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Editorial

Professor Heinz-Peter Schlemmer is the head
of the radiology department at the German
Cancer Research Center and coordinator of the
‘Imaging and Radiooncology’ research program. He is a professor of oncological radiology
at the Medical Faculty of Heidelberg University. This year he founded the ‘Oncological
Imaging’ working group within the German
Roentgen Ray Society. In 2014 he will be the
President of the International Cancer Imaging
Society (ICIS) and host the ICIS’s annual conference as a multidisciplinary event, entitled
‘Working Together for the Patient’. The meeting will bring together radiologists, nuclear
medicine physicians, and radiooncologists in
Heidelberg for joint teaching and discussion.

Dear MAGNETOM Flash reader,
As radiologists, we are important partners of the interdisciplinary oncology
team. The increasing complexity of
diagnostic and treatment processes
brings with it the need for ever closer
collaboration among physicians in
surgery, internal medicine, radiation
therapy and radiology. And with many
tumor diseases, imaging plays a key
role in treatment decision making.
The rapid development of MRI and
computer technology has provided us
with impressive tools that allow us to
detect and functionally/biologically
characterize tumors with ever more
accuracy. For many tumor entities, early
detection, precise diagnosis, imageguided biopsy, staging of local and distant tumor growth, tumor characterization, treatment planning, treatment,
treatment monitoring and follow-up
essentially rely on imaging data.
Changes of imaging parameters during
treatment provide important information with regard to individual responses
to treatment. Imaging is also an indispensable tool in oncology research
and in the development of new oncological treatment procedures.
Particularly close links already exist
but will increasingly be expanded
between radiology and radiation
2

oncology. With the continued
advancement of high-precision radiation therapy, time-resolved 4D and
functional/biological MRI techniques
are becoming increasingly important
for target volume definition in radiation therapy planning as well as for
intra- and interfractional tumor tracking. These imaging parameters are
also essential for treatment monitoring and post-treatment follow-up
supporting quality assurance and
further improvement of therapy
approaches.
MR imaging covers a wide range of
techniques from time and spatially
resolved high-resolution multiparametric MRI with e.g. diffusion and
perfusion weighting through to wholebody MRI and PET/MRI with specific
radiotracers. In future, it will be
increasingly important that these
complex examinations are performed
and interpreted in a standardized
way. Objective and quantitative image
parameters can be used as biomarkers for individual tumor characterization and thus the stratification of
patients. Oncological imaging can, in
this way, contribute significantly to
individually tailored patient treatment
and objective assessment of treatment
response. Prospective multicenter
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studies, which are essential in clinical
research, often use imaging parameters as end points. At present, it is
common practice to use the merely
morphological but internationally recognized RECIST criteria for solid tumors.
But new functional MRI techniques will
be of substantial importance for early
assessment and further improvement
of targeted therapies.
Another challenge is the collaboration
among us radiologists, as modern
MRI technology provides us with methods and concepts that go far beyond
our organ-related subspecialization.
Malignant tumors have per se infiltrative and metastatic potential why they
should be considered systemic diseases that can affect the whole body
until proven otherwise. It may therefore be necessary to image several
body regions and organ systems
respectively, or even the whole body
in order to spy out distant tumor
growth and metastatic spread. In the
case of primary systemic tumor diseases such as hematologic tumors and
tumors of the lymphatic system, this
is mandatory.
Oncological radiology, however, is
more than just performing complex
MRI examinations. The entire proce-

Editorial

“Oncological imaging contributes
significantly to individually-tailored
patient treatment and objective
assessment of therapy response.”
Professor Heinz-Peter Schlemmer

dure from examination through to
image postprocessing, standardized
reporting, suitable report documentation, report communication as well
as integration into treatment and treatment monitoring is a multi-layered,
complex process that poses many challenges. These can only be met with
the help of advanced IT concepts.
Intelligent and process-oriented IT
allows us to master modern MRI techniques in daily practice and is indispensable for competent interdisciplin-

ary communication. Only in this way
can the complex and comprehensive
image information be of benefit in
ensuring optimal individual treatment of cancer patients.
In this MAGNETOM Flash magazine
you will find exciting examples from
the broad spectrum of oncological MRI
applications. Using clinical examples,
renowned experts demonstrate the
potential of multiparametric MRI,
whole-body MRI and MR-PET and
how functional MRI parameters can

be used in radiation therapy planning.
In addition, the possibilities of intelligent IT concepts for reporting and
workflow optimization are illustrated.
I hope you find the articles interesting and exciting and wish you much
success in your daily work for the
wellbeing of your patients!
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The information presented in MAGNETOM Flash is for illustration only and is not intended to be relied
upon by the reader for instruction as to the practice of medicine.
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Whole Body Diffusion-Weighted
MRI for Bone Marrow Tumor Detection
Heminder Sokhi, MBCHB, MRCS, FRCR; Anwar R. Padhani, MB BS, FRCP, FRCR
Paul Strickland Scanner Centre, Mount Vernon Cancer Centre, Northwood, Middlesex, UK

Background
Recent years have seen the evolution
of body diffusion-weighted MRI
(DWI) into an exciting, whole body
(WB-DWI) imaging technique with a
distinct clinical utility, particularly in
the context of cancer imaging [1-3].
It is clear that, with its excellent
sensitivity for detecting marrow infiltration and good spatial resolution,
WB-DWI has the capability of pro
viding functional information which
complements conventional anatomic
1A

b50

MRI methods. At our institution, we
use WB-DWI principally for evaluation
of bone marrow metastases, both for
detection and for evaluating disease
response to therapy, where we have
found particular utility for multiple
myeloma, breast and prostate cancer.
The technique is particularly useful
when there is a need to minimize
radiation exposure for serial evaluation of younger patients, pregnant
women with cancer and in those in

b900

ADC

1B

1

6

whom intravenous contrast medium
is contraindicated (allergy or impaired
renal function). This article focuses
on the technique for Siemens systems,
common artifacts encountered in
clinical practice, and alludes to its
clinical utility regarding skeletal
metastases detection. We do not
discuss response assessment of
malignant bone marrow disease in
any detail but there are clear
strengths in this regard also [2].

b900 coronal MPR
1C

Inverted 3D MIP
1D

WB-DWI workflow. 27-year-old woman with sarcomatoid left breast cancer. The bone marrow pattern is normal for age.
Axial DWI from the skull base to the mid-thigh is performed using 2 b-values (50 and 900 s/mm2) with a slice thickness of
5 mm in 4 stations. The b900 images are reconstructed into the coronal plane (5 mm) and displayed as thick 3D MIPs
(inverted grey scale). ADC images are computed inline with mono-exponential fitting of b50 and b900 signal intensities.

MAGNETOM Flash | 4/2013 | www.siemens.com/magnetom-world

2A

2B

2C

2D

2E

2F

Technique of whole body DWI
Although imaging at 3T increases the
signal-to-noise ratio, WB-DWI at this
field strength remains challenging
because of increased susceptibility
artifacts and poorer fat suppression;
currently, we find that WB-DWI is best
performed on a longer bore 1.5T
scanner. All our WB-MRI scans are done
on a Siemens MAGNETOM Avanto
scanner equipped with a continuous
moving table option (TimCT) and
total imaging matrix (Tim) body surface coils. We always acquire morphologic images to accompany the
WB-DWI images.
Our morphologic images consist of
1 w
 hole spine: T1-weighted,
turbo spin-echo sagittal images
(acquisition time 2:21 minutes),
2 w
 hole spine: T2-weighted,
turbo spin-echo sagittal images
with spectral fat suppression
(acquisition time 2:36 minutes),
3 whole

body: T1-weighted,
gradient-echo axial 2-point Dixon
sequence (acquisition time 3:00
minutes) that automatically generates four image-sets (in-phase,
opposed phase, water-only (WO),
and fat-only (FO)) from which
T1w fat% and non-fat% images
can be calculated if needed.
4 F
 inally whole body (vertex to upper
mid thighs): T2-weighted, shorttau inversion recovery (STIR) axial
images with half-Fourier single shot
turbo spin-echo (HASTE) readouts
(acquisition time 4:00 minutes) is
also undertaken.
The axial images from the skull
vault to the mid-thighs are acquired
using the continuous table movement
technology, employing multiple
breath-holds for image acquisitions
of the chest, abdomen, pelvis and
upper thighs.
Axial DWI from the skull vault to the
mid-thighs is then performed using
b-values of 50 s/mm2 and a b-value of
900 s/mm2 with a slice thickness of
5 mm. The axial DWI acquisition is usually achieved in 4 contiguous stations
using a free-breathing technique,
with each station taking approximately
6 minutes to acquire. Our preferred

2

Bone marrow hypoplasia due to chemotherapy with disease progression.
49-year-old woman with metastatic breast cancer before and after 3 cycles of
carboplatin chemotherapy. Both rows left-to-right: spine T1w spin-echo, spine
T2w spin-echo with spectral fat saturation and b900 3D MIP (inverted scale)
images.
Top row before chemotherapy shows normal background bone marrow pattern
with superimposed small volume bone metastases (arrow heads).
Bottom row after chemotherapy shows disease progression with enlarging and
new bony metastases (arrows). Note that bone marrow hypoplasia has developed
in the ribs, spine and pelvis. Note reductions of signal intensity of the spleen
secondary to iron deposition due to blood transfusions. There is a right sided
silicone containing breast enhancement bra pad in place on both examinations.
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3A

3B

3

3D

Poor visibility of treated metastases and osteoblastic metastases. 69-year-old with metastatic prostate cancer on
long term, third line hormonal therapy with abiraterone being evaluated for rising serum prostate specific antigen (PSA)
levels. He has had an excellent response to 2 years of treatment with residual abnormalities in his bone marrow visible
on T1w (3A) and T2w (with fat suppression) spinal images. No hyperintensity is seen on the b900 3D MIP (inverted
scale) image (3C) indicating the absence of highly cellular infiltrative disease. Bone scan (3D) shows a focal area of
osteoblastic uptake in the intertrochanteric region of the left femur (arrow) which is not visible as a discrete region on
the b900 3D inverted MIP image.

method for fat suppression uses
inversion recovery because it allows
uniform fat suppression over large
fields-of-view [4]. An artificially
‘fractured spine’ observed on the post
processed stitched images as a consequence of alignment mismatch can
be minimized by manually adjusting
and maintaining the transmitter
frequency for each station. The b900
value images are reconstructed in the
coronal plane (5 mm) and as thick
3D maximum intensity projections
(MIPs) which are displayed using an
inverted grey scale. ADC maps are
computed inline with system software
using mono-exponential fitting in
which each voxel reflects the tissue
diffusivity (units: µm2/s) (Fig. 1).

8

3C

Detailed scanning parameters for
each sequence have been published
[4, 5]; the entire examination takes
52 minutes to complete. The illustrations of this article were obtained
from more than 2,000 WB-DWI scans
done at our institution in the last
4 years using this protocol.

Normal bone marrow signal
on WB-DWI
A thorough understanding of normal
bone marrow signal distribution on
b900 value images is vital for the
accurate detection, characterization
and treatment assessment of skeletal
metastases [5]. This is because the
bone marrow distribution can be visu-
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alized by WB-DWI. The normal adult
bone marrow pattern which is established by the age of 25 years can be
seen as uniformly distributed, intermediate high signal intensity distributed in the axial skeleton (mixed
red bone marrow); yellow marrow
in the appendicular skeleton shows
no/lower signal intensity (Fig. 1).
The changing distribution of the
normal marrow is also exquisitely
demonstrated on WB-DWI. Red marrow conversion to yellow marrow is
dependent on patient age, gender
and underlying medical conditions
[6]. Both bone marrow hypo- and
hypercellularity are well depicted on
WB-DWI.

