources of error. Variable hydration of the lean mass leads
to incorrect calculation of the proportion of fat. Moreover, it must be considered that this
method measures all fat components, i.e. also essential fat occurring in the bone marrow,
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CNS, heart, lungs, liver, spleen, kidneys, as well as intramuscular fat, and can therefore
lead to false-positive results. As with all the techniques presented so far, the DEXA method
is also not in a position to differentiate between visceral and subcutaneous fat tissue.

10.3.1 Computed tomography

Computed tomography, which excels by virtue of its detailed depiction of visceral and
subcutaneous fat, appears unsuitable for presenting the total body fat due to its radiation
exposure. Kvist et al. determined an effective dose of 2-4 mSv for the acquisition of 22 slices
[27]. Even given a reduction in the radiation dose through the application of low-dose CT
protocols, the number of measurements on one person is limited and makes this method
appear unsuitable for follow-up and long-term examinations. Although studies reveal that
the quantity of visceral fat which was determined from CT in a single acquired slice cor-
relates well with the results obtained from several acquired slices, the use of single slice
methods can cause measurement error due to intestinal sections and partial volume effects
[18, 43]. The amount of visceral and /or subcutaneous fat also varies very strongly between
individuals, which increases the difficulty in estimating the total visceral and subcutane-
ous fat using the single slice technique [28]. Assessment of the reduction or redistribution
of fat reserves to different regions of the body as a result of dietary or exercise programs is
not possible at all due to the concomitant radiation exposure.

10.3.2 Magnetic resonance imaging

The advantages of MRI lie in the absence of radiation exposure, as well as in the high reso-
lution of anatomical detail and the good depictability and differentiation of both bone and
soft tissue structures. Fat tissue has the highest MRI signal intensity of all tissues in the
body. The protons bound in fat molecules have a 3.5 ppm lower resonance frequency than
water-bound protons, and the reduced longitudinal relaxation time T1 of the lipid compo-
nents in T1-weighted imaging becomes clearly significant and allows easy differentiation
from the other soft tissue. The development of measurement sequences in recent years has
led to a wide range of techniques with T1-weighted contrast. The clinical MRI systems
started with spin-echo sequences (single, double, inversion recovery), which were widely
used in fat measurement. Many studies have demonstrated both in vivo as well as in vitro
the accuracy of MRI in determining fat mass as compared with CT, DEXA, and underwater
measurement [32, 39, 44-46]. Classical spin-echo sequences, however, require several min-
utes for acquisition of one region of the body. As a consequence of this technical limitation,
the use of MRI for whole-body diagnostics was only possible to a limited extent, because,
to complete a whole-body examination, several sequences have to be combined such that
the examination times > 30 min are attained. Taking the compromise between costs (in-
cluding acquisition and evaluation time) and the accuracy of the method into considera-
tion, only a single slice technique with subsequent extrapolation or multi-slice techniques
on selected regions of the body were applied in analogy to CT [18, 44, 47]. These methods,
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however, exclude the aforementioned option of evaluating the relationship between differ-
ent body fat reserves under certain dietary and exercise programs, as well as growth condi-
tions. Furthermore, they show the same potential measurement errors caused by interpola-
tion as single-slice CT techniques. With the exception of the absence of radiation exposure,
no further advantages are offered.

Newly developed fast spin-echo sequences and gradient-echo sequences have over-
come this problem [17, 48]. While fast spin-echo sequences use a multiple signal read-out
following single excitation, gradient-echo sequences use a partial deflection of the spin
from the magnetic field axis to achieve significantly faster repeated excitation and readout.
These techniques allow acquisition of a region of the body with the breath holding tech-
nique and today are the imaging methods of choice for whole-body fat measurements.

Fast spin-echo sequences and gradient-echo sequences also show considerably fewer
artifacts as compared with classical spin-echo sequences.

As a result of the inherently high signal from fat tissue, fat measurement is also possible
using MRI scanner generations with low-power gradient systems. The integrated body coil
is entirely adequate for signal reception; special surface coils are not required.

10.3.3 Whole-body MR fat measurement

The concept of whole-body fat measurement is based on the capture of several sequential 2D
data sets in direct chronological order as far as possible. The entire body from the hands to
the ankles is acquired in this case (Fig. 10.1). To ensure both fast, time-effective acquisition of
these data sets, as well as optimal image quality, a few aspects have to be considered:

Due to the limited field of view of the scanner, the arms of the person examined should
be placed over the head. This does increase the volume to be covered implying an increase
in the total acquisition time; however, aliasing artifacts from the arms and inhomogeneities
on the margins of the image are reduced. This technique has proven itself, especially for
corpulent patients whose arms could not be captured when placed on the trunk. The subse-
quent evaluation using semi-automated software is far easier, and the accuracy of the meas-
urement method increases. Furthermore, data acquisition of the respective body region to
be examined should take place at the isocenter of the magnet, as significant distortions can
arise with increasing distance from the center [48]. If these aspects are taken into account,
overlapping acquisition of the data sets is not necessary. However, as a rule, the range of
movement of the scanner table is not sufficiently long to meet the demands of whole-body
imaging. Two techniques are in principle applicable to still allow complete capture of the

Figure 10.1 Single slices from a
whole-body measurement of a
volunteer.
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body volume. In the first technique, the person examined has to be repositioned on the scan-
ning table such that the upper half of the body volume (arms first into the scanner) and
subsequently the lower half of the body (feet first into the scanner) are captured [17]. But
this technique is more time-consuming and is subject to measurement inaccuracy arising
from repositioning and the resulting overlapping or missing data acquisition. In the second
method, the person is placed on a roller-mounted table platform (BodySURF, MR-Innova-
tion GmbH, Essen, Germany, see Chap.1), mounted on the original patient table [49]. The
platform is moved continuously in this process and thereby allows complete capture of the
complete body volume without the necessity of repositioning.

10.3.4 MRI protocol

The planning and performance of whole-body fat measurement by means of a turbo spin-
echo or gradient-echo sequence is not complicated. Special attention must only be paid to
ensuring the seamless capture of the individual regions.

As the volumes captured in the field of view show significantly varying characteristics
(e.g. data set from the arms vs. upper abdomen), shimming and tuning should be carried
out prior to capturing the respective data sets to obtain homogeneous signal intensity in
the respective volume.

10.3.5 MRI sequences

The longitudinal relaxation time of protons bound to free water in a field strength of 1.5 T
is 1100 ms, whereas the T1 time of protons bound in fat tissue is roughly 270 ms. The rep-
etition time (TR) and echo time (TE) should be selected in spin-echo and gradient-echo
sequences such that a maximum separation of fat and soft tissue is achieved. As short an
echo time as possible is desirable due to the short T2 relaxation time of fat tissue. The rep-
etition time, matched to the flip angle, should also be selected to be short. The fat tissue
with its bound protons is then available for repeated excitation, whereas substances in
which the effect of the initial excitation remains for a long period do not yet contribute to
the imaging signal again. As gradient-echo sequences, unlike spin-echo sequences, do not
use a 180° pulse, short echo times and also correspondingly short repetition times are pos-
sible. In gradient-echo sequences, a lower flip angle is also to be set to match the shorter TR
to avoid saturation of the fat tissue. Due to the use of a 180° pulse and inherently longer
echo times, spin-echo sequences show a more homogeneous signal since field inhomoge-
neities are partially compensated. For MRI scanners with a lower field strength, the T1 re-
laxation times are shorter, so that the echo and repetition times, as well as the flip angle,
have to be adapted. In principle, the field of view (FOV) can be adapted to the respective
body region to be examined. The necessary planning for this takes time, though. As the
capture of fat tissue is not subject to a time limiting factor, as in the case of whole-body MR
angiography, it is sufficient to select the field of view and the parameters for all regions
such that the largest volumes of the body (chest and abdomen) are fully captured and can
be acquired within a single breath-holding phase.

The most accurate MRI methods for determining whole-body fat would be, without
doubt, those with which the entire body volume is captured without gaps. This however
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would lead to a significant increase in the overall acquisition time and would prevent the
coverage of large volumes in a single breath-holding phase. The necessity would therefore
arise of capturing many sequences, each covering a small volume. Furthermore, seamless
acquisition would lead to a flood of data, which would consequently prolong the evalua-
tion phase considerably. The partial omission of slices from a contiguous data set reduces
the acquisition and evaluation time, but leads to a successive reduction in the degree of
accuracy as the number of omitted slices is increased. A compromise must therefore be
found between the accuracy of a technique and the acquisition/evaluation time.

Using a fast spin-echo sequence with a TR/TE of 490/12 ms, a flip angle of 90°, a slice
thickness of 10 mm, a slice separation of 10 mm, a FOV of 450-500 mm and a matrix of
178x256, capture of 5 slices per sequence is possible in 12 s. The total acquisition time is
20-25 min [17].

Faster data capture is possible using the roller-mounted table platform. Using a 2D Flash
sequence with a TR/TE of 101/4.7 ms, a flip angle of 70°, a slice thickness of 10 mm, a slice
separation of 10 mm, a FOV of 500x500 mm and a matrix of 205x256, a data set consisting
of 10 slices per sequence can be captured in 20 s. The examination table is moved within a
3 s long pause between the individual stations. A maximum total acquisition time of 227 s
results for 8-10 body stations. The whole-body MR fat measurement including positioning
of the subject can be performed in approx. 10-15 min [50]. The examination protocol has
shown itself to be robust.

10.3.6 Data analysis

After transmission of the acquired data sets to a separate PC, evaluation takes place using
semi-automated software which uses a contour-tracking algorithm (Fig.10.2). After the ini-
tial creation of a grey-level histogram, two threshold values are determined, whereby the
first serves to differentiate the inherent background noise in the image from pixels containing
information on the body volume. The second threshold value distinguishes fat from fat-free
tissue (Fig.10.3). Each slice is then visually checked and can, if necessary, be corrected by in-
teractively changing the second threshold value. This option needs be integrated into the
software to be able to exclude pixels from the evaluation which can show the same signal
patterns as fat tissue, e.g. within the hepatic parenchyma or the content of the intestines.

The volume of tissue (cm?) is then calculated by multiplying the corresponding area (im-
age pixels) with the slice thickness and the number of slices. If the separation between two
acquired slices within a data set corresponds to the slice thickness, the total volume of a
data set can be calculated by simple duplication. The following volumes can be evaluated:
whole-body volume, whole-body fat tissue, volumes of subcutaneous and visceral fat tis-
sue (Figs.10.4 and 10.5).

Figure 10.2 Functionality of the
semi-automated software using a
contour-tracking algorithm..
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Figure 10.3a—c Principle of data evaluation. (a)
Image to be evaluated; (b) Idealized histogram
of grey-level distribution for various tissues,
which would allow simple and fast evaluation
(c) Actual distribution of the grey-levels of all
tissues in an image, which hampers fully-auto-
mated evaluation.
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Figure 10.4a-d Single slice of the upper abdomen from the whole-body protocol. (a) Unprocessed;
(b) Determination of the total volume; (c) Quantification of subcutaneous and visceral fat tissue;
(d) Quantification of just the visceral fat tissue.
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Figure 10.5a, b Separate determination of (a) subcutaneous and (b) visceral fat tissue.

This method allows direct measurement of the volume of fat tissue, but does not specify
the absolute mass of triglycerides contained in the fat tissue. In many studies, however, the
fat mass is taken for comparison with other methods. Fat tissue consists of 80% triglycer-
ides, 2% proteins, and 18% water and minerals and has an average density of 0.9255 kg/1
[51]. The amount of fat can therefore be determined from the following equation:

Fat volume x 0.9255 x 80%.

10.3.7 Problems of MRI whole-body fat measurement

Due to longer imaging times, spin-echo sequences are generally more susceptible to
breathing, peristaltic, and pulse-induced motion artifacts. In addition to motion-induced
blurring from the movement of organs during the image capture time, potential signal
changes arise with the ingestion of saturated or unsaturated fluids or intestinal motility,
which can be misinterpreted as fat tissue. Only smaller volumes can therefore be covered
in the breath-holding technique, as compared with gradient-echo sequences, to reduce
these artifacts. The data sets nevertheless show a more homogeneous signal pattern.
Donelly et al. succeeded in demonstrating that turbo spin-echo sequences allow more ac-
curate determination of the total amount of subcutaneous and visceral fat tissue than gra-
dient-echo sequences [52].

However, determination of the ratio of visceral to subcutaneous fat tissue is equally suc-
cessful with both methods. Although accurate determination of subcutaneous or visceral
fat is of special importance for some studies, the ratio of the two types of reserve fat is
taken for most determinations to ascertain the influence of risk factors. The former should
be used for the precise evaluation of certain regions of the body, whereas in most cases the
latter offers the more time-effective and therefore also the more cost-effective alternative.

A further problem which can influence the accuracy of the methods is presented by the
gaps between the individual slices within a data set. These indeed enable fast capture of
data sets using the breath-holding technique and therefore increase the effectiveness of the
methods, while reducing the evaluation time by reducing the quantity of acquired data.
But the inaccuracy of the measurement rises sharply with an increase in the gaps. Never-
theless, Thomas et al. managed to show that the deviation from a continuously acquired
data set for capturing data sets with 10 mm thick slices and 10 mm gaps is very low in the
evaluation of fat tissue [28].
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The use of semi-automated software in the data analysis of a whole-body fat examina-
tion succeeded in significantly reducing the evaluation time from initially 4-5 hours to
15-30 min; nonetheless, considering the quantity of data and the personnel required, fully-
automated evaluation would be preferable. Furthermore, measurement errors can also
arise due to the individual selection of the threshold values for subcutaneous and visceral
fat.

In the last two years, a 1.5 Tesla MRI system (Avanto, Siemens Medical Systems, Erlangen,
Germany) equipped with a whole-body coil system (76 coil elements) and 32 radiofre-
quency channels has been available with which a whole-body examination can be per-
formed in a short time at high spatial resolution with a 205 cm field of view. Whereas a high
spatial resolution is of major importance for many examination protocols and clinical in-
vestigations, this is of minor importance in whole-body fat measurement due to the inher-
ently high signal for fat tissue. However, the large FOV allows in most cases complete
capture of the fat tissue without repositioning or the necessity of additional technical
equipment. This point aside, though, scanners of the previous and earlier generations offer
sufficiently high accuracy in the evaluation of whole-body fat tissue.

Obesity represents a major health problem in the western countries with increasing preva-
lence. Not only the total quantity of body fat plays a crucial role in the pathogenesis of
various diseases, but also its regional distribution. Magnetic resonance imaging allows a
fast, non-invasive, whole-body examination with accurate determination of the ratio be-
tween subcutaneous and visceral fat reserves. The protocols and programs deployed fa-
cilitate quantification within 30-45 min. The techniques described here should be of assist-
ance in determining the influence of genetic and environmental factors on the various
body fat compartments.
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Heinz-Peter Schlemmer

“The 21st century: The age of screening” is the title of a review published by Richard M.
Friedberg from the Department of Radiological Science at the University of California in
the journal “Radiology” in 2002 on the subject of radiological screening examinations [1].
This development is understandable considering that enormous technological progress in
imaging techniques currently coincides with a transition in the understanding of disease.
Enhanced health consciousness, a longer average lifespan, and increasing self-reliance, in
part politically enforced, in matters concerning health and sickness in the enlightened and
well informed population of the western world lead to this change in thinking. While in the
past the healthcare system primarily concentrated on paying doctors to cure diseases
whose symptoms had become evident and to provide all the medical and technical re-
sources as far as possible, now more attention is demanded for the early diagnosis of
chronic and incurable diseases. This raised health consciousness is now met with the ever-
more impressive possibilities of radiological imaging for screening pathological changes.
Understandably, a steadily growing commercial healthcare sector is developing in parallel
in the economy:.

Screening examinations have long since been propagated by politicians and investors in
the healthcare system. For example, screening of colorectal carcinomas using the stool test
and two coloscopies is offered as part of the catalog of benefits of the statutory health insur-
ance funds in Germany since October 2002. There still appears to be a contradiction between
the health consciousness among the population, which is also politically encouraged, on the
one hand, and continuing discussions on the necessity of reducing medial expenditure, on
the other. The impression is easily formed that the current preventive care opportunities are
not being fully exploited. Demand for preventive examinations using whole-body magnetic
resonance imaging (MRI) therefore usually comes not from doctors who should serve their
patients as part of a preventive care concept, but more from the medical laymen or “self refer-
rers” or “customers” who want to look after their own health by staying (more or less) in-
formed through the media. However, the cost-benefit ratio of “incidental findings/secondary
diagnoses” for examining healthy customers or asymptomatic patients depends on the indi-
vidual therapeutic consequences and has yet to be clarified [2].

In the last 10 years, computed tomography (CT) has made great progress, so that whole-
body examinations for oncological investigations have now become routine. This techno-
logical advancement also led to this type of preventive examination being offered commer-
cially at an early stage in the USA. The use of X-rays in (supposedly) healthy people is
however problematic for medical, ethical, as well as legal reasons. This is demonstrated by
the continuing discussions surrounding the use of X-ray mammography in breast cancer
screening. With the exception of X-ray mammography, the European Union has even
banned the use of X-rays for the purposes of preventive examinations [3]. MRI, on the
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other hand, does not require ionizing radiation and also achieves a better soft tissue con-
trast, for example of the brain, the parenchymatous organs, and the bone marrow, which is
decisive for oncological examinations. Interest in screening examinations using MRI is
therefore high, despite the drawbacks of long examination times and high costs.

Whole-body MRI is still at a relatively early stage, but is nevertheless the imaging
method of the future. Pioneering work on screening with whole-body MRI firstly built
upon the technique of contrast-enhanced MR angiography of the whole body with a self-
made movable patient platform [4]. Initial large-scale preventive examinations using
whole-body MR angiography and virtual MR colonoscopy have already been performed
[5-7]. Technological advancements now allow high-resolution whole-body MRI in a single
examination procedure, also taking oncological considerations into account [8]. The devel-
opment of modern whole-body MR technology has therefore fundamentally changed the
discussion regarding MRI for oncological secondary prevention.

How, to what extent, and with which evidence cancer screening with whole-body MRI
can be performed is not yet documented through studies. Although the development of
methods is currently in a state of flux and the outcomes are open, a major medical potential
is still recognizable. The following account should serve to cast a critical insight into this
new and multifaceted field of modern radiology, which is sure to attain increasing impor-
tance in the future. Not only should the opportunities be discussed, but also the challenges,
problems and limitations which provide or have provided the impetus for new research.

The aim of prevention is to reduce the disease-specific mortality, i.e. to extend the lives of
the group examined. Primary prevention (prophylaxis) and secondary prevention (screen-
ing) and tertiary prevention (countering the advancement of a disease) are methodologi-
cally distinguished.

The best-known example for successful preventive regulation is prophylaxis of caries
and periodontosis according to the motto “prevention is better than cure”. The aim of pri-
mary prevention is active prevention of the origin of a disease. Regular information and
training on sensible nutrition, regular dental care, as well as preventive examinations paid
by the health insurance funds have, combined with timely therapy, led to measurable suc-
cesses in dental health in the population. Secondary prevention means regular check-up
examinations of the teeth, which are themselves considered to be healthy, and tertiary pre-
vention includes actions, e.g. regular dental check-ups and care of the gums in case of
manifest periodontosis, to avoid or at least delay later complications, such as tooth loss.
Addressing the benefit of preventive dental measures, there is no doubt that the financial
investment of prevention is clearly balanced by the costs of treatment saved. It obviously
not only makes medical sense, but is also economically favorable to visit the doctor “in a
healthy state”, as timely diagnosis and therefore treatment of diseased teeth is cheaper
than the subsequent treatment at an advanced stage, where consequential damage and
chronic problems require more elaborate measures of treatment. For this reason, regular
dental preventive examinations and educational programs are carried out even in chil-
dren’s nursery schools.

There are however several problem areas when it comes to oncological screening meas-
ures, which have to be considered in a differentiated approach. Whereas in the primary
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prevention of cardiovascular disease changes in lifestyle, such as weight reduction, dietary
changes, exercise, or stress reduction, are epidemiologically proven and are in principle
practicable, such basic health enhancing changes in lifestyle are not sufficient for primary
prevention of cancerous diseases. Until now, approaches towards primary prevention are
only indicated if causal factors for the origin of the disease are known and may be exclud-
ed, e.g. refraining from smoking to avoid bronchial carcinoma. An established role of oc-
cupational medicine is the avoidance of carcinogenic substances or radiation at the work-
place. However, for the most common tumors, such as breast and prostate carcinoma, as
well as less common tumors, e.g. brain tumor and sarcomas, there are no scientifically
proven factors influencing the origin of the disease. Carcinogenesis is a complex and mul-
tifactorial phenomenon.

Secondary and tertiary prevention therefore currently represent the most important ap-
proaches towards reducing cancer-related mortality. The aim of secondary prevention
measures is a diagnosis as early as possible in case of the existing, but not yet symptomatic
disease, i.e. before the patient consults the doctor with symptoms. Tertiary prevention fi-
nally serves to prevent or at least delay the advancement of the tumor disease and its com-
plications by performing regular follow-up examinations. Alongside the medical history,
clinical and laboratory chemical investigations, imaging diagnostics play an essential role
in secondary and tertiary prevention of cancerous disease. It must still be borne in mind
that in whole-body MRI tumor screening, the boundaries between secondary (early diag-
nosis) and tertiary prevention (follow-up care) may be blurred. In contrast to the determi-
nation of a specific tumor marker (e.g. PSA), whole-body MRI is a broad-based and unspe-
cifically directed method. For this reason, secondary prevention can include one tumor
entity (e.g. colorectal carcinoma) and tertiary prevention can include another (e.g. mamma
carcinoma 10 years ago). Those who have personally decided to have a cancer screening
examination may have a medical history with a high family risk for the development of a
tumor disease or may have even already suffered one.

To examine all persons for all conceivable tumor diseases is, of course, neither medically
nor economically viable. The efficiency of dental preventive measures, on the other hand,
is quite obvious and is attributable to four reasons: 1. The prevalence of caries and perio-
dontosis is extremely high in our society, so that retrospectively a preventive examination
is justified in many cases. 2. The early stage of dental disease can be ascertained in a timely
manner, as the disease generally starts on the tooth surface. 3. Diagnosis of the disease at
an early stage is possible with a high degree of accuracy with a cheap and harmless ex-
amination method, namely the inspection of the tooth and in individual cases a supple-
mentary X-ray examination. 4. An effective therapy is uncomplicated for the dentist to
perform. These four points correspond precisely to the four criteria Wilson and Junger
stated in 1968 as being necessary for effective screening for a specific disease: a) high
prevalence of the disease, b) detectability at an early stage, c) existence of an effective ex-
amination method, and d) ability to perform an effective therapy [9].

The following considerations therefore arise in regard to developing viable strategies for
effective tumor prevention using whole-body MRI:

ad 1. Prevalence: Carcinogenesis is, as previously mentioned, a complex and multifacto-
rial phenomenon and is not uniform for different tumor entities. Some causal risk factors
have been proven, e.g. smoking, alcohol consumption, or special dietary habits. The great-
est risk factor for the origin of cancer, however, is age. Against the background of the over-
aging society, an increase in the frequency of cancer must be anticipated. The further in-
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crease in cancer mortality is also to be expected in the western world, because the
mortality from cardiovascular disease has significantly dropped over the last three dec-
ades. The large and heterogeneous group of cancer diseases, however, encompasses a
multitude of diseases with widely varying prevalence. The most common malignant tu-
mors include the bronchial, mamma, prostate, and colorectal carcinoma with a fatality of
around 10-25%. Less common malignant tumors are those of the ovaries, stomach, pan-
creas, kidneys, and bladder, whose fatality is in the range 3—6%. A detailed list of the fre-
quency of tumors in Germany is to be found in the cancer registry [10].

If the prevalence of the disease among the group of persons examined is higher than in
a random cross-section of the population, the examination will more probably discover
positive results and will therefore be more efficient. Precise preselection into certain risk
groups is therefore desirable. An accompanying general/internal medicine examination
and consultation should therefore be an integral part of the preventive examination.

For the individual, the identification of risk factors can provide an argument for having
the preventive examination performed. From a statistical viewpoint, the examination of a
high-risk group would definitely be more efficient than that of the entire collective. How-
ever, efficiency considerations are of no significance for the individual, as the absence of
these risk factors does not exclude the presence of the disease with any certainty. The meas-
ured frequency of discovered tumors also depends on the examination method applied.
The advancements in MR technology have recently facilitated the performance of a whole-
body MRI in “state-of-the-art” quality for individual regions of the body, which promises
an increase in the effectiveness of the whole-body examination.

ad 2. Detectability at an early stage: In principle, many solid and hematological tumor
entities can be discovered at an early stage even without the use of MRI, such as colorectal
carcinomas using coloscopy or the malignant melanoma through dermatological inspec-
tion. On the other hand, in the case of rapidly proliferating tumors, early diagnosis consid-
erations at the presymptomatic stage are questionable or even hopeless, as in the case of
acute leukemia. It is difficult to define from which age onwards which tumor entities
should be searched for with MRI and at which intervals.

The time for the initial diagnosis and the subsequent early diagnosis intervals have to be
oriented towards the biological activity, i.e. the growth rate, of the respective tumor entity.
The growth patterns of tumors is however extremely variable and is also dependent on
individual factors and is therefore hard to predict in the individual case. The faster and
more aggressive the tumor grows, the shorter the check-up intervals should be. Mamma
carcinoma, for example, is generally a faster and more aggressively growing tumor than
prostate carcinoma. Dependent upon the tumor entity observed, an examination interval
selected too long increases the rate of tumors originating and consequently not being de-
tected in the interval, whereas, conversely, an interval selected too short leads to ineffec-
tiveness and unnecessary stress for the person examined. The age-related incidence of tu-
mors also indicates that the prevention interval should be adapted to age. Concerning this
point, prostate carcinoma screening examinations were for example performed using PSA
screening [11]: A cohort of 17,226 men aged between 55 and 74 years were randomized and
divided into two groups, an intervention and a control group. The intervention group had
a PSA value determination in serum performed before and after a 4-year interval. Both
groups received a common standard treatment from a private urologist, independent of
the study. In the 4-year interval, 18 unpredicted carcinomas were detected in the screening
group and 135 carcinomas in the control group, which corresponds to a relative rate of so-
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called “interval carcinomas” of around 13% in the intervention or screening group. Also,
the tumors found in the screening group during the interval were all in an organ-limited
stage. The sensitivity of the screening was 85.5% overall. The authors therefore conclude
that a 4-year control interval for PSA screening of men between 55 and 74 years is appropri-
ate. Similar studies generally need to be made available for other tumor entities and for
whole-body MRI

ad 3. Effective examination method: The examination method must allow the detection
of the disease in its early stage. In general, there is a broad and highly efficient range of
laboratory and imaging examination methods available, which allow precise diagnosis of
tumor diseases at an early stage. On the other hand, it must be borne in mind that all ex-
amination techniques are also associated with risks: Firstly, there exists the obvious risk of
method-related morbidity, e.g. as a consequence of intravenous administration of contrast
agent. Secondly, an at first less apparent but possibly even graver risk exists that, in the
case of a false-positive or false-negative result and the related unnecessary or inappropri-
ate treatment, morbidity and mortality can ensue. For example, the radiological diagnosis
of a suspected tumor can give rise to repeated biopsies or an operation, which, if the result
is retrospectively ascertained as false-positive, has led to superfluous physical and possi-
bly psychological damage to a healthy person. An example of a problem evaluated in
depth is the early diagnosis of a prostate carcinoma by means of determining the prostate-
specific antigen (PSA) in serum [12]. On the one hand, PSA is one of the best and also most
conclusive serum markers for early diagnosis of a tumor; on the other hand, PSA increases
can also be caused by benign diseases of the prostate, e.g. through benign prostatic hyper-
trophy. Hence, the danger exists that men are subjected to unnecessary biopsies and live
with the fear of having a tumor disease. And even if prostate carcinoma is discovered, there
is still nothing known about the aggressivity of the disease, which is well known to be bio-
logically very variable, i.e. whether the tumor would ever have led to symptoms during
the lifetime of the patient. The old medical principle “nil nocere” should receive considera-
tion.

Experience from breast cancer screening using X-ray mammography has shown that the
best possible preventive examinations at a high technical level can only be performed by
specially trained and experienced radiologists. It has also been shown that the reliability of
the diagnosis can be increased by double reading by two independent radiologists. In the
case of breast cancer screening, the medical and economic advantages achieved by setting
up specialized and quality-controlled centers have become obvious.

ad 4. Effective therapy: The therapy concepts for tumor diseases are very complex, sub-
ject to continuous change, and are therefore no longer manageable for the individual doc-
tor. Interdisciplinary therapy strategies adapted to studies and defined according to the
individual condition, including surgery, chemotherapy, radiation therapy, and their combi-
nation in adjuvant and neoadjuvant treatment concepts, render interdisciplinary coopera-
tion necessary. For many cancerous diseases, therapeutic success crucially depends on the
tumor stage in the initial diagnosis. Also, the cause of death for most types of tumors is not
the local tumor but rather distant metastasis. The preventive examination is targeted at the
early diagnosis of the tumor disease at the stage of exclusively local extension. The proba-
bility of metastasis is not necessarily, but still frequently, linked with the tumor size. In the
symptomatic stage, there is unfortunately often an advanced tumor stage. The aim of early
diagnosis has to be to catch the tumor disease in the presymptomatic stage, where the
probability of metastasis is still low. The rationale for the preventive examination is that
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treatment with the means available today is generally more promising the earlier the diag-
nosis is made. An example is X-ray mammography for early diagnosis of breast cancer.
Data have been gathered in clinical studies over the past 40 years or so, and there conclu-
siveness has been discussed extremely controversially and relentlessly. It can be justifiably
claimed that X-ray mammography is the most precisely investigated imaging technique
for the early diagnosis of cancer and therefore provides important insights with respect to
tumor prevention based on imaging techniques [13].

The measurable efficiency of a preventive examination depends on both the prevalence of
the disease in the group studied, as well as the accuracy of the examination method. Ac-
cording to experience, besides optimizing the examination protocols, only through target-
ed preselection of a certain risk group (e.g. family risk for the occurrence of a colorectal
carcinoma) can an increase in efficiency of the examination method be achieved.

The efficiency of preventive examination methods cannot be determined on the basis of
small studies. Nevertheless, irrespective of these considerations, tumors discovered in the
early and therefore possibly curable stage, whether as “secondary results” from a dedicat-
ed MRI or as part of a preventive examination, can be of great importance for the individ-
ual. For the person affected, the general cost efficiency of the method is then insignificant.
An example from personal experience is the discovery of a bladder carcinoma in the pre-
symptomatic stage, which could be treated simply by cystoscopic removal and with a good
prognosis. At the symptomatic stage there may well have been growth through the wall
that would have required a cystectomy, and the prognosis would have been severely im-
paired. It is still clear, however, that general screening of the population for bladder tumors
is not cost efficient on account of their low incidence. The debate surrounding preventive
examinations using whole-body MRI is unavoidably subject to the conflicting priorities of
individual impact and cost efficiency. The following account looks at the proven role of
MRI in screening the most frequently occurring tumors in the western world.