How I Do It

4A

T1w

T2w

4B

b900
4

T1w

b50

b900

ADC

Poor visibility of renal cell
carcinoma metastasis.
48-year-old male with metastatic
renal cell carcinoma.
(4A) Morphological sagittal T1w
and T2w sequences demonstrate
an expansile L2 vertebral body
metastasis (oblique arrows)
impressing upon the anterior
thecal sac but this deposit and
the primary renal tumor (vertical
arrows) are poorly depicted on
b900 3D MIP (inverted scale).
(4B) Axial T1w sequences through
the L2 vertebral body show that
the extent of metastatic infiltration
is relatively less conspicuous on
corresponding b900. Central high
signal within the primary renal
tumor (vertical arrows) on b50
and ADC sequences is typical of
necrosis.
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The relationship between bone marrow cellularity and ADC values is non
linear and highly dependent on the
water, cellular and fat content of the
marrow. The reduced water content
[6], the larger-sized fat cells, the
hydrophobic nature of fat and poorer
perfusion all contribute to lower diffusion-weighted signal intensities and
ADC values of the yellow bone marrow. On the other hand, with increasing cellularity and water content and
greater perfusion, mixed yellow-red
bone marrow returns higher signal
intensities and paradoxically higher
ADC values [5, 7-9].

Skeletal metastases
detection

5A

5B

Skeletal metastases appear as focal or
diffuse areas of high-signal intensity
on high b-value WB-DWI (Fig. 2).
The ability to detect bone marrow
lesions is dependent on the intrinsic
signal intensity of the deposits and
the background bone marrow. Other
factors determining the visibility of
bone lesions include their anatomic
location and treatment status. It is
imperative that WB-DWI is performed
and interpreted in conjunction with
conventional morphological WB-MRI
sequences rather than in isolation.

This is because false positive and negative lesions do occur. This assertion
was highlighted by a recent metaanalysis, which demonstrated that
the high sensitivity of WB-DWI to
detect metastases was at the expense
of specificity [1].
Generally, infiltrative cellular lesions
are better detected than de-novo sclerotic or treated lytic/sclerotic lesions
(Fig. 3). This is due to the lower water
and cellular content of sclerotic and
treated metastases [7, 10]. This is the
likely reason for the improved visibility of bone metastases of untreated
breast cancer compared to prostate
cancer; de-novo sclerotic metastases
are commoner in prostate cancer.
WB-DWI is better at detecting skeletal
lesions from smaller cancer cell infiltrations such as those due to breast
cancer, myeloma, lymphoma and
small cell cancers as well as neuroendocrine tumors. On the other hand,
bony metastases from clear cell renal
cancers are sometimes poorly depicted
(the presence of necrosis, large sized
tumor cells and inherent lipogenesis
contribute to the poorer visualization)
(Fig. 4). On occasion, the high magnetic field susceptibility of melanin can
also impair depiction of melanoma
metastases.
The detection of skeletal metastases
on WB-DWI may be impaired in areas
of movement such as the anterior ribs
and sternum. Visibility of skull vault
infiltrations can be impaired because
of the adjacent high signal of the
normal brain. The visibility of skull
base disease is impaired because of
susceptibility effects.

5

10

Bone marrow hyperplasia induced by G-CSF therapy obscuring metastases.
50-year-old woman with metastatic breast cancer before and after 3 cycles of
erubulin chemotherapy with growth-colony stimulating factor (G-CSF) given
to prevent neutropenia. b900 3D MIP (inverted scale) images. Image 5A shows
multiple bone metastases (arrows). Image 5B after 3 cycles of chemotherapy
shows increases in signal intensity of the bone marrow leading to the decreased
visibility of the bone metastases. The splenic size has also increased. The increased
signal intensity of the background bone marrow should not be misinterpreted
as malignant progression.
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Other causes for false-negative findings are low levels of bone marrow
infiltration such as in smoldering
multiple myeloma (when plasma cell
infiltration fraction is less than background cell bone marrow cellularity)
or when bone marrow hyperplasia
results in diffuse increase in signal on
high b-value images obscures the
presence of metastases [2, 5] (Fig. 5).
Relative bone marrow hypercellularity
is observed in children and adolescents, chronic anemia, in smokers,
chronic cardiac failure, in pregnancy

6A

6

False positive whole body
diffusion MRI.
64-year-old female with breast
cancer treated with right
mastectomy, radiotherapy and
chemotherapy. (6A) Bone scan
shows increased uptake at L4/L5 –
query metastases. (6B) Subsequent WB-DWI imaging 1 month
later shows normal signal at L4/L5
with normal anatomic MRI images,
but reveals a small focus of high
signal intensity overlying the
sacrum on b900 3D MIP (vertical
arrow) and axial images. Corresponding anatomical T1w and
STIR sequences show no focal
abnormality within the sacrum;
the high signal seen on b900
images is artifact from adjacent
bowel. Note normal marrow signal
on WB-DWI done eight months
later (bottom right) with no development of metastases.

6B

T1w-IP

b900

STIR

b900
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and in patients treated with hema
topoietic growth factors such as
granulocyte-colony stimulating
factors (G-CSF).
Causes for false-positive findings
include bone marrow edema caused
by fractures, osteoarthritis, infection,
bone infarcts, vertebral hemangiomas, isolated bone marrow islands
and ‘T2 shine through’ – the latter
observed in treated metastases. A variety of internal metallic (orthopedic)
and silicone (breast) prostheses are
routinely encountered in clinical practice. Magnetic field inhomogeneities
secondary to metal and air interfaces
will cause artifacts that cause false
positive lesions (Fig. 6) and at the
same time may obscure metastatic
lesions in the adjacent bones. Many
of these false-positive findings can be
identified as not representing metastases by correlating the appearances of
DW images with corresponding ADC
maps and anatomical sequences [5].
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Conclusions

Contact

WB-DWI is a contemporary imaging
technique serving as an adjunct to
conventional morphological whole
body MRI, with high intrinsic sensitivity for detecting skeletal bone marrow
metastases. However, there are several pitfalls that are encountered in
routine clinical practice, the majority
of which can be overcome by judicious interpretation of images in conjunction with standard anatomical
sequences in light of relevant clinical
knowledge.

Professor Anwar R. Padhani,
MB BS, FRCP, FRCR
Paul Strickland Scanner Centre
Mount Vernon Cancer Centre
Rickmansworth Road
Northwood
Middlesex HA6 2RN
United Kingdom
Phone: +44 (0) 1923-844751
Fax: +44 (0) 1923-844600
anwar.padhani
@stricklandscanner.org.uk
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Clinical Oncology

Comprehensive MRI-Based Staging
of Rectal Cancer.
Beneficial Combination of Local HighResolution Imaging and a Moving-Table
Platform for Simultaneous Detection
of Metastasis
1A

1B

1F

1C

1E

1D

1
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57-year-old male patient with stage
T4b rectal cancer (seminal vesicles,
prostate) with extramural vascular
invasion (arrow). Comprehensive
MRI-based staging with highresolution T2w TSE (1A), DCE-MRI
(1B), DWI (1C) and ADC map (1D),
HASTE-TIRM using TimCT Oncology
(1E), post-processing with Tissue 4D
(1F). Images have been acquired
using a 1.5T MAGNETOM Aera.

Oncology Clinical

Arnd-Oliver Schäfer;
Mathias Langer
Freiburg University Hospital, Department
of Diagnostic and Therapeutic Radiology,
Freiburg, Germany

Although local tumor control is already
established for rectal cancer due to
multimodal therapy, its inherent tendency to metastasize still represents
an unsolved problem and poses a
major challenge for upcoming diagnostic and therapeutic strategies.
Whilst standard long-course neoadjuvant chemoradiation has been shown
to reduce the risk of local recurrence,
nevertheless it demonstrates no substantial influence on the biological
behavior of potential metastasis. In this
context, the study by Ayez et al. [1]
recommended the restaging of locally
advanced rectal cancer by chest and
abdominal CT after completion of
long-course neoadjuvant therapy, given
that additional findings may alter the
treatment strategy.
In this setting, comprehensive staging
algorithms using a single diagnostic
modality would be highly reasonable.
Specialized magnetic resonance imaging (MRI) is known to be the pivotal
staging tool for locally advanced rectal
cancer and particularly addresses the
extent of mesorectal infiltration and
the status of circumferential resection
margin, which is known to be the most
important prognostic indicator [2].
Whole-body MRI using a continuously
moving patient table like in
TimCT Oncology was originally developed at our institution in 2005 and
clinically established in 2006 [3,4].
The Sliding Multislice application covers thorax, abdomen, and pelvis for
staging of distant spread, especially to
lungs, liver, nodes, and bone. Moving
table MRI with Sliding Multislice has
proved to greatly benefit scan efficiency
and diagnostic accuracy when combined with local high-resolution rectal

cancer staging. With the adoption of
this exciting technique, true comprehensive MRI-staging of rectal cancer
is now possible and has gained substantial acceptance amongst colorectal surgeons, radiation oncologists,
and oncologists. Technological
advances enabled further diversification of our imaging protocol adding
pelvic and upper abdomen diffusionweighted imaging (DWI) and local

dynamic contrast-enhanced (DCE)-MRI
using the Tissue 4D platform for postprocessing. To better characterize
early response to neoadjuvant chemoradiation and to a greater extent
predict tumor aggressiveness would
require multiparametric MRI which,
in our opinion, will be the next logical step towards future-oriented
comprehensive MRI-based staging
of r ectal cancer.
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56-year-old male with stage T4a rectal cancer. Multiparametric imaging at
1.5T MAGNETOM Aera. (2A) Morphological overview, (2B) Diffusion-weighted
imaging with a b-value of 1000 s/mm2. (2C) ADC tumor 0,742 ×10 -3 mm2/s
(green arrow) and node 0,692 ×10 -3 mm2/s (orange arrow). (2D) Post-processing
with syngo Tissue 4D for color coded parametric maps, curves, and histograms.

MAGNETOM Flash | 4/2013 | www.siemens.com/magnetom-world

15

Clinical Oncology

Baseline
3A

Control
3B

3

73-year-old male with advanced rectal cancer. MRI before (3A) and after (3B) neoadjuvant chemoradiation.
ypT3N2a(5/14), regression grade 3 (> 50% vital tumor cells) progression of lung metastases (arrows). Images have been acqurired
using a 1.5T MAGNETOM Avanto.
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Tissue 4D on syngo.via
Anja Fernandez Carmona; Radim Chrastek
Siemens Healthcare, Erlangen, Germany

Introduction
The Tissue 4D workflow facilitates
the detection of tumors in organs,
including the liver and prostate. It is
a syngo.via workflow for reading and
post-processing of dynamic contrastenhanced 3D datasets. Tissue 4D
describes the exchange of contrast
agents between blood and tissue.
The MR Tissue 4D workflow provides
two methods of evaluation:
1) A quantitative method following
the Tofts model [1].
The Tofts model is based on the
following parameters:
Ktrans (transfer constant)
Ve (extra-vascular extra-cellular
volume fraction)
Kep (reflux constant)
2) A qualitative evaluation method
to retrieve the following
parameters:
In (Wash-in: enhancement in the
tissue due to contrast uptake in a
defined time interval)
Out (Wash-out of contrast agent
in a defined time interval)
TTP (Time-to-Peak: time until the
contrast enhancement reaches
the highest concentration and
wash-out starts)
AT (Arrival time: time point when
contrast enhancement starts)
PEI (Positive Enhancement 		
	Integral: Value of concentration
when the contrast enhancement
reaches its highes concentration
and wash-out starts)
iAUC (initial Area Under Curve
in 60 seconds)

Precondition and preparation
To evaluate and read data with
the Tissue 4D workflow, the
following series are required or
recommended:
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Dynamic contrast-enhanced images
with fixed flip angle (required)
Pre-contrast series with variable
flip angle to calculate the T1-map
(recommended)
Corresponding morphological
images (recommended)
To start the evaluation, the images
need to be assigned to a specific
workflow template.
The workflow template offers a
sequence of pre-configured workflow
steps.
The workflow template can be
selected according to the anatomical
region.
Currently, there are two options for
opening the image data:
Tissue 4D only
Prostate with integrated Tissue 4D
Post-processing steps can be highly
automated if the steps have been
properly pre-configured. To do so you
have to be locked in as clinical
administrator.