11.3.1 Bronchial carcinoma

The bronchial carcinoma (BC) is currently the most common fatal tumor in the western
world. With respect to cancer mortality, the bronchial carcinoma is the most common tu-
mor among men and the third most common tumor among women. Although the fre-
quency among women is on the rise due to the increased number of female smokers, it is
in slow decline among men. The tumor often only becomes symptomatic in the advanced
stage in which the average 5-year survival rate is below 15%.

As in tuberculosis screening, conventional X-ray images are firstly taken for early diag-
nosis of bronchial carcinoma and sputum investigations are used. The use of CT enables
smaller tumors in the presymptomatic stage to be discovered [14]. Even though it is ac-
knowledged that earlier stages of BC can be discovered by CT, it is disputed whether mor-
tality can be reduced as a result. Initial results of randomized studies will soon be available.
An extensive discussion is presented on the problem of lung cancer screening by the Hen-
schke work group [15].
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A problem in preventive examination with CT is that by far not all coin lesions discov-
ered are also malignant. But the detection of coin lesions in many cases compels control
examinations, which according to current research knowledge should be performed with
CT every 12 months for diameters of less than 5 mm and every 3 months if larger than
5 mm. It has to be considered that the examinations are associated with radiation exposure
each time. Outside of studies, radiological lung cancer screening is not recommended at
present [17].

The examination of the lungs is clearly a domain of conventional X-ray and CT. MRl is of
no importance in routine diagnostics of BC, which could however change in the near future
in the light of the rapid pace of technological development. Studies published so far on the
diagnostics of coin lesions using MRI already show that the sensitivity from a lesion size of
5 mm upwards is around 90% compared with CT [18-19]. Whether the analysis of signal
intensities of coin lesions with T1 and T2-weighted sequences or contrast agent dynamics
can reveal information on their benignity is the subject of ongoing research [19-20].

11.3.2 Colorectal carcinoma

The colorectal carcinoma is in second place in the statistics for tumor-related causes of
death for both genders [10]. Secondary prevention of colorectal carcinoma is worthwhile,
as the development usually takes place with long latency (approx. 10 years) from adeno-
mas, and an endoscopic polypectomy is easy to perform as therapy [21-22]. Conventional
optical colonoscopy can be performed for detection, or virtual colonoscopy using CT
(CTC) or MRI (MRC). CTC data are available from a large study with 1233 asymptomatic
participants [23], which showed a high accuracy compared with colonoscopy (sensitivity
of 89-94% dependent on the polyp size). Initial results with MRC in smaller study collec-
tives indicate that this method can also be used to find clinically relevant polyps with di-
ameters 210 mm with the same detection rate [24]. The advantage of MRC over CTC is
primarily the absence of radiation exposure, which allows both dynamic examinations of
the bowl after i.v. contrast media administration to analyze polyp perfusion, as well as
examinations of other regions of the body as part of whole-body tumor prevention.
Through the use of parallel imaging, examination times can be reduced such that a virtual
MR colonoscopy can easily be integrated into the overall examination protocol. The
customer /patient examined must definitely be informed, however, that no adequate data
are available in the literature to document the effectiveness of MR colonoscopy for early
diagnosis of colorectal polyps.

11.3.3 Breast carcinoma

Breast carcinoma is the most common cancerous disease for women, presents an aggressive
biological development, and in its advanced stage is connected with high mortality. The di-
agnostic strategies are clearly defined in the guidelines of the German Society of Senology
[25]. Early diagnosis of mamma carcinoma using mammography has been performed and
studied for around 40 years, but the discussion of its benefit is still very controversial. Devel-
opment is very slow in achieving an evidence-based knowledge base in this complex area
that would bring about a unified approach towards regulated preventive examinations.

130



Oncological screening with MRI: Opportunities, challenges and limitations

The performance of a dedicated MR mammography with high local resolution and con-
trast agent dynamics as part of whole-body MRI is not possible for practical reasons. In
addition, on account of its low positive predictive value, MR mammography is not gener-
ally recommended for primary diagnostics of breast carcinoma. Exceptions are high-risk
patients with enlarged gland parenchyma, for whom screening with MR mammography is
viewed as being indicated [26]. This dynamic examination after administration of i.v. con-
trast agent cannot however be usefully integrated into the concept of a whole-body exami-
nation.

It is to be expected with whole-body MRI that due to the high prevalence of both benign
and malignant findings in the female breast, especially in premenopausal women, several
mamma lesions will be detected that cannot be classified with certainty due to inadequate
specificity. In advance of the examination, the patient/customer should be informed that no
tumor prediction in regard to mamma carcinoma is possible by means of whole-body MRI,
and that in the case of detected lesions in the mamma, their reliable assessment may not be
possible. In this case further treatment, firstly through the gynecologist, must take place for
adequate classification, which includes common conventional diagnostics with mammog-
raphy and ultrasound as necessary. In the case of larger lesions, a subsequent MR mammo-
graphic clarification may be worthwhile, as in this case a high specificity is to be expected
on account of the morphology of the lesion [27]. Patients must always be informed about the
lack of specificity and the inadequate sensitivity of the method for breast carcinoma screen-
ing prior to a whole-body MRI, and this should be documented in writing.

11.3.4 Prostate carcinoma

Prostate carcinoma is the most common carcinoma after bronchial carcinoma and the sec-
ond most frequent male malignant tumor disease leading to death. There are around 31,500
men in Germany alone who suffer a prostate carcinoma per year, and around 11,000 men
die of it in the same period [10]. Since the 1980s, the introduction of a simple PSA serum
test has made an essential contribution to early diagnosis with tumor propagation often
still limited to the prostate. In this respect, the effectiveness of the test has been document-
ed in a large randomized study. The evidence of reduction in mortality is still unproven,
however [28-29]. Here the results of the PLCO trials, for example, are to be awaited [30].
Further advancements in the PSA test, e.g. the determination of the ratio of free to total
PSA, are promising and are currently under investigation.

Transrectal ultrasound (TRUS) is still considered to be the first imaging modality in the
case of suspected prostate carcinoma and is used for image-controlled biopsy. The major
importance of MRI with combined endorectal and body-phased array coils (endo MRI) is
undisputed for local staging of histologically proven prostate carcinoma. Following bi-
optic diagnosis, organ specific tumor growth can be distinguished from tumor growth
transgressing the organ and/or infiltrating the seminal vesicles with high specificity (up to
approx. 90%), which yields important information to decide on the individual therapy
strategy. MRI is also without doubt the most sensitive method (approx. 90%) currently
available with the highest spatial resolution. The low specificity (approx. 50%) is neverthe-
less a problem which impairs differential diagnosis towards prostatitis and benign prostate
hypertrophy (BPH) even in the case of an identified increase in PSE serum concentration.
The measurement of MRI-based PSA density could enhance specificity [31].
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A T2-weighted MRI of the pelvis should be performed as part of the preventive exami-
nation. The combination of high sensitivity with concomitant low specificity is however
very problematic for the diagnosis of the prostate. The use of an endorectal coil to improve
the spatial resolution is not feasible for whole-body MRI due to the long examination time,
but is also not useful as the specificity of the method is not fundamentally improved as a
result. The examination usually entails detection of diverse, but not clearly classifiable,
pathological signal changes of the prostate, because in the age group examined, the inci-
dence of both benign changes of the prostate, such as BPH and various forms of prostatitis,
as well as prostate carcinoma, is high. Dynamic, contrast-enhanced MRI and "H-MR spec-
troscopic imaging have the potential to better differentiate malignant from benign changes
and therefore improve the diagnostic accuracy of MRI [32-33]. A dedicated MRI examina-
tion using the endorectal coil is however obligatory here. The importance of MRI for early
diagnostics could above all be to more precisely localize regions of suspected carcinoma in
the case of a PSA increase and therefore provide an indication for biopsy, but there are in-
sufficient data available at present. These methods are also not to be performed as part of
a preventive examination using whole-body MRI.

As part of whole-body MRI, it should be discussed with the customer/patient that an
adequate accuracy for early diagnosis of prostate carcinoma is not possible. A supplemen-
tary preventive urological examination is recommended in this regard. Information as to
the limited conclusiveness of the method in regard to the detection of prostate carcinoma
should be documented in every case. If a suspicious result is found with MR imaging and
urological tests are also available in which a prostate carcinoma is suspected, the supple-
mentary performance of MRI with endorectal coil, as described above, can be discussed.

11.3.5 Less common tumors

MRI offers, for example, high accuracy in the detection and differential diagnosis of ovar-
ian processes; effective preventive care of ovarian carcinoma is also possible with a combi-
nation of transvaginal ultrasound and the determination of the CA-125 marker [34]. In the
detection of pancreas carcinoma, CT and MRI show comparable sensitivities of 70 to 80%
[35]. The importance of MRI in the early diagnosis and staging of stomach carcinoma for
instance is still completely unclear [36]. Preventive care with regard to renal cell carcinoma
can in principle be performed with ultrasound [37], although this examination is in turn
limited as compared with MRI in respect to the diagnostics of other organs. The potential
of MRI as an initial method for early diagnosis of less common tumors, such as renal cell or
pancreas carcinoma, is still uncertain. In this regard, the results of smaller studies and ex-
perience in daily clinical radiological practice with incidentally discovered tumors have to
be drawn upon. Renal cell carcinomas can certainly be detected with high sensitivity in
their early stages using MRI. MRI also offers high accuracy (over 90%) in the differential
diagnosis of ovarian processes [34]. The importance of MRI, for instance for early diagnosis
of stomach carcinoma, is currently the subject of scientific investigation [36, 38]. Possible
special investigative methods, such as distension of the stomach, are hardly feasible to
perform within the scope of a whole-body examination. The performance of conventional
gastroscopy is required for early diagnosis of stomach carcinoma. The general diagnostic
algorithm for early diagnosis is not clearly defined for most tumors and is also in a state of
flux. Advances in MR technology mean that changes in approach are to be expected.

132



Oncological screening with MRI: Opportunities, challenges and limitations

11.4.1 Examination protocols and data evaluation

A “state of the art” MRI of a region of the body requires the use of a surface coil. In order
to examine more than one region of the body, e.g. the brain and the abdomen, it was there-
fore necessary for technical reasons to reposition the patient with the appropriate change
of coils. An optimal whole-body examination was therefore impracticable until recently.
The optimal administration of intravenous contrast agent in a single examination proce-
dure was also not possible due to the necessary repositioning of the patient and the result-
ing time delay. The first whole-body examinations were carried out with table movement
and the use of the whole-body coil [39] or a phase array coil (AngioSURF®) [40-41]. The
second technique has already been applied for screening cardiovascular diseases, and a
MR colonoscopy was integrated for the detection of colorectal polyps [5-7].

Technical advancements in the field of coil technology and parallel imaging now facili-
tate the high-resolution presentation of the entire body in a single examination using state-
of-the-art technology [8]. Anew 1.5 Tesla system allows the connection of up to 76 coil ele-
ments and the synchronous acquisition of up to 32 independent receiver channels
(MAGNETOM Avanto, Siemens Medical Solutions, Erlangen, Germany). In combination
with automatic table movement, 500 mm field of view, a high performance gradient system
(max. amplitude: 45 mT/m), and parallel imaging in all three spatial planes, high-resolu-
tion whole-body MRI can be performed with a maximum examination length of 205 cm in
just under one hour. Patients are placed in a supine position with arms positioned along-
side the body. Dependent on the body size, a total of 5-6 phased array coils with several
individual coil elements are used: 12 coil elements for the head, 4 for the neck, 6 each for
the thorax, abdomen and pelvis, 16 for the low extremities, and 24 elements embedded in
the table for the spinal column. Positioning the coils takes around 3 min. Experience so far
indicates that the use of a large number of surface coils does not induce claustrophobia in
the patients.

A typical oncological screening examination protocol with the new multi-channel sys-
tem, which was installed in the Radiological University Clinic in Tiibingen, Germany, in
November 2003, is presented in the following. The examination protocol has been applied
at the University of Tiibingen both for secondary prevention without clinical evidence for
cancerous disease, as well as in a slightly modified version for tertiary prevention and me-
tastasis search given the presence of a cancerous disease [8, 42]. The performance, i.e. prac-
ticability and efficiency of the whole-body MRI for metastasis search, was investigated in a
collective of patients with advanced melanoma (stage III and IV) in comparison with
whole-body CT [43]. This study showed that the result of the whole-body MRI led to a
change in the therapeutic concept in approx. 25% of the patients examined.

This is essentially due to the higher sensitivity of MRI in the detection of 1. cerebral, 2.
hepatic, and 3. bone metastasis (bone marrow carcinosis without bone decomposition).
The results also led to prompt acceptance of the examination from the referring physicians,
as well as from patients informed via various sources who have to act as “self referrers”, as
the insurance companies do not offer a billing code for whole-body MRI.

The measurements are generally performed at 5 different table positions, and standard
MR examination protocols can, in principle, be arbitrarily combined with one another
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(Table 11.1). Experience with whole-body MRI based on TIRM (Short Tau Inversion Recov-
ery) sequences is already available [44-47]. A coronal STIR turbo spin-echo (TSE) sequence
is therefore preferably performed at the beginning of the examination and serves to exam-
ine the bone marrow. The additionally integrated examination modules include axial
FLAIR (Fluid Attenuated Inversion Recovery) and T1w-SE sequences for the head; axial
TIRM and VIBE (Volume Interpolated Breath-hold Examination) sequences for the thorax;
and axial fat-saturated T2w-TSE and T1w-SE sequences for the abdomen. The fat-saturated
T2w-TSE sequence for the abdomen is carried out with a navigator under free breathing
conditions; the other examinations of the thorax and abdomen are performed in breath-
hold. Examination of the spinal column entails sagittal STIR or T2w-TSE sequences, which
are supplemented with axial T2w-TSE sequences depending on the result. Magnetic reso-
nance colonoscopy (MRC) is performed after repositioning the patient. The “dark lumen”

Ruckenlage =———————————r—— Bauchlage —

Figure 11.1 Extract from a whole-body MRI examination for oncological screening of a 53-year-old
man with history of an inverted papilloma. The patient was also a smoker. On the left is the coronal
STIR image of the whole body. Presented in the center is the axial FLAIR image (left) and coronal
STIR image of the skull, as well as axial T1-weighted (left) and T2-weighted (right) images of the
thorax, abdomen and pelvis. Coronal VIBE images following i.v. administration of Gd-DTPA in the
arterial (top) and portal venous (bottom) phases. The examination protocol is listed in Table 11.1.