For the initial configuration open
the Tissue 4D workflow with data in
‘read only’ mode. Once the case is
opened, select the wrench icon in
the workflow area for the T
 issue 4D
properties.
The configuration dialog ‘Data Definition’ allows to specify a series description for all data types, i.e. morphology, pre-contrast and dynamic series.
All series that contain the given string
are considered for automated case
preparation. If there is more than one
matching series for a data type, the
latest series is used first.
Hint: The more precise the data type
selection string is defined, the potentially shorter the case preparation
time. This is because the case preparation is applied to all matching
series, although the latest series is
presented first.
After a reassignment of the Tissue 4D
workflow the configuration settings
are applied.

1
Morphological image: (optional)
TSE for prostate
Can be anything T1 or T2-weighed

Anatomical orientation

Pre-contrast measurement: (optional)
VIBE with at least 2 different flip angles

Estimation of pixelwise T1

Dynamic measurement:
VIBE or
TWIST

1

Acquisition protocol.
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Time point slider

2

The time point slider visualizes the
available time points in the dynamic
data set. The current reference time
point (reference volume) for motion
correction is indicated by a small blue
triangle.

2

Selecting a new reference
time point:
In the Case Navigator,
click the slider and move it
to the required time point.
Click this icon to confirm
the new reference time point.
The blue triangle jumps to the new
reference time point and the display
in the image segments is updated
accordingly.

MR Tissue 4D properties.

An advanced functionality of Tissue
4D is automated alignment of data
types, configurable in the ‘Preprocessing’ and ‘Alignment’ dialog. Automatically selected reference time phase of
the dynamic data type serves as a reference for all alignment algorithms.
For all three data types, there is an
option ‘None’. The option deactivates
the alignment for the given data
types.
All alignment algorithms, including
motion correction for the dynamic
data types, are based on an elastic
registration. This kind of registration
provides transformation for each individual pixel. The advantage of the
approach is that local changes, e.g.
due to breathing, can be mapped correctly without having to correct organ
or bone positions not affected by the
local motion. Generally, the registration provides a transformation of one
data type to the other, so that the
image pixels are displayed in the same
geometrical position for both data
sets. The image pixel values are interpolated if they do not match the grid
of the original image. The ‘Alignment’
configuration dialog serves for expert
settings and it is not recommended to
change these configuration values.

latter requires the type of the Arterial
Input Function (AIF), see below.
Since the automated case preparation
might take long for entire 3D datasets,
the calculation is constrained to a
‘volume-of-interest’ (VOI). The VOI is
defined by the center and radius for
each direction, i.e. x, y, z. The center
is given by the percentage of the 3D
volume size. The default values are
50% for all three directions, i.e. the x,
y, and z coordinates are exactly in the
middle of the 3D volume. The radius
is also given by the percentage of the
3D volume size. The smaller the VOI,
the potentially faster the pharmacokinetic model calculation, especially
for the Tofts model.

Evaluation and reading
Once the Tissue 4D properties
have been configured, the case can
be assigned and opened with the
specific workflow template. Here is
what you will see:
Motion correction step
You can use this step to verify the
automatic alignment of the dynamic
data set to a defined reference
volume.

Hint: Before you can change the
reference time point you have to turn
off motion correction.
The Motion Correction step is used to
align the dynamic dataset to a defined
reference volume.
In the Case Navigator,
click this icon to turn the
motion correction on or
off.
Motion correction is applied in all
other volumes of the dynamic data
set according to the reference time
point.
You can delete time points from the
current data set if, for example, the
quality is not sufficient for the
evaluation.
In the Case Navigator,
click the slider and move it
to the required time point.
Click this icon to delete a
specific time point.
or
Click this icon to delete
all time points after the
selected time point (to the
right side).

‘Preprocessing’ allows the choice
between two pharmacokinetic
models: ‘Qualitative’ or ‘Tofts’. The
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Alignment step
Here you see only
the configured and
available series.
On a single monitor configuration
the upper part
shows the morphology aligned to
the dynamic and
the lower part the
pre-contrast to the
dynamic series.

In most cases the
automatic alignment works fine
and you can proceed directly to the
next step. If, however, you are not
satisfied with the
alignment you can
change it by using
the visual alignment tool in the
upper left corner
menu.
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The top row shows the fusion of current phase and reference phase. The images are displayed using the
multi-planar reconstruction (MPR) volume rendering technique. If you navigate to the reference phase,
only this reference phase is shown, without fusion.
The bottom row shows the reference phase (left) and the current phase (right) using mean intensity
projection (MIP) volume rendering technique.

4

Alignment

4
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6

Processing step qualitative.

7

Processing step quantitative.

7
5

Alignment menu.

To verify the correctness of the alignment you can use the blending mode.
Move the slider to the left and right side.

Before you can change the alignment
you have to turn motion correction off.

Moco on

Moco off

There are different
alignment modes:
Automatic rigid: the entire volume
is transformed. The transformation
obtained by the registration algorithm is the same for all pixels. No
local deformation can be compensated (such as breathing)
Visual: you can shift and rotate the
volumes
Elastic: can compensate local
deformations

Processing step
Here you can modify the pharmacokinetic modeling. You can change
between Tofts and qualitative model,
and also define the evaluation
volume.
The qualitative model matches three
lines to the measured concentration
curve for each voxel within the VOI.
It does not require any parameters.
The first line fits the baseline phase,
i.e. before contrast agent arrival.
The second line fits the wash-in
phase, i.e. it displays the enhancement in the tissue due to contrast

uptake in a defined time interval t.
The third line fits the wash-out phase.
The graph in the top right-hand corner shows the mean concentration
curve for the entire VOI, together
with the correspondingly fitted three
lines.
The Tofts model matches a mathematical model defined by [1] to the
measured concentration curves for
each voxel within the VOI. Also for this
model, a graph with the mean curve
for the entire VOI is displayed in the
top right-hand corner.
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The selectable parameter for the
Tofts modeling, the AIF, is based on
mathematical simulation, slow [4],
intermediate [3], and fast [2]. If you
are not sure which AIF to use, the
chi2 parameter might help. The chi2
parameter is an error measure of the
fit. The smaller the parameter, the
better the fit.
Recommendation: keep the size of
the VOI as small as possible. The
larger the VOI, the potentially longer
the pharmacokinetic model calculation, especially for the Tofts model.

Reading step
The last step enables you to read the
resulting maps and create findings
for your report.
Here are different Tissue 4D reading
tools available to evaluate the
mean and the standard deviation
in a selected area.
In the upper right segment these
curves are displayed.

8A

8A Measurement icons.
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8B

9A

9B

9A To create findings in Tissue 4D
you need to enable ‘AutoCollect’.

9B Export icon.

8B Description icons.

Summary
To create findings in Tissue 4D
workflow you need to enable the
‘AutoCollect’ button.
Manual findings creation is only
possible via snapshots.
Export of results: You can export
reading results as text file (csv-files).
The export icon (Fig. 9B) is context
sensitive and exports the results of
the selected segment.
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This article describes the current
version of the Tissue 4D for DCE
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and pharmacokinetic model calcula-
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tion. You only have to verify the
results of the automatic case preparation. Once done, you can immediately start reading. The results can
be then exported to csv format. All
documented findings, i. e. collected
in the Findings Navigator, are automatically stored as DICOM Structured
Report once the workflow has been
completed.
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Case Report: Functional, Volumetric,
Treatment Response Assessment Using
MR OncoTreat
Susanne Bonekamp; Ihab R. Kamel
The Russell H. Morgan Department of Radiology and Radiological Science, The Johns Hopkins Hospital, Baltimore, MD, USA

Introduction
Hepatocellular carcinoma (HCC) is
one of the most common malignancies worldwide and is associated with
a very low survival rate [1]. Because
the majority of HCC lesions are diagnosed at an advanced stage, few
patients qualify for surgical resection
or liver transplantation [2]. Locoregional treatment methods, most
commonly transarterial chemoembolization (TACE), are considered the
standard of care in patients with unresectable HCC [3, 4]. Response to treatment is often assessed using crosssectional imaging. Current guidelines
include EASL (European Association
for the Study of Liver Disease) and
modified RECIST (Response Evaluation
Criteria in Solid Tumors). Both metrics
rely on the measurement of viable
tumor burden in a single axial plane
[5, 6]. However, assessment of a single
axial slice can be misleading and may
have low reproducibility. Furthermore,
residual enhancement assessed by
contrast-enhanced MRI or CT can be
difficult to evaluate owing to the presence of changes in signal intensity
(hyperintensity on unenhanced
T1-weighted images) related to a combination of iodized oil injection and
hemorrhagic necrosis.
Several recent publications have highlighted the advantage of volumetric
assessment of tumor anatomy and
function as a method of response
assessment. Functional volumetric
assessment of diffusion-weighted MRI
(DWI) using apparent diffusion coefficient (ADC) maps and post-contrastenhancement MRI have been successfully applied in the brain and liver
[7, 8]. Using a prototype software
24

1
1
Overview of MR
OncoTreat. First patient
DICOM data is loaded.
The pre-treatment data
is loaded into the
window outlined in
blue, while the
follow-up MRI data is
loaded into the window
outlined in orange.
After loading patient
data an automatic data
classification is done
after loading which
classifies data into six
categories: T1W, T2W,
DWI, ADC, DIFF and
OTHER based on the
protocol settings stored
in the DICOM header.
These settings can be
manually overwritten.

(MR Oncotreat*; Fig.1) developed by
Siemens Corporation; Corporate Technology, USA and Siemens Healthcare,
Erlangen, Germany we have published
several recent manuscripts that outline the feasibility of a volumetric,
functional assessment of treatment
response in patients with primary
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and metastatic liver cancer [8-13].
This case report outlines the functional, volumetric analysis of response
to TACE in a patient with HCC.
* Work in progress: The product is still under
development and not commercially available
yet. Its future availability cannot be ensured.
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Patient history
The patient is a 61-year-old male with
a history of hepatitis B, liver cirrhosis,
and hepatocellular carcinoma. After
diagnosis of a large lesion in the liver
(14 cm in diameter) on CT imaging,
he underwent one session of hepatic
artery chemoembolization to the right
lobe of the liver. MR imaging was performed one day before TACE to more
accurately assess the lesion. Follow-up
MRI was done one month after TACE.

2

Sequence details
All images have been acquired on
a 1.5T MAGNETOM Avanto (Siemens
Healthcare, Erlangen, Germany).
The patient underwent our standardized clinical imaging protocol. Which
included breath-hold diffusionweighted echo planar images (matrix,
128 ×128; slice thickness 8 mm;
interslice gap, 2 mm; b-value, 0 s/mm2,
750 s/mm2; repetition time (TR)
3000 ms; echo time (TE) 69 ms;
received bandwidth 64 kHz) as well
as breath-hold unenhanced and contrast-enhanced (0.1 mmol/kg intravenous gadobenate dimeglumine;
Multihance; Bracco Diagnostics,
Princeton, NJ, USA) T1-weighted
three-dimensional fat suppressed
spoiled gradient-echo images
(field-of-view 320– 400 mm; matrix
192 ×160; slice thickness 2.5 mm;
TR 5.77 ms; TE 2.77 ms; received
bandwidth 64 kHz; flip angle 10°) in
the hepatic arterial phase (AE) (20 s),
and portal venous phase (VE) (70 s).

2

Arterial phase images of a liver with a large heterogeneously enhancing HCC
lesion (arrows) in a 61-year-old male with a history of hepatitis B before locoregional therapy.

3

Arterial phase images of a liver with a large heterogeneously enhancing HCC
lesion (arrows) of the same patient after loco-regional therapy.

3

Volumetric functional
MRI response
Image analysis was performed by
an MRI researcher (S.B.) with 8 years
experience in MR imaging using proprietary, non-FDA approved software,
MR OncoTreat (Siemens Healthcare,
Erlangen, Germany). A single, treated
HCC index lesion was selected as the
representative index lesion for the
patient. Figure 2 shows the arterial
phase images of the lesion (arrow)
before treatment. Figure 3 shows the
same lesion after treatment.
Lesion segmentation is shown in
figure 4 (pre-treatment) and figure 5
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5

4

Segmentation of the HCC lesion before treatment performed
using seed placement and ‘Random Walker’, a semi-automatic
3D segmentation technique.

5

Segmentation of the HCC lesion after treatment
performed using seed placement and ‘Random
Walker’, a semi-automatic 3D segmentation technique.
No co-registration of the HCC lesion was performed
due to the change in size and structure.

6

6
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Comparison of the ADC values before and after TACE within the entire segmented tumor volume. The upper left window and the
blue histogram show the heterogeneous distribution of ADC values before treatment, the upper right window and the orange
histogram show the distribution of ADC values after treatment The window in the lower left shows an overlay of the pre- and posttreatment ADC values and their distribution, allowing for easy visual assessment of treatment induced changes in ADC.
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Comparison of the
arterial enhancement
(AE) values before
and after TACE within
the entire segmented
tumor volume. The
upper left window and
the blue histogram
show the heterogeneous distribution of
AE values before
treatment, the upper
right window and the
orange histogram show
the distribution of AE
values after treatment
The window in the
lower left shows an
overlay of the pre- and
post-treatment AE
values and their distribution, allowing for
easy visual assessment
of treatment induced
changes in AE.

8
8
Comparison of the
portal venous
enhancement (VE)
values before and after
TACE within the entire
segmented tumor
volume. The upper left
window and the blue
histogram show the
heterogeneous distribution of VE values
before treatment, the
upper right window and
the orange histogram
show the distribution
of VE values after
treatment The window
in the lower left shows
an overlay of the preand post-treatment VE
values and their distribution, allowing for
easy visual assessment
of treatment induced
changes in VE.
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(post-treatment). The software automatically generated tumor diameter,
tumor volume, volumetric ADC and
volumetric enhancement in the arterial (AE) and portal venous phase (VE).
ADC maps were reconstructed using
a monoexponential fit between
two b-values of 0 and 750 s/mm2.
Figure 6 depicts a comparison of the
ADC values of the pre-treatment
lesion (segment 1), along with the
pre-treatment ADC histogram in
blue, and the post-treatment lesion
(segment 2), with the post-treatment
ADC histogram in orange.
For the assessment of treatment
response the percent change in
volumetric tumor ADC at follow-up
compared with baseline values can
be calculated using the formula
{(ADCpost – ADCpre)/ADCpre} × 100,
where ADCpre is the mean baseline
volumetric ADC value and ADCpost
is the mean follow up volumetric
ADC value.
Enhancement in the portal venous
phase was calculated by subtracting
the native phase signal intensity from
the venous phase signal intensity
multiplied by 100 to obtain percentage change. Similar to the ADC
results, figures 7 (AE) and 8 (VE)
show a comparison of the pre-treatment enhancement values (segment
1, blue histogram) compared to the
post-treatment enhancement values
(segment 2, orange histogram).
Again, for the assessment of
response to treatment the percent
change in volumetric tumor AE or VE
at follow up compared with baseline
values can be calculated using the
formula {(Epost – Epre)/Epre} × 100, where
Epre represents the mean baseline volumetric enhancement value and Epost
represents the mean 3–4 weeks follow
up volumetric enhancement value.

Diagnosis
Figures 4–8 show the large, heterogeneously enhancing HCC lesion
before and after treatment. ADC
values did not change significantly
after TACE (1.320 × 10 -3 mm2/s to
1.318 × 103 mm2/s, fig. 6). Enhancement values in the hepatic arterial
phase were highly variable with
28

a standard deviation of 79% and
increased after treatment (26.09%
to 122.52%, fig. 7), while portal
venous enhancement was also highly
variable (standard deviation of 72%)
and showed a slight decrease after
TACE (131.54% to 110.26%, fig. 8).
Together these functional parameters
indicate that the lesion did not
respond to treatment. The patient
subsequently underwent treatment
with doxorubicin eluting microspheres (DEB-TACE) which resulted
in a more favorable outcome than
the initial TACE.

Conclusion
The case shows how functional, volumetric analysis of MR imaging data
using MR Oncotreat can assist diagnostic and interventional radiologist
in the assessment of treatment
response and planning of follow-up
treatment.
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Introduction
Prostate MRI has become an increasingly common adjunctive procedure in
the detection of prostate cancer. In
Germany, it is mainly used in patients
with prior negative biopsies and/or
abnormal or increasing PSA levels.
The procedure of choice is multiparametric MRI, a combination of highresolution T2-weighted (T2w) morphological sequences and the
multiparametric techniques of diffusion-weighted MRI (DWI), dynamic
contrast-enhanced MRI (DCE-MRI),
and proton MR spectroscopy (1H-MRS)
[1, 2]. Previously, there were no uniform recommendations in the form
of guidelines for the implementation
and standardized communication of
findings. To improve the quality of
the procedure and reporting, a group
of experts of the European Society
of Urogenital Radiology (ESUR) has
recently published a guideline for MRI
of the prostate [3]. In addition to providing recommendations relating to
indications and minimum standards for
MR protocols, the guideline describes

a structured reporting scheme
(PI-RADS) based on the BI-RADS classification for breast imaging. This is
based on a Likert scale with scores
ranging from 1 to 5. However, it lacks
illustration of the individual manifestations and their criteria as well as
uniform instructions for aggregated
scoring of the individual submodalities. This makes use of the PI-RADS
classification in daily routine difficult,
especially for radiologists who are
less experienced in prostate MRI. It is
therefore the aim of this paper to
concretize the PI-RADS model for the
detection of prostate cancer using
representative images for the relevant
scores, and to add a scoring table that
combines the aggregated multiparametric scores to a total PI-RADS score
according to the Likert scale. In addition, a standardized graphic prostate
reporting scheme is presented, which
enables accurate communication of
the findings to the urologist. Furthermore, the individual multiparametric
techniques are described and critically

assessed in terms of their advantages
and disadvantages.

Materials and methods
The fundamentals of technical implementation were determined by consensus. The sample images were
selected by the authors by consensus
on the basis of representative image
findings from the 3 institutions. The
scoring intervals for the aggregated
PI-RADS score were also determined by
consensus. The individual imaging
aspects were described and evaluated
with reference to current literature
by one author in each case (T2w: M.R.,
DCE-MRI: T.F., DWI: D.B., MRS: H.S.).
Furthermore, a graphic reporting
scheme that allows the findings to be
documented in terms of localization
and classification was developed,
taking into account the consensus
paper on MRI of the prostate published
in 2011 [4].

1

I: Normal PZ in T2w
hyperintense

1

30

II: Hypointense
discrete focal lesion
(wedge or bandshaped, ill-defined)

III: Changes not
falling into categories
1+2 & 4+5

PI-RADS classification of T2w: peripheral glandular sections.
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IV: Severely hypointense focal lesion,
round-shaped, welldefined without extracapsular extension

V: Hypointense mass,
round and bulging,
with capsular
involvement or seminal
vesicle invasion
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2

I: TZ with stromal &
glandular hyperplasia without focal
hypointense
nodular or
oval-shaped

2

II: Round hypointense
lesion with signs of
well-defined capsule.
Band-shaped hypointense regions

III: Changes not
falling into categories
1+2 & 4+5

IV: Oval-shaped
anterior hypointense
lesion without
evidence of capsular
involvement, “charcoal
sign”: homogeneous
hypointense lesions
with loss of matrix +
ill-defined margins

V: Oval-shaped or
round mass with
compression/retraction/
extension of the
anterior capsule.
Irregular, infiltrating
mass with architectural
disintegration, invasion
into adjacent structures

PI-RADS classification of T2w: central glandular sections.

Implementation and
technical requirements
According to the German interdisciplinary S3 guideline for prostate
cancer, MRI of the prostate should be
performed on a high-field scanner
with a minimum field strength of
1.5 Tesla (T) using a combined endorectal-body phased-array coil in order
to ensure a high signal-to-noise ratio
in the prostate region [5]. If using
3T scanners and conventional MRI in
combination with at least 2 multiparametric techniques, an endorectal
coil is not mandatory for the detection
and localization of prostate cancer
in our opinion. While administration
of spasmolytics such as butylscopolamine is helpful in order to reduce
intestinal peristalsis, we do not consider it essential [6].

Morphological T2w imaging
The high-resolution T2w turbo-spinecho (TSE) sequences are the basis
of MRI imaging of the prostate. T2w
imaging visualizes morphological
information of the prostate. A diagnostic challenge lies in the non-specific
visualization of different but morphologically similar entities such as postinflammatory or post-biopsy scars,
atrophic changes, prostatitis, intraepithelial neoplasias (PIN), or post-treatment lesions [3]. The probability of
detection decreases with decreasing
size of the lesions [7].
In patients aged 50 years and older,
the transition zone is increasingly

affected by nodular changes from
benign prostatic hyperplasia (BPH),
which complicate the detection of
prostate cancer [8]. On the T2w
images, the BPH nodules show different signal behaviors depending on
the size of the epithelial and stromal
components. While the epithelial
component shows a hyperintense and
the stromal component a hypointense
signal behavior, combinations of both
changes can also be seen. The BPH
nodules are characterized by septation
of the individual nodules, which can
be seen as a hypointense rim on the
T2w images [9]. Severely hypointense
areas are non-specifically suggestive
of prostate cancer [10]. Due to their
infiltrating growth, aggressive prostate cancers in the central glandular
zone spread across the septal structures, which is referred to as ‘charcoal
sign’ [8]. Larger cancers of the central
glandular zone also have a spaceoccupying component as a sign of
malignancy. Aggressive cancers tend
to have a more hypointense signal
intensity with increasing Gleason
score (≥ 7) [11].
At least 75% of all prostate cancers
occur in the peripheral zone, where
they appear localized and, when visualized by T2w imaging, predominantly
distinctly hypointense compared to
the hyperintense glandular tissue of
the peripheral zone [12]. A visible
space-occupying component or extracapsular extension must be interpreted as a reliable sign of malignancy.
Smaller cancers can be localized,

but have irregular borders and fingerlike processes. The cancer-specific
changes shown on T2w images must
be differentiated from the diffuse
inflammatory contrasts caused by
chronic prostatitis [13]. These can
consist of mildly to severely hypointense diffuse changes which may be
unilaterally localized, but may also
affect the periphery on both sides.
At the cicatricial stage, they consist
of streaky changes which typically
appear as triangular areas extending
from the capsule to the apical/urethral
margin. Less frequently than with
diffuse changes, granulomatous
prostatitis presents focal hypointense
areas which can mimic prostate
carcinoma. Post-biopsy hemorrhages
(generally 3 – 6 months following
biopsy) also appear hypointense on
T2w, but hyperintense on T1w
images. Previously biopsied areas
may appear as scarred, strand-like
hypo-intense changes on T2w
images. Special attention must be
paid to the rectoprostatic angle, since
obliteration of the angle or asymmetry are indicative of extracapsular
carcinoma [14].
The T2-weighted TSE sequence is
acquired in the axial plane and complemented by a sagittal and/or coronal
sequence. In addition to the T2w
sequences, an axial T1w sequence
should be acquired in order to visualize intraprostatic bleeding from
inflammation or prior biopsies and,
using an extended field-of-view (FOV),
to detect enlarged parailiac and
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locoregional lymph nodes suggestive
of metastases. The high-resolution
T2w sequences should have an echo
time (TE) of 100 – 120 ms and a long
repetition time (TR) of 4000 – 8000 ms
(depending on the equipment and B0
field strength). Parallel imaging may
be used. A minimum slice thickness of
4 mm at 1.5 Tesla or 3 mm at 3 Tesla
should be used, and a minimum
in-plane resolution of 0.7 × 0.7 mm
for both field strengths.