A soft tissue mass in the sinus ethmoidalis and frontalis left was found, leading to the suspicion of
recurrence of the inverted papilloma in its presymptomatic stage. (From: Schafer JF, Fischmann A,
Lichy M, Vollmar J, Fenchel M, Claussen CD, Schlemmer HP. Der Radiologe 2004; 44: 854-863, with
kind permission of Springer Verlag)
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Table 11.1 Typical examination protocol for oncological screening using whole-body MRI

Region of the Orien- | Weighting/ TR/TE/TI Section thickness | Acquisition
body tation |sequence type (ms/ms/ms) - voxel size (mm) | time [min]
Whole-body coronal | T2w STIR 5.0-1.8x1.3 Total = 11:48
— head/neck 5490/87/150 2:44
— thorax/ 6100/87/150 3:04
abdomen
— pelvis/prox. 8540/87/150 2:17
thigh
— prox. thigh/dist. 7630/87/150 2:02
lower leg
— dist. lower 7380/87/150 1:43
leg/feet
Skull axial T1w SE 500/8/- 4.0-0.9x0.9 2:59
FLAIR 9380/108/2500 | 1,2-0.9x 0.9 2:30
Neck axial T1w FLASH 2D 337/4.1/- 5.0-1.1x0.8 0:48
T2w-STIR 5560/59/150 5.0-1.2x0.9 2:17
Thorax axial T2w-STIR 3800/100/150 [6.0-1.8x 1.2 0:48 (mbh)
3D VIBE fs 3.37/1.21 2.0-2.0x 2.0 0:20%2 (bh)
Abdomen axial T1w FLASH 2D fs |242/4.1/- 6.0-2.1x 1.5 0:59 (mbh)
T2w TSE fs 5640/95/- 6.0-1.6x 1.2 ~1:50 (rg)
Pelvis axial T1w FLASH 2D 248/4.1/- 4.0-2.1x1.5 0:57
T2w STIR 7100/70/150 4.0-1.3x1.0 4:31
Abdomen and coronal | 3D VIBE fs 3.1/1.2/- 2.0x2.0x2.0 0:20 x 4" (bh)
pelvis including
MRC

STIR = Short Tau Inversion Recovery; fs = fat saturated; bh = breath-hold; mbh = multiple breath-hold;
rg = respiratory gated; MRC = MR colonoscopy
" dynamic MRI with 1 measurement before and 3 measurements after administration of i.v. CA

technique is performed, following an enema of around 1.5-2 1 of body temperature tap
water, by means of a VIBE sequence in hypotension (i.v. scopolamine) and with intrave-
nous application of a paramagnetic contrast agent. Finally, T1-weighted axial images of the
trunk (thorax/abdomen/pelvis) are produced. A typical examination protocol is specified
in more detail in Table 11.1 and is illustrated in Figure 11.1. The complete examination pro-
tocol requires around 60 min; the approximate in-room time required including reposition-
ing and enteroclysma is around 1.5 h. The time requirement for evaluation, documenta-
tion, and discussion of the complete image material is very variable and can take up to
around 30-60 min.

11.4.2 Patient information and post-examination consultation

The consultation following oncological screening differs from consultations normally held
by radiologists as part of their medical practice. The expectations of the customers/patients
paying for the examination themselves are quite different from those referred for examina-
tion of a targeted part of the body to clarify a specific medical question (e.g. r/o meniscal
tear?). The customers/patients generally take a great deal of time for the screening examina-
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tion and tend to devote serious thought to their previous lifestyle. Not only the opportuni-

ties, but also the limitations of the examination method have to be explained to the

customer /patient in advance of the examination. The possibility of false-positive and false-
negative results must be pointed out in particular, as well as their consequences, which are
easily underestimated by the medical layman on account of the impressive MR technology.

1. The outcome of a true-negative result is, of course, hoped for by the examinee as well as
by the radiologist. But even if this is the case, it should be mentioned that this does not
exclude the future origin of a tumor, because the momentary sense of security of the
examinee can lead to future medical checkups with the primary care physician, gyne-
cologist, urologist, etc. being neglected, which in turn leads to an increased risk for later
diagnoses. The sense of security in the case of a negative result (e.g. no pulmonary mass
lesion) can also cause a drop in motivation to cease a hazardous habit (e.g. smoking),
thereby even deterring a positive change in lifestyle. For this reason, the post-examina-
tion consultation should include a survey of risk factors and should expressly indicate
that irrespective of the outcome of the screening examination, all risk factors which can
be influenced should be corrected and regular examinations should continue to be per-
formed in the future. The question of whether, and at which intervals, whole-body MRI
should be repeated is one that cannot be currently answered.

2. In the case of a true-positive result, it is hoped that the early diagnosis of the cancerous

disease leads to a cure or at least to an improvement in life expectancy.
This possible examination outcome is indeed feared, but it is the real reason why the
screening examination was carried out in the first place. The conviction is, of course, that
tumors discovered at an early stage, and therefore of smaller size, can generally be better
treated. It is however little known that this does not apply to all tumor types, and that
early diagnosis may only prolong the period of knowledge of the disease without actu-
ally extending life expectancy (“lead time bias”, see below). On the other hand, for less
aggressive tumors and for persons of advanced age, it cannot be certain whether the
disease would ever have become symptomatic or even life limiting (“pseudo disease”,
see below). This problem has been e.g. discussed in the context of early diagnosis of
prostate carcinoma, but is now also being discussed in the case of bronchial carcinoma.
There is therefore the possibility that the screening examination with the diagnosis it
reveals could actually impair life quality.

3. A false-negative result can either be unavoidable (method-related limitation in sensitivity
and/or specificity) or avoidable (inadequate examination protocol, overlooked result).
Lulling the customer/patient into a false sense of security can mean that newly occur-
ring or even existing symptoms can be overlooked, thereby delaying the definitive diag-
nosis.

4. False-positive results can be seen retrospectively as having led to superfluous pain and
psychological suffering of the examinee. It is additionally problematic that the conse-
quential costs of supplementary examinations, unnecessary therapies with their associ-
ated morbidity /mortality, and labor absenteeism have to be borne by the general public,
in contrast to the screening examination. All these factors lead to ethical problems and
will have to be considered in the case of a lawsuit.

Consultation on the results and advice upon completion of the screening examination is
generally open-ended and therefore demands a relatively long time: Firstly, it is naturally

expected that the images are presented in general terms with an explanation of anatomical
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details and any findings, regardless of whether these are medically irrelevant (e.g. heman-
gioma), possibly require treatment (e.g. intervertebral disc protrusion), or are definitely
relevant to therapy (e.g. suspicion of renal cell carcinoma). Depending on the interests of
the person examined, even the first viewing of the images can develop into a small anato-
my course for beginners. For all the results found (also non-oncological secondary results,
such as intervertebral disc protrusion), advice is obviously expected in regard to possible
therapies or preventive measures. This is sensible, as the screening examination is only
considered to be useful in retrospect if the examination results are also followed with spe-
cific consequences. Furthermore, open questions usually arise from the consultation con-
cerning the individual options for primary prevention, i.e. advice is expected as to how,
and through which changes in lifestyle, a contribution can be made towards an individual
preventive program in general and cancer prevention in particular. Consultations of this
type can easily overstretch the radiologist, not only in terms of their available time but also
specialist competence. It is also to be borne in mind that the mere mention of the suspicion
of a cancerous disease can cause severe psychological stress for the person affected, as well
as for their relatives. If a malignant result really has been found, a concept for the further
diagnostic and therapeutic approach should also be available very quickly. Prior to whole-
body MRI it should already be thought out who is to continue care for the customer/
patient in case there is a result pointing to a tumor. Because, at this moment, the customer/
patient is understandably confronted with a flood of notions, expectations, and fears con-
cerning further examinations, possible operations, chemotherapy, or radiation therapy. All
this has to be covered in a medical consultation, so that the patient leaves the radiologist
with a clear understanding of the subsequent approach. The integration of the examination
into a well thought-out and planned concept for the subsequent medical care is also to be
encouraged from an ethical perspective.

The key question, and, at the same time, the crux of public debate on the pros and cons of
early diagnosis measures, is whether the health advantages balance with their risks and
costs. The discussion is generally conducted under the premise that the advantages and
risks of the screening examination affect the patient, whereas the costs are borne by the
general public. Two different perspectives are in conflict: the perspective of the individual,
who wants the best done for his/her health, and the perspective of the health insurance
companies that have to responsibly budget the funds available to them and only pay for
early diagnosis if this leads to an overall drop in morbidity or mortality. For the health in-
surance companies, the aim of prevention is balanced by the expenditure required, i.e. the
money ultimately required for it. The efficiency of screening examinations is checked on
the grounds of a cost-benefit analysis and is quantified in costs per life year gained. Relia-
ble data on cost-efficiency can only be obtained from randomized studies for which a rep-
resentative part of the population is prospectively and randomly allocated to two groups
with and without a screening examination and by comparing their mortality.

Statistically well-designed and conclusive studies without systematic error or bias are,
however, generally very complex, laborious, and therefore expensive. For the correct plan-
ning of a prospective study, several influencing factors must be taken into consideration for
statistical reasons, which are largely independent of the method actually tested (e.g. MR
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colonoscopy). These include the prospective definition of the study population and of the
study period to obtain a particular level of statistical significance, the correct blinded ran-
domization of the study participants, and the binding decision at the outset of the study for
a defined end point both in terms of the measurement parameter (e.g. disease-related sur-
vival), as well as the point in time of data evaluation (e.g. after 10 years). Moreover, it has
to be clarified how sources of error, which possibly occur during the course of the study but
are unavoidable, are to be handled, for example if study participants rescind on the initial
agreement and either demand (“contamination”) or refuse (“non-compliance”) the method
under investigation (e.g. MR colonoscopy).

If the measurement results of the study are available at the end of the defined study
period, then careful interpretation of the date is required. When evaluating the data in re-
gard to disease-specific mortality, it must be precisely analyzed whether other causes of
death have also arisen within the study period which could distort the evaluation results.
The interpretation of results of clinical studies can also be distorted by several systematic
faults in the study design (bias). These sources of error should be investigated at the outset
of the study for the correct planning of the study design. The results and interpretations of
previously published studies should also be critically assessed. The most important sources
of error in randomized studies are the following;:

1. “Selection bias”: The structure of the participants of an oncological screening study can
be one-sided in that persons with existing risk tend to want to participate, e.g. those
with raised incidence of cancerous diseases in the family.

2. “Lead time bias”: The early diagnosis of a cancerous disease shifts the time of the initial
diagnosis, whereas the time of death could remain unchanged. Only the calculated sur-
vival time after the diagnosis is made is extended as a result, but not the actual lifetime.
In this case, the early diagnosis measure has only extended the period of the identified
disease, but has only apparently prolonged survival. The prolonged period of disease
might even have caused the life quality of the patient to have been impaired over a
longer period.

3. “Over-diagnosis” or “pseudo-disease”: How a cancerous disease detected in the early
stage develops can often only be conjectured but never known with certainty. The ra-
tionale for a tumor therapy is that the tumor will develop into a life threatening disease
in the foreseeable future. This is not necessarily the case on an individual basis, and the
disease might not have become apparent during the lifetime of the patient. In this case,
the therapy of the disease, which would never have become symptomatic in the lifetime,
leads only to an apparent therapeutic success. The patient would have received the label
of a “pseudo-disease” through the early diagnosis. This difficulty arises for example in
the discussion on the early diagnosis of prostate carcinoma.

4. “Length bias sampling”: Screening examinations carried out regularly tend to discover
slower rather than faster growing tumors, because, in the case of the latter, there is a
higher probability that symptoms appear in the interval between the screening exami-
nations. Retrospectively, the prognosis appears better for tumors discovered by the
screening examination.

The following conclusions must be drawn and critically discussed from the data: How can
sensitivity and specificity of the examination method be optimally balanced with one an-
other and how is the resulting so-called “intervention threshold” to be defined? How many
false-positive or false-negative results are to be accepted and how much superfluous thera-
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peutic intervention must be necessarily tolerated in retrospect. How should the screening
intervals be defined for future examinations? Taking the example of MR colonoscopy, the
following specific questions arise for instance, which can only be answered with studies
with a correct statistical design: With which accuracy (dependent on the method) can colo-
rectal polyps be identified above a certain size? From what size of colorectal polyp found
should a conventional colonoscopic, histological clarification be induced and up to what
size is progress monitoring recommended? In which intervals do control examinations have
to be performed to avoid numerous aggressively growing tumors being overlooked?

The worldwide largest controlled and randomized study on oncological prevention
performed to date is the PLCO (Prostate, Lung, Colon, Ovarian) Cancer Screening Trial
with a total number of almost 155,000 participants [30]. Whole-body MRI for imaging di-
agnostics was not available for consideration at the start of the trial, and only X-ray exami-
nations of the thorax and transvaginal ultrasound examinations were performed. With re-
gard to the importance of MRI in early diagnosis, there are still no results of randomized
studies available, even for the most commonly occurring tumors, such as bronchial or
colorectal carcinoma.

Rapid developments in MR technology have enabled whole-body MRI to be performed
without difficulty within one single examination procedure. But even for the most com-
mon cancerous diseases, the potential of MRI in oncological screening is still being investi-
gated in scientific studies and is therefore not yet reliably documented. The greatest wealth
of experience is currently available on screening for colorectal carcinoma by means of vir-
tual MR colonoscopy; the importance of MRI for bronchial carcinoma is still unclear, and
there is currently no indication for breast and prostate carcinoma. On the other hand, expe-
rience has shown that uncommon cancerous diseases can also be discovered with whole-
body MRI in the presymptomatic early stage and can then be treated with a very good
prognosis and without therapy-related morbidity. An example is given of the incidental
detection of a cystic meningioma, still asymptomatic at the time of the screening examina-
tion, which would probably however have become symptomatic in the near future due to
its volume displacing aspect, e.g. in the form of a seizure (Fig.11.2). The early diagnosis at
the asymptomatic stage was able to prevent possible subsequent complications, possibly of
a secondary cause, e.g. due to an accident resulting from a seizure. There are still no data
from randomized studies to document the cost-efficiency of whole-body MRI. And until
evidence is forthcoming that the examination also actually reduces expenditure on therapy
and aftercare, the method cannot yet be recommended for oncological prevention in terms
of health economics. Nonetheless, as the above example shows, the unexpected early diag-
nosis of a tumor can be of major importance to the individual affected, and the term “cost-
efficiency” is of no relevance to the person affected at this moment. The discussion of the
pros and cons of oncological screening examinations using whole-body MRI must also be
controversially continued from two widely differing perspectives: On the one hand, the
customer/patient can use the potential of modern MRI for his/her own personal preven-
tion; on the other, the health insurance companies must budget their available funds to fi-
nance all medical services. The radiologist with his/her medical responsibility therefore
stands in the middle of the conflict between what they can best offer the individual medi-
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Figure 11.2 Part of a whole-body MRI examination of a non-symptomatic 47-year-old-man who pre-
sented himself as a self-referrer for oncological screening without subjectively feeling unwell.

A large cystic mass lesion can already be seen on the coronal STIR image in the right frontal lobe
(left image). The T1-weighted axial and coronal MRI following administration of i.v. Gd-DTPA also
shows solid and contrast-enhancing tumor components near the calvaria and at the base of the cyst.
The cyst shows an expansive aspect with midline displacement. Histologically the result was shown to
be a cystic meningioma.

cally and what the health insurance companies are prepared to finance out of cost-effi-
ciency considerations.

For the time being, it will therefore only be possible to perform whole-body MRI for
oncological prevention as part of scientific studies or on the basis of self-referral and in
consideration of the existing ambiguities and limitations. Despite the absence of radiation
exposure, caution is advised in the unspecific use of whole-body MRI for oncological
screening, as neither the effectiveness for the individual nor evidence for larger groups has
been verified. Possible risks which result from uncertain diagnoses have been discussed
above. On no account should whole-body MRI be promulgated as part of a personal “well-
ness” program for commercial reasons. Whole-body MRI should also not be understood as
a state-supported survey examination.

Certain quality standards for whole-body MRI should indeed be encouraged, and whole-
body MRI should be performed in close collaboration with oncological preventative check-
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ups and consultation, e.g. by primary care physicians/occupational physicians and specialist
disciplines such as internists, gynecologists, urologists, etc. Out of a medical sense of respon-
sibility, the customer/patient has to be informed that cancer screening using whole-body
MRI is at the beginning of its doubtless promising and certainly rapid development, but is
nevertheless not unproblematic at present from several perspectives. The interdisciplinary
approach and the demand for quality controls in whole-body MRI oncological screening also
necessitate the establishment of networks of competent centers or specialized screening insti-
tutions with standardized examination protocols. It would be desirable to combine the re-
sults of as many centers or joint scientific data analyses as possible. As long as there is no
evidence available from prospective studies for the efficiency of whole-body MRI, the finan-
cial responsibility for screening examination beyond scientific studies has to remain with the
individual. Whole-body MRI for oncological screening should definitely be considered as a
complementary component of cancer prevention carried out in primary medical care, which
concentrates on conventional screening measures, such as gynecological examination and
mammography, as well as urological examination and the PSA test.
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Entering the term “screening” in databases such as Medline, one obtains almost 200,000
hits. On closer examination, however, it becomes apparent that “screening” is usually used
in a rather “loose” sense, such as for the search for tumors in an individual (“we screen the
patient for tumors”). This does not do justice to the epidemiological sense of the word and
can lead to interpretation problems in research results. For this reason, the term “screen-
ing” will firstly be defined, and the requirements for effective and successful screening,
primarily in radiology, will be described.