PI-RADS classification of
T2w imaging
Since the diagnostic significance
of the T2w-TSE sequences differs for
the peripheral and central glandular
zone, 2 separate schemes are recommended. Each lesion is given a score
on a scale of 1 to 5. In the peripheral
zone, in particular inflammatory
lesions must be differentiated from
lesions suspicious of cancer (Fig. 1).
Lesions in the central glandular
sections must be differentiated from
clearly benign BPH nodules (Fig. 2).
In addition, the presence of extracapsular extension, seminal vesicle
invasion or involvement of the bladder neck must be documented [15].

Diffusion-weighted imaging
DWI allows the visualization and
analysis of the movement (diffusion)
of water molecules in the intracellular
space. Molecular diffusion in t issue is
generally restricted by cell structures
and membranes. DWI allows the
visualization and analysis of the movement (diffusion) of water molecules
and expresses it by a parameter known
as the apparent diffusion coefficient
(ADC). Molecular diffusion in tissue is
generally restricted by cell structures
and membranes. Intracellular edemas
or higher cell densities lead to a
further reduction of free molecular
movement. Such restrictions are
reflected by a reduced ADC value.
High cell densities occur, e.g., in
tumor tissue, and thus also prostate
carcinoma is characterized by reduced
ADC values [16, 17]. Intracellular
edemas or higher cell densities lead
to a further reduction of free molecular movement, which is reflected by
a reduced ADC value.
32

Consequently, prostate carcinoma is
also characterized by reduced ADC
values [16, 17]. In nearly all previously published studies, the ADC was
analyzed using a mono-exponential
model. As yet there have been only
few publications on bi-exponential
ADC analysis for the prostate [18, 19].
Therefore, the significance of the
bi-exponential analysis, the static
model, DTI or kurtosis [20 – 22] in
the diagnosis of prostate cancer cannot be evaluated conclusively at this
time. To allow the widespread use
of DWI in multiparametric prostate
MRI, the method used for calculation
and analysis of the ADC should be
practical, time-efficient and, above
all, standardized. Several studies have
shown that DWI analyzed with a
mono-exponential model increases
the sensitivity and specificity of
detection of prostate cancer and
 etter differentiation from
allows b
benign hyperplasia [23–26]. The
published ADC data are, however,
inconsistent. The variations in the
ADC results are due to different field
strengths and different numbers and
magnitudes of the selected b-values
[27]. The most frequently used
upper b-values are b = 500, b = 800
or b = 1000 s/mm². The guidelines
recommend an upper value of
b = 800 –1000 s/mm². The authors
prefer a value of 1000, which does,
however, not deliver sufficient results
with all gradient systems. In a study
performed at 1.5T, the highest diagnostic accuracy in the detection of
prostate cancer was achieved with a
combination of T2 and DWI with
an upper b-value of b = 2000 s/mm²
and using a surface coil [28]. For
3 Tesla exams, the use of an upper
b-value of 2000 s/mm² cannot
currently be recommended unequivocally [26], even though a current published study was able to demonstrate
a benefit with b = 2000 at 3 Tesla [29].
Prostate carcinomas usually show
reduced ADC values and high signal
intensity in the high-b-value image
from DWI. In addition, the ADC values
had negative correlation with the
Gleason score of peripheral zone carcinomas. A significant difference was
observed with tumors with a Gleason
score of 6 compared to those with a
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score of 7 or 8. There was no significant difference between tumors with a
Gleason score ≥ 7 [30]. Other authors
also demonstrated a linear reduction
of the ADC of peripheral zone prostate
carcinoma with increasing Gleason
score and significant differences
between low-grade, intermediate and
high-grade PCa [31]. Even though
there is not an exact correspondence of
ADC thresholds and Gleason scores,
DWI is still the most important tool in
the detection of the most aggressive
lesion (index lesion).
DWI should be performed with an
echoplanar (EPI) sequence in the same
axial orientation as the T2w imaging.
The diffusion gradients should be
applied in 3 orthogonal spatial directions. As a minimum 3, ideally 5, b-values between 0 and 800 – 1000 s/mm²
should be used. Echo time should be
as short as possible (typically < 90 ms).
The sequence is prone to susceptibility
artifacts, which can lead to distortions
of the DWI images due to adjacent
bowel gas. The measurement of the
restricted diffusion in tumor tissue
using high b-values improves the
MRI diagnosis of prostate cancer.

PI-RADS classification of DWI
DWI is interpreted based on the highb-value images (b ≥ 800 s/mm²) and
the corresponding ADC parametric
images (Fig. 3). A score of 1 is assigned
if no focal decrease in signal intensity
can be delineated on the ADC images,
and no localized increase in signal
intensity on the DWI images. Two points
should be assigned for diffuse hyper
intensities on the high-b-value image
of the DWI with corresponding reduction of the ADC. This includes diffuse
(e.g. triangular or linear) changes;
focal, round areas are disregarded.
Three points are assigned for unilateral
(asymmetric) diffuse signal increase
on the high-b-value image, which
is diffusely decreased on the ADC map
(no focality).
Four points are given for focal lesions
that are clearly reduced on the ADC
map, but are isointense on the high-bvalue DWI image. Focal ADC reductions
with corresponding focal signal increase
on the DWI image (b ≥ 800 s/mm²)
should be assigned 5 points.
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3

I: No reduction in
ADC compared
with normal tissue /
no increase in SI
on ≥ b800 images

3

II: Diffuse hyperintensity on ≥ b800
image with low ADC,
no focal lesions:
linear, triangular or
diffuse areas permitted

III: Unilateral hyperintensity on ≥ b800
image with diffuse
reduced ADC
(no focal lesions)

IV: Focal area with
reduced ADC but
isointense SI on ≥ b800
image

V: Focal hyperintense
area/mass on ≥ b800
image with reduced
ADC

PI-RADS classification of DWI (high b-values and ADC).

For each evaluated lesion, an ADC
value should be determined by ROI
measurement and documented in the
report. This quantitative ADC analysis
depends on the magnetic field strength
and the selected b-values. ADC limits
should therefore be transferred or
applied with caution [17]. Nevertheless, a high ADC value of > 1000
10 –3 mm²/s is most likely to represent
an inflammatory area or hyperplasia,
and a significantly reduced ADC value
of < 600 10–3 mm²/s a tumor.

DCE-MRI
DCE-MRI is a non-invasive technique
that collects information on the vascularization of the prostate and the neoangiogenesis of prostate cancer [32].
DCE-MRI usually measures T1w signal
intensity(SI)-time(t) curves in the
prostate tissue following the weightadjusted administration of a gadolinium-based contrast medium (CM) in a
bolus at an injection rate of 2.5 ml/s
and subsequent injection of 20 ml of
isotonic NaCl [2, 32]. For this, axial
gradient echo sequences should be
used. The temporal resolution should
be at least 10 s (better ≤ 4 s to adequately follow the contrast medium
through the tissue). To allow sufficient
assessment of the SI-t curve, the
sequence should be at least 5 min. long.
Spatial resolution should be 0.7 x 0.7
mm2 to 1.0 x 1.0 mm2 at a slice thick-

ness of 3 mm (distance factor 0.2).
Alternatively, with 3 Tesla, isotropic
voxels with a size of (1.5 mm)3 can
be generated, and optionally additional multiplanar reconstructions.
The SI measurements enable a qualitative and semi-quantitative analysis
of the DCE-MRI data. The qualitative
analysis is based on the course of the
SI-t curve. For the semi-quantitative
analysis, a continuous SI-t curve is
generated from the SI plotted over
time. Based on this, the time to initial
enhancement in the prostate tissue,
the rise of the SI-t curve (wash-in),
the maximum SI, and the fall of the
SI-t curve (wash-out) is calculated
[33]. Quantitative analysis of the
DCE-MRI data by means of pharmacokinetic parameters requires conversion of the SI to CM concentrations
[34]. The techniques and sequences
used for this have recently been
described in detail [2, 32]. The increasingly preferred pharmacokinetic
model is the two-compartment model
with the exchange constants Ktrans
(transfer constant) and kep (rate
constant) [34].
Combined with conventional T1w
and T2w imaging, DCE-MRI can
detect and localize prostate cancer
with better accuracy than conventional MRI [35 – 38], with the degree
of improvement evidently depending
on the experience of the reader.

In the qualitative analysis, prostate
cancers typically show a steeper
wash-in slope, higher peak enhancement and steeper wash-out compared
to normal prostate tissue. This correlates with the semiquantitative analysis, where prostate carcinoma tends
to exhibit higher values of the individual parameter values as well
[39, 40]. In the quantitative analysis,
the pharmacokinetic parameters Ktrans
and kep also have higher values than
normal prostate tissue [41].
In terms of differential diagnosis,
prostatitis cannot be clearly differentiated from prostate cancer [42].
Similarly, it is not possible to reliably
differentiate BPH nodules from central gland prostate cancers. The
cause of false negative findings are
prostate cancers which do not, or not
significantly, differ from the surrounding normal tissue in terms of
the degree of vascularization.
Based on current knowledge, no
reliable recommendation can be
made for assessing the aggressiveness
of prostate cancer with DCE-MRI [4].
To date, only one study has demonstrated that low-grade prostate
cancers were characterized by a statistically significantly larger blood
volume and lower permeability than
high-grade prostate cancers [43].
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4

DCE-MRI-Type 1: 1 point

4

DCE-MRI-Type 2: 2 points

DCE-MRI-Type 3: 3 points

PI-RADS classification of DCE-MRI, part 1: Curve types.

5

DCE-MRI –
symmetric,
non-focal:
+ 0 points
5

DCE-MRI –
asymmetric,
non-focal:
+ 1 point

DCE-MRI –
asymmetric,
focal location:
+ 2 points

PI-RADS classification of DCE-MRI, part 2: Additional points for distribution patterns with curve types II + III.

PI-RADS classification of
DCE-MRI
The SI-t curves measured by DCE-MRI
are the basis for the PI-RADS classification, the key element being the
qualitative analysis of the curve shape
following the initial rise of the SI-t
curve (Fig. 4). In a type I curve, the
SI gradually continues to increase
(score 1). Type II curves are characterized by progressive SI stabilization
(curve levels off) and a slight and late
decrease in SI (score 2).
Type III curves show immediate washout after reaching peak enhancement
(score 3). A point is added in the scoring system if there is a focal lesion
with a type II or type III curve (Fig. 5).
Another point is added for asymmetric lesions or unusually located lesions
with type II or type III curves [3].
Unusual locations are the anterior
parts of the transition zone and the
anterior horns of the peripheral zone.
34

DCE-MRI –
asymmetric,
unusual location:
+ 2 points

Symmetry and focality are assessed
based on the surrounding tissue.
In practice, it is helpful (although not
mandatory) to assess focality by
means of pharmacokinetic parameter
maps. If new lesions are identified in
the analysis of the pharmacokinetic
parameter maps, these areas can also
be assessed using the PI-RADS classification scheme. Here it must be noted
that BPH nodules appear as focal
lesions on the parameter maps and
are characterized by type II or type III
curves. No classification is necessary
for lesions that can be clearly diagnosed as BPH nodules on the T2w
image due to their hypointense rim.