12.1.1 Types of prevention

Prevention “of /against diseases” describes general attempts to reduce morbidity and mor-
tality in the population group studied and to do so under justifiable “conditions”. In this
context, “primary prevention” is understood as the reduction of risk factors to avoid the
occurrence of certain diseases. The impact of primary prevention has been known for more
than 2000 years; the physician and philosopher Maimonides (1135-1204) once said: “Live
sensibly — among a thousand people only one dies a natural death; the rest succumb to ir-
rational modes of living”.

Examples of primary prevention include adding fluoride to drinking water and mandatory
seat belt usage in cars. In the medical world, vaccination reduces the occurrence of infectious
diseases, and the control of cardiovascular risk factors, such as arterial hypertension, obesity,
smoking, or hyperlipidemia, is known to reduce the occurrence of cardiovascular events.

Primary prevention
healthy — makes diseases less likely to occur in a healthy person (vaccina-
tion, elimination of risk factors)

Secondary prevention: “SCREENING”
— aims at the early stage of the detection of disease to be in a
position to treat disease earlier and more successfully

Tertiary prevention
sick — attempts to avoid further complications and recurrence among
the sick

Figure 11.1 Stages of prevention.
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Secondary prevention describes the search for — still — occult or non-symptomatic dis-
eases. For instance, the glucose tolerance test serves to identify diabetes mellitus at an
early stage. The success of secondary preventive measures of course depends on the avail-
ability of an effective therapy for the target disease.

But how should the asymptomatic “screening participant” be called? He/she is not yet
a “patient”, but perhaps a “volunteer” in the context of studies. A single individual who
undergoes screening could, for example, be termed a “client”. The term “volunteer” will be
used in this chapter in the context of secondary prevention.

Tertiary prevention serves to avoid deterioration in condition given the presence of a
known disease. Beta-receptor blockers to reduce mortality in patients following myocar-
dial infarct or regular ophthalmological check-ups for early diagnosis of a retinopathy
among diabetics are examples of tertiary prevention (Fig. 12.1).

12.1.2 What does “screening” mean?

The term “screening” is normally used for secondary prevention measures: Screening de-
scribes a routine examination of a defined group of persons to identify diseases or risk factors
at an early stage. That is why screening is often termed “preventive medical examination or
checkup”. The term screening will be used in this sense in the following. The aim of a screen-
ing program in the medical field is to increase the life expectancy of the examinees with life
threatening diseases and to enhance quality of life. The most accurate examination methods
possible should be used to identify as many diseases as possible still in their non-sympto-
matic phase, so that early treatment or change in life style can be initiated.

The requirements for effective screening are summarized in Figure 12.2, but will be ex-
plained in detail as follows.

1. Disease: How impaired is the population through the disease with regard to its
possible consequences:

e death e pain
e course of the disease e well-being
e disability ® poverty

e costs for the general public without early diagnosis

Screening methods: How good is the screening test in relation to

e sensitivity e costs
e specificity e safety
e simplicity e acceptance

e availability

Therapy options: How effective are the therapy options in relation to
o difference in effectiveness between early and delayed therapy
e patient compliance

Figure 12.2 Criteria for the inclusion of a disease in a screening program.
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12.1.3 Requirements for the target disease

12.1.3.1 Prevalence

One of the essential requirements for cost-effective screening is a sufficiently high prevalence
of the target disease in the population group examined. Dependent on the costs for the
screening test, the prevalence should be at least 5-10%. The inherent low prevalence of most
diseases, at least in the general population, leads to a very low positive predictive value for
many screening tests irrespective of the disease investigated, even if the accuracy of the test
is very high (Bayes” Theorem). This would indicate that a large number of examinations on
ultimately healthy persons have to be performed in order to discover just a few cases of dis-
ease. The prevalence of a disease can be elevated in a group of individuals for which risk
factors are known; these make the disease more probable, e.g. considering the risk factor
“age” for breast carcinoma or colorectal carcinoma as a preselection criterium.

12.1.3.2 Anticipated success of treatment

Apart from an adequate prevalence of the disease screened for, the following requirement
for effective screening should also be fulfilled: the target disease should, if it remains un-
treated, be accompanied with a high morbidity and mortality, and treatment at an early
stage should show a significantly improved outcome. Otherwise the screening would not
lead to an improvement in quality of life and would therefore be senseless; the volunteer
would be unnecessarily burdened by their possibly unfavorable diagnosis.

Diseases that are reasonable to screen for include colon carcinoma, breast carcinoma,
bronchial carcinoma, and atherosclerosis in its many manifestations. This is due to the
good treatment options available for the early stages of the disease, but also to the high
prevalence in the general population.

12.1.4 Requirements for a screening test

12.1.4.1 Availability

The ideal screening test should be available ubiquitously, such that all persons falling into
a screening category can be examined. This raises the benefit of screening; at the same time,
a “fair” distribution of screening examinations can take place.

12.1.4.2 Costs

The screening test should only require a low level of resources for its realization and inter-
pretation. Furthermore, it must be considered that the costs also include any additional
indirect examinations, which are for example required in the case of unclear results.

12.1.4.3 Diagnostic accuracy

High accuracy and conclusiveness for a screening test, as described by the parameters of
sensitivity, specificity, positive and negative predictive values, may reduce the number of
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additional examinations required in the case of unclear results, thereby considerably re-
ducing the follow-on costs.

12.1.4.4 Tolerance

Another important aspect the screening test has to fulfill is that it shows no (or a low, ac-
ceptable degree of) side effects. While it is ethically justified to accept certain risks in a di-
agnostic technique for patients with disease symptoms or known diseases, for the usually
healthy individual undergoing a screening program this only applies to a very limited
degree.

12.1.4.5 Acceptance in the population

The major significance the acceptance of a test has on the success of screening measures can
be illustrated with the example of cervical carcinoma. Women with the highest risk of de-
veloping cervical carcinoma very seldom go for a preventive examination, and the disease
is therefore often only diagnosed at an advanced stage. Only if a large proportion of per-
sons for whom a screening measure is foreseen also take part in the screening program can
the target disease be reduced in the general population.

However, the acceptance among physicians also plays a role: Screening tests are some-
times not performed because the physician considers them too time-consuming or labori-
ous; this category of examinations sometimes also includes colonoscopy. The simplifica-
tion of screening tests must continue to be perused to improve acceptance from all
involved; information should be disseminated to a greater extent than has previously been
the case, so that the physician as well as the volunteer can be more convinced to accept the
effort entailed with an examination.

12.1.5 What can screening lead to?

12.1.5.1 Consequences of successful screening

Screening tests more often yield true-negative results than true-positive results, as the
prevalence of the disease intended to be detected lies usually below 50%. If a screening test
yields a true-negative result, the examination is concluded.

In the case of true-positive results, either the appropriate therapy is immediately initi-
ated, which can include risk factor reduction or chemotherapy or an operation or further
examinations which have to be carried out to specify the stage of the disease or its conse-
quences more precisely. Unfortunately, after his/her assessment of the images, the radiolo-
gist does not know whether the diagnosis is correct or whether a false result has been ob-
tained.

12.1.5.2 Consequences of incorrect results

The accuracy of medical tests, including radiological techniques, never reaches 100%. This
means that erroneous or uncertain results can always arise. False-negative results do not
have any immediate consequences for the radiologist or volunteer, but ultimately the op-
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portunity for early therapy of the non-detected disease is missed, with the related reper-
cussions for the volunteer, but also theoretically for the radiologist (lawsuits).

False-positive results lead to additional diagnostic measures, assuming the volunteer
does not refuse. There may also be invasive examinations, such as biopsy or open surgery
of an uncertain lung lesion. This not only leads to increased overall costs, but possibly also
to deterioration in the state of health of the volunteer, who is retrospectively seen to have
been “healthy” prior to the screening test. The consequences not only have physical impli-
cations, but also affect the psyche.

12.1.5.3 Psychological implications: “Labeling” of the patient

Negative labeling: Results of medical examinations can have a severe impact on the psyche
of the volunteer. A positive test result can result in negative psychologic effects (“negative
labeling”): the volunteer can for instance develop a carcinophobia, which also remains af-
ter healing and deters them from visiting physicians in the future. This is especially com-
mon in the case of breast carcinoma patients [1]. At this point it is insignificant whether the
test led to a true-positive or a false-positive result. Negative labeling is especially problem-
atic from an ethical viewpoint, because it can lead to a continuous feeling of fear and threat
rather than an improved state of health.

Positive labeling: However, the opposite, “positive labeling”, can arise for a true-nega-
tive or a false-negative test result: The volunteer is pleased about his/her confirmed good
health and has the feeling that he/she will stay fit for work for many years to come just as
they have always been. But also in this case, a negative effect is conceivable if the volunteer,
for example, avoids going to the physician for many years to come and so forgoes the op-
portunity of early diagnosis of diseases in the future.

12.1.5.4 Definition of “health”

This aspect, often not considered by the physician, is addressed by the World Health Or-
ganization in its current definition of “health”: “Health” is a state of complete physical,
mental, and social well-being and is therefore not merely the absence of disease or infir-
mity. It will become increasingly necessary in the future to also consider the psychological
component of health, as indicated here.

12.2.1 History

Radiology classically investigates the symptomatic, individual patient; the term “screen-
ing” is often used in this context to describe the search for diseases in the individual. If the
term “prevention” is applied to the classical functions of radiology, this usually relates to
tertiary prevention. Screening in the sense of early diagnosis of diseases has until now been
primarily the domain of the clinical specialties that work with physical examinations or
blood tests, for example.

Possibly the first actual screening program based on radiological imaging and, at the
same time, one of the first screening programs per se, was the widespread X-ray imaging
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of the lung in the 1950s. It only served to benefit the well-being of the individual in a sec-
ondary sense; it was primarily designed to identify potentially infectious individuals with
tuberculosis, to treat them, and therefore to eliminate the sources of infection for the gen-
eral population. Effective primary prevention was thus carried out for the general popula-
tion. Two developments formed the condition for effective screening here: firstly, the intro-
duction of a mobile, miniature X-ray system in the 1930s by Russell Reynolds and Watsons
Ltd [2] (high availability, controllable costs, sufficient accuracy, limited side effects), and
secondly, the development of effective antibiotic therapy techniques in the 1950s.

Breast screening was introduced for the first time two decades later. Breast screening is
a classical example of secondary prevention: The aim is the earliest possible identification
and, consequently, early therapy of malignant breast lesions and therefore a reduction in
morbidity and mortality in the group of women affected. Whereas breast screening is al-
ready established in the USA and some European countries [3, 4], in Germany a heated
debate continues on the benefits and risks of general screening in the unselected popula-
tion [5].

12.2.2 The latest developments in radiology

Multi-slice computed tomography (CT) has been investigated in recent years as a screening
technique. As a result of its high diagnostic accuracy and short examination time, this tech-
nique is well suited for the detection of many diseases. Studies have particularly focused
on cardiovascular diseases [6], bronchial carcinoma [7, 8], and colon carcinoma [9].

In recent times, whole-body examinations can be carried out using CT systems with an
especially large number of detector rings without compromising spatial resolution. These
whole-body CT screening examinations are primarily offered in the USA [10].

12.2.3 Problems with ionizing radiation

All these examinations are accompanied by often significant radiation exposure. The as-
sociated risks have led the Federal Drug Administration (FDA) to issue radiation alerts [11,
12]. Nevertheless, the number of centers offering CT screening continues to rise, at least in
the USA [13].

The European Union has banned screening techniques that are accompanied by ionizing
radiation. To date, no radiological screening examinations are allowed by law in Germany
[14]; the only exception was passed by the Federal Standing Committee of Physicians and
Health Insurers at the end of 2003 for mammography screening [15] after several studies
had revealed a positive balance between benefit and risk [16]. According to EU guidelines,
mammography screening can only be carried out under stringent quality assurance condi-
tions [17, 18]. Here screening means sacrificing the requirement for a justified indication in
the individual case if this coincides with a benefit for the group of persons examined. “Ac-
cording to the German X-ray Ordinance, widespread X-ray survey examinations for breast
cancer screening represent an application outside of medical science in the strict sense, as
they do not pertain to a patient with a result requiring clarification. Examinations of this
type must be specially approved in accordance with Article 25, Paragraph 1, Clause 2 of the
German X-ray Ordinance (R6V) to ensure that radiation protection is appropriately ob-

149



Whole-body MRI for screening

served. The legal approval overrules the requirement for a justified indication otherwise
required in the individual case, which stipulates that the health benefits of the procedure
outweigh the associated radiation risk. The bodies responsible for issuing such approvals
are the highest health authorities in the federal states of Germany, which implement the
X-ray Ordinance on behalf of the federal government. Without this approval, mammogra-
phy screening is not allowed to commence” [19].

Apart from the exceptions stated above, this implies that all (!) radiological examina-
tions with ionizing radiation must be individually indicated, as is also the case in clinical
routine. Usually, this will not apply to screening examinations.

For this reason the focus of European interest is placed on an imaging technique that
does not involve X-rays and hazardous side effects: magnetic resonance imaging (MRI)
[20].

12.2.4 Why screening with MRI?

MRI is the imaging technique of choice in clinical routine work for assessing a wide range
of diseases. Nearly all organ systems can be very precisely investigated with MRI; from a
purely technical perspective, MRI can therefore be used as a screening test for all these
technically presentable diseases.

Compared with computed tomography, which is accompanied by radiation exposure,
the risks of an MRI examination are minimal; no detrimental side effects have occurred to
date in clinically approved examinations [20]. However, intravenous contrast agents,
which are often an integral component of the examination, are associated with undesirable
effects in individual cases. Even though these are rare, an anaphylactic reaction can indeed
occur. Compared with contrast agents containing iodine, the paramagnetic MRI contrast
agents approved so far are not nephrotoxic in the normal dosages [21, 22, 23]. On account
of this low side-effect profile, MRI is increasingly accepted as a radiological examination
modality not only by physicians, but also in the general population; in particular, an MRI
examination is already in demand as a “screening technique” among health-conscious
persons who can afford this examination themselves. This self-referral type of examination
does not comply with the definition of screening, however, as there is no precise definition
or characterization of the group of examinees.

Single organ screening for the most important diseases will be briefly introduced here,
because the evidence regarding indications, possibilities, and limitations is partly transfer-
able to whole-body screening as it is possible today. The advantages and disadvantages of
whole-body MR examinations will then be presented.

Until now, the restricted field of view of MR systems generally only allowed the examina-
tion of single organs. These cannot usually be combined in a single session for logistical
reasons (multiple dynamic sequences following application of contrast agent) or for rea-
sons of time (acceptance of the overall examination time). The first screening studies in
radiology were therefore limited to single organs.
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12.3.1 Tumors

The term “screening” is used in oncology to describe the search for metastases in patients
with known primary tumors. The cost-effectiveness of metastasis screening is not known
precisely for all types of tumors; as the sub-group of tumor patients is relatively small,
consensus prevails as to the necessity and the moral obligation to thoroughly examine
these patients, because the therapy can vary from surgery to adjunctive or palliative thera-
py depending on the stage of the disease. Tumor screening is also suitable, at least techni-
cally, for secondary prevention as demonstrated by the following examples.

12.3.1.1 Bronchial carcinoma

Current bronchial carcinoma screening measures reflect the significantly higher chances of
therapy success at the earliest possible stage. Due to its inherently high spatial image resolu-
tion, computed tomography (CT) represents the method of choice for the detection of malig-
nant lung lesions, also in their early stages. The radiation exposure associated with CT has,
however, so far restricted its use as a screening method even among the risk populations.

MRI of the lung was, until recently, unsuitable for the detection of small pulmonary le-
sions due to the susceptibility effects on the margins between the interstitium and the air-
filled alveoli. Turbo spin-echo sequences with ultra-short echo times often completely
suppress these artifacts and lead to a promisingly high sensitivity in the detection of le-
sions above 10 mm in size [24, 25]. Small, partly calcified lesions are not detected due to the
lack of signal-enhancing spins, and very small lesions under 3 mm are only rarely detect-
able. Research has to reveal whether these advancements may even lead to an increase in
specificity and hence to a partial advantage over CT, which is not very specific.

12.3.1.2 Prostate carcinoma

Prostate carcinomas are today diagnosed on the basis of various examinations (measure-
ment of prostate-specific antigen, palpation, and, if necessary, transrectal ultrasound and
biopsies). In comparison, MRI has demonstrated its potential for precise localization and
staging of a carcinoma in clinical studies [26, 27].

Unpleasant endorectal coils are often no longer used today; suitable combinations of
new surface coils are usually sufficient to achieve adequate image resolution, and this
raises patient acceptance significantly. However, larger prospective studies on the use of
MRI as a screening method are still outstanding.

12.3.1.3 Breast carcinoma

The dependence of the prognosis on the time of detection (tumor stage) for breast carci-
noma is well-known [28] and has led many countries to offer conventional mammography
as a screening measure starting at a certain age; however, this is accompanied by low ac-
curacy and very high radiation exposure.

MR mammography, on the other hand, is a significantly more accurate method of detect-
ing breast carcinoma [29], although the challenge of raising the hitherto inadequate speci-
ficity will continue in the years to come. MR mammography is currently used especially as a
screening technique to detect secondary tumors prior to planned operations or for precise

151



Whole-body MRI for screening

characterization of unclear mammography results. MRI is especially effective in identifying
genetically linked breast carcinoma, which, on account of the high gland density of the gen-
erally young patients, often cannot be identified using conventional mammography [30]; at
the same time, radiation exposure of these patients is to be avoided in view of the higher ra-
diation sensitivity of the mammary gland tissue. Sensitivity and specificity of MRI for this
purpose are 100% and 95% [31]. Also in the case of breast carcinoma, the effectiveness of MRI
largely depends on the sufficiently high prevalence of the disease in the group of women
examined, which can be obtained by effective preselection of the volunteers.

12.3.1.4 Colon carcinoma

Colorectal carcinoma is an especially well-suited example of a disease whose early diagno-
sis leads to an improved prognosis: The prevalence of colorectal carcinoma is very high,
even in the unselected general population. Approximately 6% of the general population
will develop a colorectal carcinoma in the course of their lives [32]. The disease is lethal if
it is diagnosed too late and has significantly better chances for healing if diagnosed in its
early stage. The special biology of the colorectal carcinoma, which usually develops over a
long period of time from a precancerous polyp to a fully formed carcinoma [33], has made
colonoscopy a promising screening method in medicine, at least in theory [34]. However,
the acceptance of this screening method within the population due to the necessary laxa-
tive measures and partly the pain associated with colonoscopy is limited. This reduces the
effect of today’s screening measures; despite worldwide campaigns, incidence of the dis-
ease continues to rise [35]. Alternative screening techniques, which are better accepted by
the general population, are urgently needed to control this common disease.

The introduction of CT and MR colonography was encouraging in this regard [36]. Pol-
yps above a size of 8 mm are identified very reliably [37, 38, 39]; this is quite adequate for
effective screening in light of the growth properties of colonic carcinoma [40]. The prepara-
tion time (colon cleansing on the evening before the examination) and the actual examina-
tion time are considerably shorter than for conventional colonoscopy, and the examina-
tions are objectively far more tolerable and can therefore be performed without pain
medication or sedatives.

Several sequences are available to assess the colon, which is distended after administra-
tion of a spasmolyticum by an enema using air or aqueous solution. They differ in the sig-
nal from the enema and the colon wall. Today, a gradient-echo sequence with T2/T1 con-
trast as a “bright lumen” technique or a T1-weighted gradient-echo sequence before and
after intravenous administration of contrast agent is usually used. The latter is particularly
suitable for differentiating any stool residues (these are hyperintense already in pre-con-
trast images) from colon wall lesions (these only yield a signal after administration of
contrast agent [41]).

Extremely promising efforts are currently aimed towards making colon cleansing super-
fluous. Oral contrast agents are used to adapt the signal of the stool to that of the enema, so
that one can “see through the stool” [42]; confusion with colon wall lesions should thus
ideally be excluded.

A special advantage of MRI, however, lies in the extended field of view: Beyond the
mucous tissue of the colon, it should be possible to assess the outer colon layers and fur-
thermore also the organs of the upper abdomen; thus, evidence can be found simultane-
ously on the presence e.g. of hepatic metastases.
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The costs for MR colonoscopy usually lie in the same region as those for colonoscopy
[37], so that at least a certain prospect of cost acceptance by the health insurance companies
exists once the promising results so far are also confirmed in the long term.

12.3.2 Atherosclerosis

Most clinical or radiological diagnostic techniques for vascular pathologies are either im-
precise in localizing and ascertaining severity or are restricted to a limited field of view,
which is inadequate for the systemic nature of the disease. Computed tomography, al-
though it does in principle produce high-resolution images [43], also has to be included in
this group, since in such cases it requires such a high radiation dosage that it can hardly be
used as a “whole-body” screening examination. The invasive, more expensive examina-
tions and those involving radiation exposure are restricted to individual volunteers who
are symptomatic or at least show a high “pretest probability” of arterial pathologies.

12.3.2.1 Peripheral atherosclerosis

MR angiography produces good results comparable with conventional angiography in al-
most all arterial vascular regions, including the carotid arteries [44], the renal arteries [45],
and the peripheral vessels [46, 47, 48, 49]. Today arteries can be examined from “head to
foot” with a single application of contrast agent; the results are three dimensional, high
quality, easy to post-process, and accurate angiograms [50, 51], which, at least in the larger
radiological centers, have largely replaced diagnostic catheter angiographies for the assess-
ment of these vessels.

Due to the high prevalence of atherosclerosis in the population, the large number of
known risk factors, which allow effective preselection of those volunteers likely to be af-
fected by atherosclerosis, and the high level of therapy success once the disease is identi-
fied at an early stage, screening measures are generally effective. MR angiography is a
technique available to the physician and volunteer which, within minutes, can reveal ves-
sels not yet significantly affected in the asymptomatic individual. The comparison of costs
between the conventional procedure (several days hospitalization, multiple not very ac-
curate or invasive examinations, possible limitation to one or a few territories) and this
new approach (outpatient MR angiography) is of course not easy to carry out; however,
hard data in this regard would be of enormous importance for future discussions with the
referrers.

12.3.2.2 Coronary heart disease

Coronary heart disease (CHD) is one of the leading causes of death in the western world
[52]. Whereas the known risk factors can be ascertained by physical examination, labora-
tory tests, and medical history, MRI offers the possibility of identifying damage to the heart
muscle that has already occurred. The direct depictability of at least the proximal coronary
segments and perfusion examinations of the myocardium also provide evidence of early
stages of disease. It is also the case for coronary heart disease that the prospects of success
are significantly raised by early intervention, whether through reduction in risk factors,
medication, or minimally invasive therapies.
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As in the examination of peripheral vessels, until now rather inaccurate or more inva-
sive diagnostic methods have been available for the detection of CHD. Cardiac MRI today
allows non-invasive examination of regional and global contractility [53, 54], heart valve
function and morphology [55], myocardial perfusion, and myocardial viability [56, 57, 58].
Although MRI is competitive or even more accurate than competing techniques [59] in
many fields of investigation, MRI still suffers from its too low spatial resolution in the di-
rect presentation of the distal segments of the coronaries, which still limits its sensitivity for
coronary stenoses. The examination of myocardial perfusion under stress conditions (in-
duced in MRI mainly by medication) can compensate for the absence of direct coronary
imaging, as the perfusion of affected coronaries differs from the normal coronaries even in
a very early stage of stenosis [60]. However, stress perfusion is a complex and not com-
pletely hazard-free technique. The screening examination for CHD therefore remains lim-
ited primarily to movement disorders, myocardial infarcts, and possibly to the direct imag-
ing of the proximal coronary arteries.

12.3.2.3 Cerebrovascular diseases

The head is the region of the body that was most often examined at the beginning of MRI
development and still is today. Inflammatory, neoplastic, degenerative, and vascular dis-
eases can be assessed very reliably [61, 62]. The established spin-echo-based sequences for
the presentation of morphology have been supplemented in recent years by complex tech-
niques which reflect the functional processes in the brain (“blood oxygen level dependent
imaging”, “diffusion weighted imaging”, etc.).

Atherosclerosis screening must allow both extracranial as well as intracranial arterial
vessels to be imaged with high spatial resolution. This is still one of the few remaining in-
dications for time-of-flight sequences in many clinical departments. The small intracerebral
vessels can be thus imaged in patients who have already suffered a cerebrovascular event;
previously asymptomatic individuals, especially those from risk groups, can also be exam-
ined easily and quickly. The size, number, and distribution pattern of ischemic regions
usually allow the possible etiologies to be derived; microangiopathic damage of the white
substance indicates a prolonged arterial hypertony [63], whereas thromboembolic changes
can usually be explained by severe carotid stenoses. MRI is certainly in a position to quan-
tify vessel wall changes as the most important prognostic criterium for cerebral insults and
to partly characterize vessel wall components; until now, however, this has required the
procurement of high-resolution surface coils and the use of several different MR sequences.
The investment in time for volunteers, as well as medical-technical personnel, is certainly
still too high for use as a screening examination. Ultrasound-based examination techniques
are better suited for this application, but they cannot image the complete anatomy of the
vessels as MRI can, especially the components near the base of the skull.

12.3.3 Arrhythmogenic right ventricular dysplasia

The suspicion of an arrhythmogenic right ventricular dysplasia (ARVD) usually exists after
an event triggered by a ventricular tachycardia. As ARVD includes a genetic component,
non-symptomatic family members of someone affected are often screened for this disease.
MRI, with its high soft tissue contrast, allows not only a high degree of detection and lo-
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calization of fatty components in the myocardium, but also the assessment of right ven-
tricular form and function. Right ventricular signs of ARVD in MRI correlate well with
evoked potentials, which has resulted in MRI being increasingly used as a screening meas-
ure [64, 65].

12.3.4 MR venography

Pulmonary angiographies have been performed with MRI for a long time now in many
clinical departments as a single-station examination. They can be easily combined with the
examination of veins of the lower extremities and the pelvis to verify thromboembolic ori-
gin, also in patients with paradoxical embolisms [66]. Another typical indication for whole-
body MRI is clarification of the extent and localization of arteriovenous malformations.

12.3.5 Whole-body measurement of muscle and fat mass

The possibility of imaging the whole body in axial slices with MRI also opens up the pos-
sibility of determining the total fat content or the muscle mass of a person [67, 68] (also see
Chap. 10). The latter can, for example, be used to measure the effectiveness of training [69].
It is also known that the fat distribution (subcutaneous versus intraabdominal fat) is of
prognostic importance for cardiovascular events [70]. Whole-body MRI also shows itself to
be useful in the case of other systemic diseases, either to determine the propagation of a
disease [71, 72], such as polymyositis or muscular dystrophies [73], or to measure therapy
success.

12.3.6 Fetal malformations

The use of MRI as a screening technique for fetuses has shifted to the center of attention at
the moment. Here, imaging is particularly reliant on fast sequences with little susceptibil-
ity to motion artifacts. Especially successful are T2-weighted fast turbo-spin sequences
with a high turbo factor in various planes angled to the structures of interest. The focus of
attention is on the early and, above all, accurate diagnosis and characterization of cerebro-
spinal malformations. Another interesting indication is presented in the determination of
fetal cerebral oxygenation in risk groups (placental insufficiency) [74].

Even sequences with high incident radio frequency energy do not lead to a significant
increase in temperature in the region of the fetus [75]. Animal experiments on embryonic
or blastocyte development after exposure to MRI or MR contrast agents have, however,
been contradictory in the past [76, 77, 78]. Thus, there is a wide consensus that female pa-
tients in the first trimester should only be examined with MRI after a careful assessment of
the indication, also for psychological reasons: If there is a detrimental development, the
suspicion of damage through the MRI cannot usually be refuted.
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The possibility of not only examining limited regions of the body, but also the whole body
in its entirety, with one or more sequences has attracted special interest in recent times. This
necessitated a series of developments to facilitate more robust, faster, and spatially higher
resolving image acquisition.

12.4.1 Technical requirements

The rapid advancements in MRI systems, with their remarkable reduction in image acqui-
sition time combined with newly developed moving table techniques, allow the coverage
of more than one body region or organ system (also see Chap. 1). Suitable combinations of
MR sequences can therefore, in theory, be used for cost-effective screening. The accelera-
tion in image acquisition can be utilized to reduce the examination time for the volunteer,
or more images can be acquired in the same time, such that the application spectra of MRI
and CT merge to some extent. At the same time, the advantages of MRI over CT of inherent
high soft tissue contrast, the arbitrary choice of slice orientation, and the option of three-
dimensional imaging remain. These useful characteristics mean that pathomorphological
changes can be identified with greater certainty and at an earlier stage with MRI.

12.4.2 Applications

There are nevertheless only few studies in the current literature which use MRI as a con-
trolled screening examination; there are hardly any studies that extend beyond single or-
gan screening, as used for breast and colon carcinomas, to whole-body examination strate-
gies.

There are essentially two groups of patients for whom “real” whole-body MR screening
protocols have been applied on a somewhat larger scale so far. These firstly include tumor
patients, which has been described previously (see also Chap. 6, 7, 8, and 11). This falls
under the category “tertiary prevention”.

Secondly, risk patients for vascular disease are at the focus of interest, primarily because
atherosclerosis is the number one cause of death. The patients are predominantly prese-
lected, in that arteriosclerotic changes have been identified in one or more other territories
or they fulfill a particular risk profile, which increases the prevalence for the region exam-
ined. The individual vessel stenoses do not need to have led to symptoms, though.

However, the new “revolutionary” idea for radiology has been to apply such whole-body
protocols on non-symptomatic volunteers as part of a secondary screening program.