MR spectroscopy
of the prostate
Proton magnetic resonance spectroscopy allows the spatially resolved
measurement of the relative concentration distributions of the metabo-
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lites citrate, creatine and choline in
the prostate. This metabolic information can increase the specificity of
morphological prostate MRI and help
assess individual tumor aggressiveness [44] and its progression over
time, e.g. following antihormonal
therapy [45] or during active surveillance [46].
Three-dimensional spatially resolved
proton MR spectroscopy imaging
(1H-MRSI) is generally performed using
a combination of two techniques,
namely point resolved spectroscopy
(PRESS) for volume-selective excitation, and chemical shift imaging
(1H-CSI) for spatial resolution with
voxel sizes of up to 0.25 cm3. 1H-MRSI
is technically more complex than MR
tomographic imaging and has several
limitations in routine practice [47,
48]. Due to the high water content of
human tissue, the proton, i.e. the
nucleus of the most common hydro-
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gen isotope (1H), is the in-vivo nucleus
that provides the strongest signal.
Within the prostate parenchyma, the
concentration of citrate, creatine
and choline is approx. 10,000- to
100,000-fold lower than that of water.
The signal intensity of these metabolite resonances in the 1H-MR spectrum
is thus reduced by the same factor,
which complicates their visualization
using this method. It is nevertheless
possible to measure the resonances
of the metabolites citrate, creatine
and choline with only low signal-tonoise ratio. This requires a water and
fat signal suppression pulse to enable
the detection of the weak resonance
lines of the metabolites against the
background of the strong water signal
on the one hand, and to suppress
contamination of the spectra by signal
from periprostatic lipids on the other
hand. In addition, wide saturation
bands must be placed closely around
the prostate in order to suppress
the strong water and fat signals from
the surrounding tissue. Spectral
quality critically depends on the local
magnetic field homogeneity, which
must be optimized prior to the data
acquisition by automatic and possibly
additional manual shimming. The
total duration of the exam is approx.
10 – 15 min.
MRSI is evaluated by determining the
relative signal intensity ratios of the
resonance lines [choline + creatine]/
citrate (CC/C). Since the choline and
creatine resonances often cannot be
resolved due to field inhomogeneities
and consecutive line broadening, they
are combined into one line (CC). The
quality of the spectra should initially
be assessed visually on a spectral
map. For semiquantitative analysis of
6

I

Choline Citrate

I: Cho << Citrate
6

II

the spectra, manufacturers are offering partly interactive software. To
avoid partial volume effects, it may
be necessary to retrospectively shift
the voxel grid to adapt it to the precise anatomic localization of focal
lesions.
The MRSI procedure, including data
acquisition, evaluation and interpretation of the spectra as well as documentation of the results, requires
special expertise and a considerable
amount of time (e.g. placement of
saturation pulses, possibly manual
shimming, interactive data evaluation
and interpretation including quality
assessment, visualization of results).
The quality of the MRSI result depends
not only on the physical-technical
support, but also on the particular
equipment (field strength, equipment
generation, specific equipment
properties, use of an endorectal coil)
and the individual patient-specific
examination setting (post-biopsy
hemorrhage, possibly regional metal
implants such as hip joint endoprosthesis or postoperative metal clips).
Citrate (C) is synthesized, secreted
and stored in large quantities in normal glandular tissue of the prostate
and is therefore used as an organ
marker for healthy prostate tissue.
Creatine plays an important role in
the cells’ energy metabolism and
serves as an internal reference of
intensity. Choline refers to the sum
of choline-containing compounds,
which includes various free choline
compounds such as phosphocholine,
glycerophosphocholine, free choline,
CDP-choline, acetylcholine and
choline plasmalogen. The intensity of
the choline resonance reflects the

Choline Citrate

II: Cho << Citrate

III

Choline Citrate

III: Cho = Citrate

IV

extent of membrane turnover and is
significantly elevated in cancerous
tissue [49]. The spatial distribution of
relative signal intensity can be visualized through parameter maps and
overlaid on the morphological T2w
image as a color-coded map. MRSI
does not provide any additional information on the localization of the cancer prior to radical prostatectomy as
compared to conventional MRI [50].
Due to possible false negative results,
in particular with small cancers,
1
H-MRSI also cannot be used to exclude
cancer. Neither does MRS provide
any additional information for local
T-staging compared to MRI. Rather,
it should be seen as an adjunctive
tool to MRI that can increase the
specificity in the classification of suspicious focal lesions, assess individual
tumor aggressiveness, and provide
progression parameters during active
surveillance or conservative management. Compared to MRI, however,
this method is more complex, more
susceptible to artifacts and more
difficult to standardize, resulting in it
being of low practicality and acceptance outside specialized centers, and
thus less commonly used.

PI-RADS classification 1H-MRSI
In regard to the PI-RADS classification
of the MR spectroscopy results, qualitative assessment of the CC/C ratio has
proven useful in clinical routine. This
involves the visual classification of
relative signal intensities of the choline
and citrate resonances based on a
5-point scale [51, 52]: Type 1: Cho is
significantly lower than citrate (<<);
type 2: Cho is elevated but still lower
than citrate (<); type 3: Cho is approx-

Choline Citrate

IV: Cho > Citrate

V

Choline Citrate

V: Cho >> Citrate

PI-RADS classification of MR spectroscopy.
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imately on the same level as citrate
(= ); type 4: Cho is elevated compared to citrate (>); type 5: Cho is
significantly elevated compared to
citrate (>>) (Fig. 6). Quantitative
signal intensity ratios depend on the
examination technique (1.5T versus
3T, sequence parameters), the evaluation program used and, in the case
of interactive evaluation, examinerrelated factors. Quantitative values
for classifying the probability of cancer can only be determined in specialized centers and compared within
a patient population examined and
evaluated by consensus.
Sources of false positive findings are
regions with either reduced citrate
levels (in the anterior fibromuscular
stroma and in stromal BPH nodules)
or elevated choline levels (basal near
the seminal vesicles and periurethral,
since the seminal fluid contains elevated levels of glycerophosphocholine, as well as in prostatitis). False

negative findings can occur with
small or infiltrating carcinomas, in
particular mucous carcinomas.

itly explained in the ESUR guidelines,
the authors recommend using the
algorithm given in (Table 1). For routine clinical work, the authors further
recommend that a diagnosis of suspected prostate cancer should be made
if the PI-RADS score is 4 (≥ 10 points if
3 techniques are used and ≥ 13 points
if 4 techniques are used) or higher.
It must be stressed in this context that
the thresholds of 10 and 13 are not yet
evidence-based. A lower total score
does not mean that the probability of
prostate cancer is nil. These patients
should therefore at least remain under
clinical surveillance.

Communication of findings
In analogy to the BI-RADS, the PI-RADS
system offers the advantage of a
standardized and easy communication of findings to other professional
colleagues. Every lesion should be
evaluated using a standardized graphic
prostate scheme (Fig. 7) with at least
16, better 27, sectors. For each lesion,
a point score between 1 and 5 is to
be assigned per method. This is used
to calculate the total score, which
reflects the probability of the presence of clinically relevant cancer. The
total score is then converted to the
relevant PI-RADS score, providing the
advantage that the final PI-RADS
score is independent of the number
of techniques used and can thus be
easily communicated. Since the conversion of point scores is not explic-

Conclusion
In summary, structured reporting of
a lesion using the parametric approach
increases the quality and diagnostic
value of prostate MRI. Therefore, application of the PI-RADS scheme based
on the representative images provided
here is recommended for clinical rou-

7

Standardized MRI Reporting Scheme
SV

Name: _________________________
Date:
PSA:
Previous Biopsies:
Previous MRI scans:

13as

Individual Scoring
Region T2 DWI DCE

MRS Sum

1a

2a

base

2p

7a

1p

8a

8p

7p

PI-RADS
14as

3a

4a

9a

10a

mid
4p

10p
9p

3p

15as
6a

apex
Total score PI-RADS:
PI-RADS: 1– benign; 2 – most probably benign;
3 – intermediate; 4 – probably malignant;
5 – highly suspicious of malignancy

7
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5a

11a 12a

6p

R

Standardized MRI prostate reporting scheme, PI-RADS.
Parts of Fig. 7 are based on Dickinson et al. 2011 [4].
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Table 1: PI-RADS score: Definition of total score and assignment
of aggregate scores according to individual modalities used.
PI-RADS classification

Definition

Total score with T2, DWI, DCE

Total score with T2, DWI, DCE and MRS

1

most probably benign

3, 4

4, 5

2

probably benign

5, 6

6–8

3

indeterminate

7–9

9 – 12

4

probably malignant

10 – 12

13 – 16

5

highly suspicious of malignancy

13 – 15

17 – 20

tine. The standardized graphic reporting scheme facilitates the communication with referring colleagues.
Moreover, a standardized reporting
system not only contributes to quality
assurance, but also promotes wide-

spread use of the method and implementation of large-scale multicenter
studies, which are needed for further
evaluation of the PI-RADS system, in
analogy to the BI-RADS system used
in breast imaging.

This article has been reprinted with permission
from: M. Röthke, D. Blondin, H.-P. Schlemmer,
T. Franiel, PI-RADS-Klassifikation: Strukturiertes
Befundungsschema für die MRT der Prostata
Fortschr Röntgenstr 2013; 185(3): 253-261,
DOI: 10.1055/s-0032-1330270 © Georg
Thieme Verlag KG Stuttgart New York.
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Introduction

Patient history

Sequence details

The prognosis for patients with highgrade gliomas is poor. Neuro-oncology trials are constantly looking to
improve the overall survival of such
patients. Toward this, the current
treatment regimen following resection of primary high-grade glioma
includes the use of radiation therapy,
and chemotherapeutic agents such
as temozolomide (TMZ) and bevacizumab. Preliminary results suggest
some improvement in the overall survival of such patients. Unfortunately,
the use of such a treatment regimen
results in an imaging appearance that
makes it difficult to distinguish treatment-induced changes from tumor
recurrence based on conventional MR
images. Advanced imaging techniques
such as diffusion-weighted imaging
(DWI) and dynamic susceptibility
contrast (DSC)-perfusion imaging
have tried to address this issue [1, 2].
The current case exquisitely illustrates
the role of DWI, DSC-perfusion, and
simultaneously acquired FDG-PET
imaging in predicting tumor recurrence due to the presence of diffusion
restriction and high rCBV values from
the treatment bed. The highlighting
feature of this case lies in demonstrating the utility of PET-MR in
predicting tumor recurrence as
suggested by foci of increased FDGuptake corresponding to sites of
tumor recurrence on DWI and DSCperfusion imaging.

54-year-old male with history of left
frontal glioblastoma. The presented
imaging results follow surgical
resection, radiation therapy and
chemotherapy (TMZ and Avastin).

Simultaneous PET and MRI were
acquired (Biograph mMR, Siemens
Healthcare, Erlangen, Germany) using
the tracer injection from the PET/CT
exam performed on the same day.
MR imaging of the brain including

1A

2A

1B

2B

1

Axial T2-weighted images
demonstrate a surgical cavity in
the left frontal region.
Surrounding T2 bright signal
abnormality is seen.

2

Corresponding contrastenhanced T1w images demonstrate minimal heterogenous
enhancement (arrow).
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3A

3B

3C

3D

3E

3F

3

Diffusion-weighted imaging and corresponding ADC maps demonstrate foci of restricted diffusion involving predominantly
the genu of the corpus callosum (arrows).

axial and sagittal FLAIR, axial T2,
diffusion, axial, coronal, and sagittal
MPR, and axial T1 pre- and post-contrast images with 17 cc Magnevist
intravenous contrast, and DSC-perfusion. PET imaging (15 minute listmode) was acquired 139 minutes
after 10.25 mCi injection of 18F-FDG.