12.4.3 Combined atherosclerosis and tumor protocol

A protocol for a comprehensive examination, not only of the vascular system, is presented as
follows (Table 12.1). Due to the systemic nature of atherosclerosis, a specific screening proto-
col has to demonstrate high accuracy in the detection of vascular changes over several re-
gions of the body. This includes the cerebrovascular system with its extracerebral and intra-
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Table 12.1 Protocol for a whole-body MRI examination for atherosclerosis and colonic polyps. The
total examination time (‘in-room time *) is approx. 60 min. SE: spin-echo sequence; TSE: turbo spin-
echo sequence; CA: contrast agent; FLAIR: fluid-attenuated inversion recovery sequence; HASTE:
half-Fourier single-shot turbo spin-echo sequence; trueFISP: true fast imaging with steady-state
precession

Examination Sequence Special features
MRI of the head T1w SE axial Unenhanced
T2w TSE axial
2D inversion recovery FLAIR
axial

Diffusion-weighted echo
planar imaging axial

Whole-body MR 3D spoiled gradient-echo Individual bolus timing in the ascending
angiography sequence coronal aorta;
double dose CA diluted to 60 ml; injection
protocol:

30 ml at 1.2 ml/s,
30 ml at 0.7 ml/s,
and Nadl flush at 1.2 ml/s

MRI of the heart 2D HASTE axial Covers heart and entire lung

2D trueFISP short axis (‘shared | Detects motion disorders and valve patholo-
phases’), as well as two, three, |gies
and four chamber view

2D inversion recovery Uses CA administration from MR angiogra-
gradient-echo sequence ('late | phy; no repeated administration of CA
enhancement’) long axis

3D inversion recovery
gradient-echo sequence ('late
enhancement’) short axis

MR colonography | 3D spoiled gradient-echo Prior to and 75 seconds after single dose of
sequence coronal CA at 2 ml/s

MRI of the head Contrast-enhanced T1w gra- | Uses the CA previously applied
dient-echo sequence axial

cerebral arteries, as well as the parenchyma supplied by these vessels. It is really rather
difficult to predict cerebrovascular disease; only 26-50% of patients with a peripheral vascu-
lar occlusive disease (PVOD) have a cerebral component [79, 80]; many patients with a vas-
cular disease are however only diagnosed once they have become symptomatic [81].

The screening protocol for atherosclerosis also includes the vascular examination of the
aorta, supraaortal branches, visceral vessels, and the periphery. The possibility of imaging
all these vessels in a single, brief examination has significantly changed the diagnostic
procedure in centers having his facility. Finally, the heart should be examined (Fig. 12.3,
12.4). Even though the examination may often “only” be able to look for wall motion dis-
orders and previous cardiac infarcts for reasons of time pressure or the lack of suitable se-
quences, even this provides important information, since the rate of unknown cardiac
infarcts/unidentified CHD is not inconsiderable [82].
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Assufficiently comprehensive combination protocol for the radiological screening of two
particularly common and potentially lethal diseases — atherosclerosis and colon carcinoma
—is described in [83]. The protocol optimizes the logistics of contrast agent administration,
which is not trivial if several individual examinations are to be performed in a single ses-
sion without impairment of quality; it offers the examination quality commonly found in
clinical routine and can be performed within 60 min (Table 12.1).

The head is examined according to clinical standards. This includes diffusion-weighted
sequences and 3D time-of-flight (TOF) MR angiography. After completion of all other sub-
sequent examination components, for which contrast agent has been applied in the mean-
time, a T1-weighted sequence of the head is acquired, which increases the sensitivity for
the detection of potential cerebral tumors.

Figure 12.3a-e 64-year-old female patient without a conspic-
uous medical history with a normal MRI of the head, represen-
tative T2w turbo spin-echo sequence (a) and 3D time-of-flight
(maximum intensity projection) (b). Whole-body MR angiogra-
phy was acquired with the integrated body coil on account of
adiposity, hence the lower signal-to-noise ratio (c); however, it
still clearly reveals a moderate proximal renal artery stenosis
(arrow). MRI of the heart (d) shows the incidental result of aor-
tic valve insufficiency (arrow) with a normal late enhancement
sequence (e).
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Figure 12.4a-d
64-year-old volunteer
without a conspic-
uous medical history
with mild cerebral
microangiopathy (a),
a previously uniden-
tified abdominal
aortic aneurysm of

5 cm with thrombus
margin (arrow) and
ectactic pelvic arteries
as revealed by whole-
body MR angiography
(b) (image with the
AngioSURF system
and surface coils), and
normal MRI of the
heart function (c) and
the myocardium (d).
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The whole-body MR angiography was performed with the aid of a system-compatible
“roller-mounted table platform” (back then the newer systems with integrated whole-
body image acquisition were not yet available) [50]. This platform allows acquisition of
5-6 three-dimensional angiography data sets following a single administration of contrast
agent using the “bolus chase” technique. Besides the possibility of now covering a field of
view in excess of 180 cm without repositioning the volunteer, an advantage of this system
is the use of surface coils, which, thanks to their higher signal-to-noise ratio, deliver sig-
nificantly improved image quality compared to the body coil integrated into the scanner.

Heart imaging involves an axial T2-weighted “dark-blood” sequence to produce a mor-
phological overview; this is however extended in the craniocaudal direction to include the
entire lung. Images of this type are very sensitive for the detection of focal lung nodules [84].
Functional imaging with fast gradient-echo sequences (T2/T1 contrasts are most informa-
tive), as well as late enhancement sequences using inversion recovery sequences to optimize
the contrast of infarctions versus healthy myocardium, are acquired in several short and long
axis sections. Here, late enhancement imaging uses the intravenous contrast agent previously
applied for MR angiography, and repeated administration of contrast agent is not required.

In the last part of the whole-body MR, attention is then turned to malignomas, and MR
colonography is performed (Fig.12.5). Colon carcinoma, as the second most frequent ma-
lignant cause of death after bronchial carcinoma, is the special focus of attention. A three-
dimensional T1-weighted gradient-echo sequence is acquired following spasmolysis and
rectal enema [85].

In unselected volunteers, who were above all characterized by the fact that they were
interested in such screening measures (average age 51 years), the rate of significant athero-
sclerotic findings was rather low [83, 86] (myocardial infarcts 0.3%, strokes 0.6%, signifi-
cant carotid stenosis 1%, significant renal artery stenoses 0.3%, significant peripheral ste-
noses 1%); colonic polyps were diagnosed in 4% of cases, there were no colonic carcinomas.
Of course, the prevalence of such conditions also depends on age. It is, however, as yet
unknown whether the persons with positive results take the diagnosed disease seriously
and take advantage of therapeutic measures, such as risk factor reduction or the regulation
of hypertension with drugs.

Figure 12.5 57-year-old volunteer with a small
polyp in the sigmoid colon. T1w 3D gradi-
ent-echo sequence using the “dark lumen”
technique after administration of intravenous
contrast agent.
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12.4.4 Secondary results

Of special interest, but also especially unclear, is what the radiologist should do with the
more frequent “secondary results” or incidental findings. He/she cannot only concentrate
on the target disease (atherosclerotic changes in vessels, heart, and head, or colon lesions);
especially three-dimensional imaging and repeated coverage of the abdomen in the arte-
rial phase (MR angiography) and the portal-venous and venous phases (MR colonogra-
phy) are known to yield particularly accurate information on pathologies in other organs
and structures [87], starting with the parenchymal organs of the upper abdomen and ex-
tending across all bone and soft tissue structures in the field of view through to lymph
nodes and the venous system. The pathologies that can be discovered include very rare
malignomas (Fig. 12.6); renal cell carcinomas or suspected lung lesions are the most com-
mon, although they only occurred in [86] in just 0.6% of cases. Even benign results can
impair quality of life, such as axial hiatal hernias of the stomach, cerebral aneurysms, heart
valve defects, prostate hypertrophy, herniated vertebral discs, and others.

Figure 12.6a-c 63-year-old volunteer with Hodgkin’s disease diagnosed 3 years ago; he came for
atherosclerosis screening. The first station of MR angiography shows a previously unknown circular
constriction of the right internal carotid artery (arrow) in the maximum intensity projection (a); the
source images (b) lead to the suspicion of cervical, supraclavicular, and axillary lymph node infiltra-
tion, which was confirmed in the delayed contrast images not only here (c), but also in the abdomen
and pelvis. The volunteer was hospitalized for renewed therapy of the lymphoma.
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Figure 12.7a, b Secondary result in a whole-body MRI for a 63-year-old volunteer without symptoms.
The coronal source image from the second station of the contrast-enhanced 3D MR angiography (a)
shows a lesion in the left kidney, which can be diagnosed with certainty as a renal cell carcinoma
with the subsequent axial 3D gradient-echo sequence (b) (arrow).

Non-vascular pathologies are often just “surmised” and cannot be characterized in more
detail (Fig. 12.7). It is certainly not admissible to “overlook” these pathologies. A subse-
quent sequence (ideally axial T1-weighted) through the neck, thorax, abdomen, and pelvis
can be additionally supplemented to avoid having to call back the volunteers for a second
exam in this not inconsiderable percentage of cases. Nowadays this sequence should be
three dimensional, on the one hand for reasons of good image quality with an adequate
signal-to-noise ratio while still maintaining a small slice thickness, and on the other hand
for the option of multiplanar image reconstruction. For similar reasons, the entire examina-
tion should be followed by a T1 sequence of the head, which should be performed as a
contrast-enhanced sequence following the preceding administration of contrast agent to
detect less common, but relevant, cerebral tumors more reliably.

What these incidental results ultimately means to the volunteer, whether the discovery
of some benign or malignant disease positively influences his life and well-being in the
long term, is still unclear. The answer to this question is particularly complicated by the
diversity of diseases that can be diagnosed in MRI and the nontrivial combination of effects
on the volunteer.
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Screening with MRI is really very much in its infancy. Studies have to clarify some ques-
tions before partial or whole-body screening should be actively recommended.

12.5.1 Diagnostic accuracy and predictive value

The diagnostic accuracy of whole-body MR strategies is largely known from individual
clinical examinations, and, insofar as the same protocols are used, these are theoretically
transferable to whole-body screening examinations, as long as no compromises in the im-
age quality and number of sequences are made.

Positive and negative predictive values are crucial parameters for the quality and
“meaningfulness” of a screening test; these are strongly dependent on the collectives stud-
ied and cannot simply be extrapolated from previous clinical studies of discrete diseases.
From the clinical perspective, we consider the outcome of symptomatic persons with
known diseases; from the screening perspective, we mainly consider healthy, non-sympto-
matic persons. Ideally we would have knowledge of the positive and negative predictive
values for all individual detectable diseases. As long as these are not accurately known,
screening should primarily be performed for diseases that appear suitable for this purpose
on the basis of previous experience.

12.5.2 Unresolved questions

We have to admit that we have hardly any concrete knowledge on the cost-benefit ratio of
such examinations, especially when it comes to non-focused whole-body MRI examina-
tions, which underlines the necessity of prospective large-scale studies. These should be
conducted under controlled conditions and should include both defined patient and vol-
unteer selection as well as long-term documentation of the benefit for the studied group,
which ultimately has to be weighed against the cost for the individual and the general
public.

The low number of relevant results in a “normal collective” as in [86] at least leads to the
speculation that the total cost-benefit effect of such complex techniques as a 60-minute MR
whole-body examination would not be economically justifiable overall. In the future it is
above all a matter of conducting preselection to raise the prevalence and thereby the cost-
effectiveness of a whole-body MRI. A very promising group for whole-body atherosclero-
sis screening is formed for example by CHD patients, who in up to 50% of cases show renal
artery stenoses or carotid stenoses. The individual has a different perspective, as shown by
the growing number of self-referrers, and not only if the early detection of — uncommon —
relevant diseases leads to a prolongation of life or simply to an enhancement in quality of
life. For the individual, even a negative result can represent a major positive value, which
is hard to measure in monetary terms.

Other important factors still to be clarified before MRI is offered as a screening tech-
nique pertain to the availability of suitable systems; the costs for any supplementary and
invasive investigations; the morbidity and mortality rates in case of false-negative results,
but positive results as well; the psychological implications both of negative and of positive

163



Whole-body MRI for screening

results; the subsequent support for the patient by the relevant specialists; and many more
besides. And before the health insurance companies even consider accepting the costs, the
cost-benefit effect also has to be clarified. An important measure for the benefit of medical
measures in general, which should also be applied here, is the term “QUALY"” (quality-
adjusted life years), whose determination depends on repeated extensive surveys on
physical and psychological health and well-being.

12.5.3 Volunteer support and information

Because the implications of such whole-body screening examinations, which have only
recently been available, are not yet known, the requestors, whether they are referring phy-
sicians or self-referrers, should be informed in particular detail of all possible advantages
and disadvantages. Here it is above all important that the radiologist explains the limita-
tions of the technique in order that the volunteer is not convinced that they are “complete-
ly” healthy in the case of a negative result. MRI simply allows the diagnosis of diseases
ultimately accompanied by morphological changes. The conclusiveness of vascular changes
must also be discussed: In the case of non-significant stenoses, the luminography of the
carotid alone does not permit the conclusion that there is no risk of stroke, because the
condition of the vessel walls, which are not studied in most screening protocols, plays a
particularly important role; it must also be mentioned that the heart examination still usu-
ally shows a low sensitivity for the detection of CHD, especially in its early stages.

The limitations of many whole-body examinations often include the inability to assess
entire organs, such as the breast, prostate, or the small intestine for instance. The radiolo-
gist must fulfill his/her role as a physician with his/her knowledge extending beyond ra-
diology, understand the expectations of the patients with regard to the planned screening
test, and inform the volunteer of alternative diagnostic tests as applicable (diabetes melli-
tus, for example, is still diagnosed today with a simple glucose tolerance test).

The long-term effects of secondary results on the quality of life of the volunteers have
been investigated to an even lesser degree; the simple extrapolation of clinical study results
to healthy volunteers is not possible.

12.6.1 System developments

The system manufacturers have recognized contemporary demands and have reacted with
system developments that not only accelerate data acquisition and computation (the current
buzzword is “parallel imaging” even for whole-body imaging [88, 89] (also see Chap. 1),
but also include table movement and the effective use of dedicated coils. These develop-
ments have led to an entirely new way of thinking about and using MRI systems. The pos-
sibilities offered by whole-body examinations, whether for detection of tumors and metas-
tases or of vascular changes, have already led to a diagnostic paradigm shift, at least in the
larger radiological centers. On the one hand, tertiary “screening” can be performed in a
single MRI examination depending on the tumor type (see Chap. 6, 7, and 8); on the other,
the readiness to participate in such extensive secondary prevention screening measures
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has increased markedly, even though the costs are initially borne personally. Continued
rapid development, especially in the field of radio frequency technology and pulse se-
quence design, is set to further simplify MRI screening and make it less expensive at the
same time. For these reasons, MRI screening examinations will increasingly be the focus of
scientific and commercial interest.

12.6.2 New indications

One of the greatest challenges is without doubt the reliable and accurate imaging of the
coronary arteries. This addition would incorporate a measure of the most important cause
of death in a comprehensive assessment. In the field of malignant diseases, the ability to
assess the lung parenchyma must in particular be improved.

MRI as a screening technique for the diagnosis of colonic lesions, especially of the pre-
cursors and entities concurrent with a colon carcinoma, appears to already offer sufficient
diagnostic reliability.

12.6.3 Paradigm shift in secondary prevention?

Before MR screening can be offered on a large scale, prospective studies ultimately have to
clarify the relationship between the benefit for the examinee and the costs they and the
general population incur. But even before the relevant results are available, it would ap-
pear probable that MRI will play a crucial role in the increasingly prominent field of sec-
ondary prevention. This is due to the fact that the majority of relevant diseases, such as
malignant tumors and vascular diseases, can be detected at a very early stage with MRI. At
the same time, we are sure to see a shift in diagnostic measures from clinical departments
towards radiology (established examples include whole-body angiography for planning
the therapy of patients with arterial pathologies, as well as the diagnosis of colonic pathol-
ogies). As is already recognizable today, individuals will increasingly present themselves
of their own initiative to radiology to obtain a check up. In this situation, the radiologist
often adopts the role of a navigator, who, like the patient’s primary care physician, has to
advise on further diagnostic and therapeutic measures in case of a positive result. Whole-
body MRI screening is certain to bestow an increasing number of examinations on radiol-
ogy in the future, but also to impose new responsibilities upon the radiologist.
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Michael Thali

Since the discovery of X-rays by Wilhelm C. Rontgen in 1895, they have found use in many
radioscopic technology applications. At that time, not even a year passed before postmor-
tem examinations on mummies and the deceased had been performed [1]. Today, photo-
graphs of the first postmortem X-ray recordings from 1898 can be marveled at in radio-
logical museums in the USA [1]. Ultrasound technology, which was introduced a few
decades later, has also been used for postmortem examinations [2]. And in the 1970s, com-
puted tomography (CT) arrived for postmortem examinations. Pioneer work was carried
out by Bratzke et al. in 1982, which indicated that the postmortem CT could possibly play
a role regarding the ban on autopsy [3]. The idea of postmortem examinations of gunshot
injuries using CT was first proposed by Clasen and Torack in 1982 [4]. From 1983 onwards,
Schumacher et al. published their work on the subject of “computed tomographic exami-
nations of wound ballistics of cranial gunshot injuries” in which intravital CT gunshot in-
jury examination results were compared with neuropathological sections [5, 6]. They ar-
rived at the conclusion that imaging methods such as CT are a valuable addition to
neuropathological examinations in forensic investigations and could even be effectively
used prior to general neuropathological processing of the prepared brain. Their work also
showed that CT technology, which had just been introduced at the time, could differentiate
between entry and exit wounds, as well as allow the course of the shot channel to be de-
picted. After spiral tomography was introduced in 1989 by Willi Kalender from Erlangen
and Peter Vock from Berne on the occasion of the RSNA Conference in Chicago, three di-
mensional imaging of the body was successful for the first time [7]. This surmounted the
limitations of 2D images with three-dimensional body geometry, and the era of 3D visuali-
zation had also begun for forensic science.

As CT is the slice imaging technique of choice for bony structures and pathological gas
accumulations, yet shows significant weaknesses in soft tissue structures, magnetic reso-
nance imaging (MRI) is gaining in importance, also in postmortem applications [8-18].
MRI can plug precisely the gaps that CT has hitherto left open.

Its utilization in the field of forensic medicine began with a case published by Amberg
in 1989 regarding the identification of a deceased person performed by magnetic resonance
imaging [19]. Thereafter, MRI was mainly used for postmortem examinations of fetuses
and infants. The first comparative study was conducted in 1990 by Ross et al., in which the
examination results of six cases were compared between postmortem MRI and autopsy
[20]. Numerous postmortem MR studies on fetuses followed [21-23]. Only towards the end
of the 1990s were isolated research groups successful in overcoming the organizational and
logistical hurdles for postmortem imaging of human corpses with MRI, as until this time it
was only possible to scan using systems in the clinic outside of the patient care schedule
[10-13, 16].
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Virtual autopsy in forensic science using MRI - initial experiences

During this period, the Institute of Forensic Medicine at the University of Berne, Swit-
zerland, under the leadership of Prof. Dr. med. Richard Dirnhofer, shifted its research focus
towards the field of forensic imaging. The institute had been involved for many years with
3-dimensional surface documentation [24-29]. Modern tomographic imaging techniques
were designed to facilitate non-invasive imaging beneath the surface of the body, and thus
the methods of 3D body surface documentation were supplemented with radiological im-
aging by means of CT and MRI. The aim was to produce a fused data set from surface
documentation and volume scanning of the human corpse, which could be used to carry
out at any time a virtual autopsy to clarify questions arising in the sense of a “forensically
visible human”. The research project implemented in Berne was initially termed “Scalpel-
free Autopsy” or “Digital Autopsy”, but was then renamed to the now trademarked “VIR-
TOPSY”, indicating image-guided minimal-invasive autopsy.

The pseudonym VIRTOPSY is composed of the two words “virtual” and “autopsy” [16]:
e “virtual” originates from Latin and stands for virtuous and
¢ “autopsy” means “to see with one’s own eyes”.

The Institute for Forensic Medicine at the University of Berne, in collaboration with the
Diagnostic Institute for Radiology and Neuroradiology at the University Hospital of Berne,
decided to systematically evaluate the new tomographic techniques of CT and MRI for the
forensic sciences and to adapt them for postmortem use.

The challenge of the radiological part of the VIRTOPSY project is to develop through
suitable cases an image-guided, minimally-invasive autopsy to supplement the classical
autopsy technique, so that opening up the corpse in forensic science can be partially or in
some cases completely avoided [16, 30-33]. The autopsies takes place virtually on the ra-
diological tomographic data set; the objective results can be documented two or three di-
mensionally independent of the examiner and further analyzed in this form and vividly
demonstrated to the courts using 2D or 3D reconstructions.

Over the years, the previous VIRTOPSY technologies (3D surface scanning, postmortem
CT and MRI) were supplemented with microradiological examinations (micro CT and micro
MR) as well as magnetic resonance spectroscopy [34, 35]. In 2004, the methods were also sup-
plemented with postmortem image-guided biopsy to obtain fluids for chemical-toxicological
analyses, as well as for microscopic examinations. The first postmortem minimally-invasive
angiographies were also performed [36]. In this way, an autopsy case can be assessed from its
macroscopic (including angiological), histological, and toxicological aspects.

Part of the VIRTOPSY project is intended to evaluate whether the points of relevance for
the forensic medicine expert report, such as cause of death or atrium mortis, as well as the
pathomorphological results in the soft tissue, bone, and organ structures, can be assessed
and documented using imaging.

The Institute for Forensic Medicine of the University has investigated 120 postmortem
cases so far using whole-body CT and whole-body MRI. The radiological examination was
accompanied with a classical postmortem autopsy in each case. This allows the accurately
detailed correlation of radiological data with those from the autopsy and thus comparative
post-processing of the forensic results as are presented by the Armed Forces Institute of
Pathology (AFIP) in the field of clinical pathology.

The MRI examinations have taken place with a 1.5 Tesla MRI system up till now. All
regions of the body were examined in each case. The complete examination of a complex
traffic accident, for example, entails an examination time of 2-3 h.
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With regard to cause of death, MRI examinations are particularly well suited for detect-
ing brain trauma and brain damage (Figs. 13.1, 13.2, 13.10). In some cases it can provide
supplementary information to the autopsy if intracranial hemorrhaging drains away dur-
ing the autopsy and is then difficult to assess in its localization and extent.

Edematous findings can also be significantly better delineated in the MRI than macro-
scopically during the autopsy of the organ (Fig. 13.10). The cerebral structures of brain re-
gions subject to severe decomposition are also shown in the MRI and can still be intracrani-
ally assessed, which, during the autopsy, can only be identified as brain tissue debris and
cannot be macroscopically diagnosed.

The use of MRI in the cardiovascular system is of importance. Although coronary calci-
fication can only be assessed with difficulty in the CT in regard to its contribution as a
cause of death, MRI provides the possibility of also diagnosing myocardial changes.

It was possible to identify cardiac infarctions comparable with autopsy, as long as they
had been survived for at least a few hours (Fig. 13.7). The subsequent infarct healing stages
are clearly conspicuous in the postmortem cardiac MRI on account of their vital reactions.
The collagen infarct scars, as ultimate residues of myocardial ischemias, are clearly appar-
ent in the postmortem MRI. Coronary constrictions and closures can be diagnosed with
contrast agent CT and related to myocardial changes to complete cardiac diagnostics [36].

In the lung examination, inner livor mortis in the posterior regions, which can be misin-
terpreted as pneumonias by radiologists not familiar with postmortem imaging, are particu-
larly conspicuous. A pneumothorax is also clearly identifiable in postmortem imaging;
however, although post-traumatic lung contusions and blood aspiration lesions may indeed
be diagnosed, they are difficult to distinguish from one another in the individual case [16].

Ideally, the visualization and diagnosis of traumatic results in the skeletal system in CT
can be supplemented with MRI to present the corresponding soft tissue injuries in the fatty
tissue and in the muscular system, which is of crucial importance in reconstructive inves-

Figure 13.1 Suicidal shot to the head. Shot channel in MRI (coronal T2, left) and in the corresponding
orientation in CT (right): subcutaneous hemorrhaging right temporal (hyperdense); hypointense and
hypodense gas and hyperdense hemorrhaging in the shot channel; projectile fragment frontal left
(arrow) with signal loss in MRI and streaking artifacts in CT.
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Figure 13.3 Burned corpse with serious char-
ring. Fire hematoma (arrow): brain axial, GRASS
sequence (T2-weighting), frontal epidural,
crescent-shaped, inhomogeneous hyperintense
volume displacement between tabula interna
of the calvaria and dura mater, typical for a fire
hematoma. Subdural semi-circular gas accumu-
lation caused by heat-related intracranial vapor
pressure (black in the image), occipital fluid
level.

Figure 13.2 Suicidal shot through the head.
Shot channel in the MRI: temporo-frontal course
of the shot channel with the escape of brain tis-
sue left temporal (short arrow), crescent-shaped
frontal pneumocephalus (longer arrow).

tigations in forensic medicine [17]. The method of choice is MRI, not least due to its sig-
nificantly higher soft tissue contrast, although larger lesions are also detectable in CT ex-
aminations [37]. Whereas the diagnosis of brain damage presents no major problems, the
examination of traumatic lesions is difficult, above all in the liver, if death occurred sud-
denly and only small pathological blood accumulations or none at all could form in the
region of the lesion.

Heart wall injuries, whether traumatic or post-infarct, are far easier to ascertain, alone
by the subsequent pericardial tamponade. The most important forensic vital reactions,
such as air or gas embolisms, can be diagnosed without difficulties. Additional important
vital indications, such as fat embolisms, i.e. an influx of minute fat particles from contu-
sions of fatty tissue regions or bone fractures into the lung, cannot as yet be clearly de-
picted radiologically.

Tomographic imaging is ideal for visualization and subsequent forensic reconstruction
of injury results, especially with the improved comprehensibility for the medical laymen of
the criminal justice system and law enforcement. The improved comprehensibility of
medical results for those without medical training naturally leads to closer and more effec-
tive collaboration. The 3D presentations from CT were the first to leave a decisive impres-
sion on the investigating authorities.

During the VIRTOPSY project, several cases of strangulation were investigated by com-
paring postmortem images and autopsies. These results are now being used in the exami-
nation of victims who have survived suffocation or strangulation to assess the level of vio-
lence applied against the neck [38]. Until now, only the anamnesis and the externally
visible cutaneous injuries could be drawn upon, as invasive diagnostics without a medical
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Figure 13.4 Decayed corpse after 13 months in water. Advanced decay of the brain tissue: T2 axial
(left) and sagittal (right) deformed and compressed brain with isolated intracerebral gas bubbles
(arrow), as well as crescent-shaped subdural accumulations of gas under the calvaria, hyperintense
subdural fluid accumulations, and relatively well preserved intracerebral structures.

Figure 13.5 Decayed corpse after 13 months in water. Organ decay: T2 fat sat axial through the
upper abdomen (left) and thorax (right) with accumulations of putrefaction gas (arrows): intrape-
ritoneal, intrahepatic, subcutaneous, intramyocardial, intrathoracic. Accumulations of putrefaction
fluid: intrathoracic as pleural effusion.
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Figure 13.6 Natural death due to cardiac insuf-
ficiency.

Cor bovinum: short axis slice through right and
left heart chambers, extreme biventricular eccen-
tric hypertrophied heart.

Pleural effusion dorsal (short arrow) and some
ascites over the liver (long arrow) as signal-in-
tense fluid accumulations.

Figure 13.7 Natural death due to cardiac infarc-
tion.

Cardiac infarct rear wall (arrow): short axis slice,
STIR sequence, hypointense crescent-shaped
infarct region with minimal hyperintense ede-
matous margin. Subsequent pericardial tampo-
nade with partially coagulated and partly fluid
hyperintense blood.

Figure 13.8 Traffic accident: Car against pedestrian. Hip impact: Hip axial T2 fat sat. M. gluteus
maximus and M. adductor magnus left diffuse hyperintense and swollen, consistent with an edema
(arrow). Additional minimal edematous dorsal swelling of subcutaneous fat tissue of M. gluteus
maximus left.
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Figure 13.9 SIDS (sudden infant death syndrome).
Coronal, T2 fat sat of normal neck, thorax, and
abdomen: section includes trachea, pulmona-

ry vessels, left atrium, lungs, liver, spleen, and
stomach.

Figure 13.10 Fall on the head. Coronal slice orien-
tation, T2: subgaleal hyperintensity right (coup)
with subsequent subdural hemorrhage (longer
arrow) left (contre coup). Basal brain infarcts
temporal bilateral (short arrow) with increased
intracranial pressure.

Figure 13.11 Death by strangulation. Axial slice
orientation, T2: The left M. sternocleidomastoide-
us (longer arrow) is significantly more signal-in-
tense than contralaterally, and swollen, signal-in-
tense lymph nodes are conspicuous ipsilaterally in
the internal structures (short arrow).
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indication for the assessment of the case are not permitted. Through the use of MRI in
clinical forensic medicine, results ascertained by autopsy of deeper structures in the neck
can be used for the forensic assessment of living victims.

The VIRTOPSY project is conducted under the leadership of the Institute for Forensic
Medicine in close cooperation with the general and neuroradiological departments of the
University Hospital in Berne, as well as the Department for Magnetic Resonance Spectros-
copy and Methodology. Further collaborations exist between national and international
partners (www.virtopsy.com). Several examples from the forensic case collection have
been selected (c.f. figures), which represent rather unusual entities for the clinical radiolo-

gist.

¢ Hip impact ¢ Inferior infarct

e Fire hematoma e Gunshot channel 1

e Cor bovinum e Gunshot channel 2

¢ Brain decay e SIDS overview

¢ Organ decay * Subdural hemorrhage

¢ Fatty tissue contusions

Modern radiological tomographic techniques, such as multi-slice CT and MRI, have yet to
make inroads into daily routine work in clinical forensic medicine (examination of the liv-
ing) or in classical forensic medicine (examination of the deceased). In the field of forensic
virtual autopsy, imaging methods are currently used as supplementary examination tools
or are evaluated as systematic postmortem examination methods in comparison with au-
topsy. It has to be assumed that multi-slice CT, thanks to its simpler operation, is set to su-
percede classical X-ray technology in forensic institutes.

As a result of the considerably higher costs and more demanding operation, MR tech-
nology will require a significantly longer time before it can be applied in postmortem rou-
tine diagnostics. An innovative and motivated radiology team for collaboration with foren-
sic medicine is essential, as was realized in Berne.

An additional, but no less essential, problem of magnetic resonance imaging is that of
examination times, which are still relatively long. However, with the recent introduction of
spiral and moving-table MR technology, these times are being reduced to a level optimized
to the procedure. The future potential of MR technology is very high, and it is not yet pos-
sible to assess its full potential from today’s perspective. To cite just one example, with
modern fiber-tracking methods it is possible to present lesions on the axon level [39].

Postmortem data can be gathered without being affected by the increasing trend to
refuse autopsy (e.g. for religious reasons) in the population. Postmortem virtual autopsy
can of course also be applied for highly infectious or chemically-biologically contaminated
corpses (bioterrorism) with the concomitant advantages for the examiner. Imaging meth-
ods are suitable for forensic science, not least because data are collected without physical
contact, non-invasively, and the stored data can be called up unchanged from the storage
medium at any time for a second opinion or to facilitate a decisive expert opinion.

The knowledge verified by the correlation of radiology /pathology results has already
had an impact on the interpretation of injury results from living victims of violence. The
results form the basis for a scientific database of injury results that has been established in
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Berne, which, in the future, will contribute to the training necessary in the new field of fo-
rensic radiology and the quality assurance in this discipline.

Thanks go to all Virtopsy research members/partners who have contributed to the

project and to this article (cf. www.virtopsy.com), in particular to Dr. Christian Jackowski.
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