Imaging findings
The left frontal resection cavity
appears unchanged in size since the
prior examination. High T2/FLAIR
signal surrounding the surgical cavity,
anterior right frontal lobe and anterior body of corpus callosum has
increased in size when compared to
a prior study (Fig. 1).
There is new nodular enhancement
in the genu and rostrum of the corpus
callosum with mass effect. Some of
this nodularity projects into the frontal horn of the left lateral ventricle

40

(Fig. 2). These areas of nodular
enhancement demonstrate diffusion
signal abnormality (Fig. 3) and hyperperfusion (Fig. 4) and are suspicious
for recurrent tumor.

frontal periventricular white matter
and at the posteromedial aspect of
the left frontal resection cavity.

Furthermore, additional areas of diffusion signal abnormality are seen in
the right frontal periventricular white
matter and in the posteromedial margin of the left frontal resection cavity
which demonstrate hyperperfusion
and are also suspicious for recurrent
tumor.

As this case demonstrates, the use of
various MR contrasts in conjunction
with simultaneously acquired PET
shows promise to distinguish tumor
recurrence from treatment-induced
changes. The foci of increased
FDG-uptake which corresponds to T2,
DWI and DSC-perfusion, increased our
confidence level and played a complementary role. The increased uptake as
seen in this case suggests a promising
role for PET-MR to distinguish tumor
recurrence from treatment induced
changes. However, these are only preliminary findings, and will need confirmation on larger patient population
studies.

It is noted that there is mildly increased
uptake (SUVMAX: 7.1) associated with
the new nodular enhancement at the
genu and rostrum of the corpus callosum, left of midline (Fig. 5). The
combined mild FDG uptake and new
findings on MRI are concerning for
recurrent tumor and less likely due
to necrosis. There is no visible FDG
uptake above background at the right
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4

5.57

3.10

0.62

4

Corresponding DSC-MRI, perfusion maps demonstrate high rCBV (> 2.3) from the region of the treatment bed.

5A

5B

5

Corresponding PET-MR demonstrates areas of increased FDG-uptake (arrow) corresponding to areas of restricted diffusion and
increased rCBV suggestive of tumor recurrence.
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Malignant brain tumors (glioma WHO
grade III-IV) are notoriously difficult
to treat despite an intensive combination of surgery, radiation and
chemotherapy. Although there is an
increasing number of 5-year survivors
with this combined modality therapy,
the median survival remains in the
order of 14 months [1]. Pathological
studies have demonstrated preferential tumor cell dissemination spread
along white matter tracts and brain
vessels [2], which limits the efficacy
of both microsurgical resection and
radiation therapy. The target for postoperative therapeutic radiation after
maximal safe resection includes the
resection cavity and any residual
tumor visible on the postoperative
T1-weighted Gadolinium-enhanced
MRI. When surgery is not possible
due to a high risk of neurological
damage, a diagnostic biopsy is undertaken, followed by radiotherapy. To
maximise the probability of including
relevant microscopic spread from a
glioblastoma (glioma WHO grade IV),
uniform wide planning margins of up
to 30 mm are typically added (Fig. 2B,
green line). Some centres further
extend this to include all visible
edema on the T2-weighted imaging.
Recent studies on the pattern of
relapse in patients with high-grade
glioma (HGG), predominantly glioblastoma, have suggested that tumor
recurrence after maximal combined
modality therapy occur within 2 cm
of the original tumor location [3, 4].
This has led to a suggestion that a

42

1A

1B

1C

1D

1

Transverse (T1w BLADE fs) and coronal (T2w TIRM dark fluid fs) MR images (1A, B)
12 months and (1C, D) 16 months after the operation. The patient developed
a progressive tumor recurrence contiguous with residual tumor with subsequent
extension along neighboring white matter tracts.
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2A

reduced margin, for example 1 cm,
may be sufficient for the high-dose
volume [3].
The addition of temozolomide chemotherapy as a radiation sensitizer and
as adjuvant therapy is reported to be
associated with an increased risk of
normal brain toxicity (radionecrosis) of
up to 20% [5]. Radiation-related side
effects are dependent on both the prescription dose and the irradiated volume. A dose of at least 60 Gy has been
shown to be necessary to control HGG,
therefore it is compelling to instead
reduce the planning target volume (PTV)
where possible without compromising
efficacy. Our aim is to derive a biologically targeted volume to ensure coverage of the regions at greatest risk of
microscopic infiltration whilst excluding uninvolved brain. To this end, we
have explored diffusion tensor imaging
(DTI) and fractional anisotropy (FA) to
identify areas of tumor infiltration,
beyond that visible on T1w contrastenhanced MRI. The method is derived
from the isotropic (p) and anisotropic
(q) maps of water diffusivity [6] and
based on clinically validated data from
patients with HGG [7].
Our technique is best illustrated using
a clinical case as an example. This
patient with histologically confirmed
glioblastoma (GBM), showed tumor
progression after surgery and radiation
and developed a new lesion in the
right thalamus (Fig. 1). The initial preoperative work-up included DTI to
assist the neurosurgeons in the identification and avoidance of apparently
uninvolved white matter tracts to minimize the neurological sequelae of the
surgery. All the MR imaging was done
using a MAGNETOM Avanto 1.5T whole
body scanner (Siemens Healthcare,
Erlangen, Germany). These same scans
were further analysed to extract data

2B

2

Fusion of the MRI at recurrence 12 months post op with the DTI at
recurrence 12 months post op suggests a route of spread via the radiologically abnormal right corticospinal tract.
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regarding water diffusivity. The
initial steps of the radiation planning
technique were to co-register the T1w
contrast-enhanced MRI with the planning CT scan. The residual enhancing
tumor was contoured accordingly
and the volume expanded by 1 cm
(Fig. 2B, yellow line) to include brain
at highest risk of infiltration. In addition, the DTI scan was co-registered
and the volume was extended further
along the tracts (Fig. 2B, purple line)
in contact with the tumor to encompass likely microscopic spread. Any
additional regions of tumor and infiltration, as detected by the p and q
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maps, were delineated and then
combined into the target volume by
the planning software. This final volume was used to generate intensity
modulated radiotherapy (IMRT) plans
that were not used for clinical treatment (Fig. 2).
Using an in-house software program,
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incorporate regions of altered water
diffusivity, reported to correspond
with macroscopic tumor or microscopic infiltration, into the radiotherapy planning process. Conventional
large volume irradiation for highgrade glioma carries an inevitable
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be enhanced by combination with
radiosensitizers. DTI and FA have
previously been reported as diagnostic
tools to assist with differential diagnosis, tumor grading, identifying tumor
margins and predicting tumor relapse
[7-9]. As white matter tracts and alterations in water diffusivity can also be
targeted, we believe that future developments in radiation planning for
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irradiated volume whilst maintaining
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likely to mediate relapse and spread.
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Introduction
The superior soft tissue contrast,
as well as potential for probing molecular composition and physiological
behavior of tumors and normal tissues and their changes in response to
therapy, makes MRI a tempting alternative to CT as a primary means of
supporting the various processes
involved in radiation therapy treatment planning and delivery. Obvious
examples of the benefit of MRI over
CT include target delineation of intracranial lesions, nasopharyngeal
lesions, normal critical organs such
as the spinal cord, tumors in the liver,
and the boundaries of the prostate
gland and likely cancerous regions
within the prostate gland. For brachytherapy planning for cervical cancer,
a recent GEC-ESTRO report directly
recommends a change from traditional point-based prescriptions based
primarily on applicator geometry, to

1A

volumetric treatment plans and prescriptions aided by soft tissue visualization, specifically improved by the
use of MRI. MRI-based maps of diffusion and perfusion have demonstrated
potential for predicting therapeutic
outcome for tumors as well as normal tissues, and current clinical trials
seek to validate their roles and performance as a means to individualize
therapy to improve outcomes (minimize toxicity and improve local tumor
control). In addition to these advantages, MRI has been initially investigated as a means to better map the
movement and deformation of organs
over time and due to physiological
processes such as breathing.
The historically accepted challenges
in using MRI for primary patient
modeling in radiation oncology have
included distortion, lack of electron
density information, and lack of

integrated optimized systems to scan
patients immobilized in treatment
configuration.

MRI ‘simulator’ system
Over the past several years, we have
investigated the feasibility of MRI systems to function in the same roles that
CT scanners have for the past 10–15
years, that is as primary tools for patient
modeling for radiation therapy. These
efforts have accelerated in the past
years with the installation of a dedicated MRI ‘simulator’ at the University
of Michigan, based on a 3T wide-bore
scanner (MAGNETOM Skyra, Siemens
Healthcare, Erlangen, Germany),
outfitted with a laser marking system
(LAP, Lueneburg, Germany) and separate detachable couch tops supporting
brachytherapy and external beam
radiation therapy applications.

1B
1
MRI simulation system shows
a volunteer in position for initial
setup wearing a customized face
mask (1A). Close-up view of
anterior coil setup and crosshairs
from laser marking system (1B).
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Colorwash of measured distortion through an axial plane of the distortion phantom (2A). Magnitude of distortion-induced
shifts in circles of increasing radius from the bore center in axial planes at the center and +/– 6 cm along the bore (2B).

The process of integrating MRI into
the standard workflow of radiation
oncology requires attention be paid to
a number of specific areas of system
design and performance. In our
instance, we chose a system that could
potentially support both external beam
therapy as well as brachytherapy. The
brachytherapy requirement played
a specific role in some of our design
choices. As the high-dose-rate (HDR)
brachytherapy system was housed in
a room across the hall from the MRI
suite, a room design was created that
permitted the direct transfer of patients
from MRI scanning to treatment. Typically brachytherapy treatment has
involved transferring patients to and
from imaging systems, a process that
could potentially influence the treatment geometry and changes the dose
delivered away from that planned.
Treating a patient directly without moving them has significant advantages
for geometric integrity as well as patient
comfort. To facilitate such treatments,
a detachable couch was chosen as part
of the magnet specifications, and two
such couches were specifically purchased to support simultaneous treatment of patients on the couch used for
MRI scanning and scanning of other
patients for subsequent external beam
treatments.
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To support external beam radiotherapy, patients need to be scanned in
positions and configurations that can
be reproduced at treatment. In addition to necessitating a wide bore MRI
scanner, an indexed flat table top
insert was purchased from a company
that specializes in radiation therapy
immobilization systems (Civco,
Kalona, IA, USA). A number of immobilization accessories were customized for use in the MRI environment,
most notably a head and neck mask
attachment system. To support high
quality scanning of patients in treatment position without interfering
with their configuration for treatment,
a series of attachments to hold surface coils (primarily 18-channel body
coils) relatively close to the patient
without touching are used.

Initial commissioning
and tests
To commission the system, a number
of tests were performed in addition
to the standard processes for MRI
acceptance and quality assurance.
The laser system was calibrated to
the scanner coordinates through
imaging of a phantom with externally
visible laser alignment markings and
internal MRI-identifiable coordinates
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indicating the nominal laser intersection, and end-to-end tests were performed on phantoms and volunteers
to establish the accuracy of isocenter
marking using MRI scans as a source
of input.
To characterize system-level distortion, a custom phantom was developed to fill the bore of the magnet
(with perimeter space reserved for
testing the 18-channel body coil if
desired). The resulting phantom was
a roughly cylindrical section with a
sampling volume measuring 46.5 cm
at the base, with a height of 35 cm,
and a thickness of 16.8 cm. This sampling volume was embedded with a
three-dimensional array of interconnected spheres, separated by 7 mm
center-to-center distances. The resulting system provided a uniform grid
of 4689 points to sample the local
distortion. The phantom was initially
scanned using a 3D, T1-weighted,
spoiled gradient echo imaging
sequence (VIBE, TR 4.39 ms and TE
2.03 ms, bandwidth 445 Hz/pixel) to
acquire a volume with field-of-view
of 500 × 500 × 170 mm with a spatial resolution of 0.98 × 0.98 × 1 mm.
Standard 3D shimming was used for
scanning, and 3D distortion correction was applied to the images prior
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T1-weighted image with external contour delineated as a mask (3A). The B0 inhomogeneity map acquired from this subject
(3B) was unwrapped within the boundaries of the mask, yielding the resulting distortion map (3C).
Reprinted with permission from Wang H, Balter J, Cao Y. Patient-induced susceptibility effect on geometric distortion of
clinical brain MRI for radiation treatment planning on a 3T scanner. Phys Med Biol 58(3):465-77, 2013.
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Colorwash of distortion-induced displacements through a sagittal plane of a subject (4A). Analysis of displacements along
a line moving away from the sinus (red line in fig. 4A) shows the falloff of distortion due to susceptibility differences as
a function of distance from the interface (4B).
Reprinted with permission from Wang H, Balter J, Cao Y. Patient-induced susceptibility effect on geometric distortion
of clinical brain MRI for radiation treatment planning on a 3T scanner. Phys Med Biol 58(3):465-77, 2013.

to analysis. For this initial test, the
body coil integrated into the magnet
was used. Automated analysis of the
images localized the sphere centers,
yielding a deformation vector field
that described the influence of system-level distortion on the measured
sphere locations. This initial test
demonstrated the accuracy of coordinate mapping via this scanning protocol, with average 3D distortions of
less than 1 mm at radii of up to 17 cm
in planes through the bore center

as well as +/– 6 cm along the bore
length. Of note, scanning was performed using the syngo MR D11
software version. Future tests will be
performed on the syngo MR D13
release.
To begin to assess the impact of subject-induced susceptibility on distortions, B0 inhomogeneity maps were
acquired during routine patient scanning and analyzed (for 19 patients)
under an IRB-approved protocol.

These maps were acquired using
a 2D, double-echo, spoiled gradient
echo sequence (GRE field mapping
TE1 4.92 ms, TE2 7.38 ms, TR 400 ms,
flip angle 60 degrees, voxel size
3.5 × 3.5 × 3.75 mm), masked by the
boundaries of the head acquired from
T1-weighted images, and unwrapped
using an algorithm from the Oxford
Center for Functional Magnetic Resonance Imaging of the Brain [1]. The
resulting maps showed homogeneity
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Post-contrast T1-weighted images of a patient scanned in an immobilization mask using an anterior 18-channel body surface
coil and a posterior 4-channel small soft coil and displayed in a radiation therapy treatment planning system (Eclipse, Varian,
Palo Alto, CA, USA). Various delineated structures shown are used to guide optimization of intensity-modulated radiation therapy.

6

Display from a brachytherapy treatment planning system (Brachyvision, Varian, Palo Also, CA, USA) showing orthogonal planes
through cylindrical applicator implanted in a patient. Source locations (red dashes through the center of the applicator)
are shown, as well as radiation isodose lines.

6
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of 0.035 ppm or less over 88.5% of a
22 cm diameter sphere, and 0.1 ppm
or less for 100% of this volume.
These inhomogeneity maps were
applied to calculate distortions from
a typical clinical brain imaging
sequence (3D T1-weighted MPRAGE
sequence with TE 2.5 ms, Siemens
TR 1900 ms, TI 900 ms, flip angle
9 degrees, voxel size 1.35 × 1.35 ×
0.9 mm, frequency-encoding sampling rate of 180 Hz/pixel). On these
images, 86.9% of the volume of the
head was displaced less than 0.5 mm,
97.4% was displaced less than 1 mm,
and 99.9% of voxels exhibited less
than 2 mm displacement. The largest
distortions occurred at interfaces
with significant susceptibility differences, most notably those between
the brain and either metal implants
or (more significantly) adjacent air
cavities. In the location with the largest displacement (interface with the
sinus), the average displacement of
1.6 mm at the interface falls to below
1 mm approximately 7 mm away.

Examples of clinical use
We have implemented a number of
scanning protocols in our first year of
operation. Routine scans are performed for patients with intracranial
lesions of all forms, as well as for
those with nasopharyngeal tumors,
hepatocellular carcinoma, and certain spinal and pelvic lesions. Routine
use of the system for MRI-based
brachytherapy of patients with cervical cancer using a ring and tandem

system is currently pending modification of part of the applicator for safety
and image quality reasons, although
patients undergoing other implants
(e.g. cylinders) have had MRI scans
to support treatment planning.

a variety of research protocols are
underway using this system. A major
current focus is on using MRI without
CT for external beam radiation
therapy. Results of these efforts will
be presented in future articles.

Summary
We have implemented the initial
phase of MRI-based radiation oncology simulation in our department,
and have scanned over 300 patients
since operations began just over one
year ago. The system demonstrates
sufficient geometric accuracy for supporting radiation oncology decisions
for external beam radiation therapy,
as well as brachytherapy. Work is
ongoing in optimizing MRI scanning
techniques for radiation oncology in
various parts of the body and for various diseases. In addition to current
and future work in optimizing MRI
for use in routine radiation therapy,
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MAGNETOM Combi Suite Radiation
Therapy. Combining MRI Intelligence
and Therapeutic Expertise
Annemarie Hausotte, Ph.D.
Siemens Healthcare, Imaging & Therapy Division, Erlangen, Germany

MRI’s excellent soft-tissue differentiation supports target structure delineation, helps to identify structures and
organs at risk, and therefore contributes to accurate treatment planning
and delivery.
The MAGNETOM Combi Suite
Radiation Therapy, which is available
for 1.5T MAGNETOM Aera and
3T MAGNETOM Skyra, is a perfect
tool for the radiation therapy (RT)
treatment planning workflow.

Today’s standard for
radiation therapy planning
In 2009, nearly one million patients
in the U.S. received radiation therapy.

Approximately 88% of these patients
received external beam treatments
from a linear accelerator [1], which
demands careful treatment planning,
precise patient set-up, and reproducible patient positioning. Patients are
immobilized during pre-treatment
imaging and throughout the treatment
with positioning devices such as
thermoplastic masks or vacuum cushions, ideally in exactly the same way
throughout.
In 2009, 98% of all image-based RT
treatment plans in the U.S. were
based on computed tomography (CT)
images [2]. In nearly all cases where
MR images were used within the

1A

MRI intelligence for
radiation therapy planning
MRI offers excellent soft-tissue contrast without radiation dose, making
it ideal for oncology imaging and –
especially – radiation therapy planning,
where CT data can be enhanced by
valuable multi-contrast as well as

1B

1
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c ontext of treatment planning, these
were used in conjunction with CT
images. CT data – acquired for example
with a Siemens SOMATOM Definition
AS Open system – serves as the
primary data for localizing target
structures and organs at risk, for
calculating dose, and for simulating
the treatment.

Siemens’ recommended MR systems supporting RT imaging. (1A) 1.5T MAGNETOM Aera and (1B) 3T MAGNETOM Skyra with
the MAGNETOM Combi Suite Radiation Therapy.
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2A

2B

2

MAGNETOM Combi Suite Radiation Therapy options. (2A) Flat couch top with indexing, allowing RT-like patient set-up.
The Flex 4 coils enable imaging even in the case of thermoplastic mask fixation. The coil holders help to mount the coils.
(2B) Set-up with the Body 18 coil mounted close to the patient without contact.

multi-parametric MR data for additional
confidence in treatment planning.
Fast isotropic 3D sequences such as
SPACE or VIBE along with 3D distortion correction enable better anatomical correlation. Advanced applications and imaging sequences, such as
REVEAL and MR spectroscopy, offer
additional pathology characterization.
Tumors of the brain, in the head &
neck region or tumors of the prostate
or rectum are good examples of cases
where MRI can provide useful additional information for treatment planning, offering high-quality imageguided treatments to patients. Other
examples are cervical tumors and
gynecological tumors in general. MR
images provide great accuracy in
defining target structures and organs
to be spared during treatment.

Accounting for the needs
of radiation therapy in MRI
MAGNETOM Aera and MAGNETOM
Skyra, both featuring a 70 cm open
bore design, are today’s top-of-the-line
choices in 1.5T and 3T MRI systems.
The bore size supports very different
patient set-ups, as is the case for radiation therapy planning imaging. Inte-

grated Tim 4G coil technology offers
up to 204 coil elements, delivering
more signal than ever. With its highdensity coils, Tim 4G also enables up
to 128 channels and can be flexibly
integrated into a variety of different
applications to support even large
anatomical coverage. The Tim Dockable Table supports the MRI workflow
at both radiology-installed scanners
and dedicated radiation oncology MR
systems, by allowing the patient to
be prepared outside the scanner room.
This enables scanning within standard
radiological timeslots and increases
workflow flexibility. Finally, the
MAGNETOM Combi Suite Radiation
Therapy allows for reproducible radiation therapy-like positioning during
MR scanning, easing the enhancement of CT data with MRI data during
the treatment planning process.

MAGNETOM Combi Suite
Radiation Therapy
MAGNETOM Combi Suite Radiation
Therapy comprises Siemens’ comprehensive offering of MRI-related solutions to support high accuracy radiation therapy treatment planning.
Table 1 lists the various components
of the suite.

Manufacturers of radiation therapy
positioning devices, including CIVCO,
offer a variety of MR-compatible
patient positioning devices (fitting
the CIVCO RT Positioning Package).
Table 2 gives examples for Tim 4G coil
arrangements for RT imaging (sorted
by body regions) and identifies the
mounts from the CIVCO RT Positioning
Package that could be used.

Feedback from the
clinical community
One of the first MAGNETOM Aera
systems equipped with MAGNETOM
Combi Suite Radiation Therapy
options is installed in the Radiology
department of the Sozialstiftung
Bamberg in Bamberg, Germany. This
scanner is a shared system, with
reserved timeslots for radiation therapy treatment planning imaging.
Dr. Thomas Koch, head of Medical
Physics in the radiation oncology
department at Bamberg, is impressed
by the radiation therapy positioning
package: “It works very well. It has
made image fusion in our treatment
planning system much easier and
faster.”
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3A

3B

3

CT planning data of a patient with rectum carcinoma. (3A) Bone window, (3B) soft-tissue window).
Courtesy of Sozialstiftung Bamberg, Bamberg, Germany.

4A

4B

4C

4D

4
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Additional MR planning data for the same patient as in Fig. 3. (4A) T1-weighted contrast-enhanced TSE, (4B) T1w ce TSE fs,
(4C) T1w 3D VIBE fs, (4D) coronal MPR of the 3D VIBE.
Courtesy of Sozialstiftung Bamberg, Bamberg, Germany.
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5A

5B

5

Image-based RT treatment planning for the same patient as in figures 3 and 4. (5A) CT with contoured organs and isodose lines,
(5B) MR with contoured organs.
Courtesy of Sozialstiftung Bamberg, Bamberg, Germany.

Table 1:
Components of MAGNETOM Combi Suite Radiation Therapy
Components

Vendor

Remarks

Tim 4G coils

Siemens

required

Tim Dockable Table

Siemens

recommended

RT Positioning Package
(MR-compatible couch top with indexing and coil mounts)

CIVCO

required; allows direct mounting of
CIVCO Type S masks

External laser systems

LAP

recommended for virtual simulation

Note: MAGNETOM Combi Suite Radiation Therapy and its various components are available only for MAGNETOM Aera and MAGNETOM Skyra.

Table 2: Tim 4G coil arrangements for radiation therapy imaging
Region

Tim 4G coils

Mounting

Alternative / Option

Cranial

2∙Flex 4 (Small/Large) with interfaces

Head coil mounts

1∙Flex 4 (Small/Large)
+ Body 18

Head & Neck

2∙Flex 4 (Small/Large) with
interfacesw
+ Body 18
+ Spine 32

Head coil mounts
+ Body coil mounts

1∙Flex 4 (Small/Large)
+ Body 18
+ Spine 32 coil

Abdominal

Body 18
+ Spine 32 coil

Body coil mounts

a second Body 18 can be used for obese patients

Note: The brackets indicate alternatives.
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