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Many aspects of cancer care remain 
on ‘red alert’ as we enter the second 
decade of the 21st century. There 
are many times when we healthcare 
professionals cannot confidently 
answer questions that directly affect 
patient care. Seemingly simple ques-
tions such as “Do I have cancer?”, 
“Is the cancer going to kill me?”, “Is my 
cancer responding to therapy?”, “Is the 
cancer back?” and “How long do I have 
to live?”, “Will I make it to my daugh-
ter’s wedding?” evade us on a daily 
basis. While we struggle to respond to 
the needs of our patients, we remain 
aware that progress is being made 
every day in cancer diagnosis and 
therapy, and within this, is the role 
being played by MRI as highlighted 
by articles in this Oncology edition 
of MAGNETOM Flash magazine.

MRI has become an integral part in 
management of cancer patients with 
distinct decision making roles in the 
clinic and for drug development. Clini-
cal questions that can be addressed 
by MRI are highly dependent on the 
point of the patient journey. Many 
cancer-afflicted patients comment 
on the loss of control of their destiny 
which makes their progress through 
life more like a ‘roller coaster’. The 

optimal use of MRI requires very close 
interactions between oncologists 
and their radiologists and physicists. 
This is because MRI technologies (hard-
ware, data acquisition sequences, 
post- processing etc) are continuously 
being developed and refined, vali-
dated and adopted for use in the clinic, 
but at different rates which makes 
cross platform standardisation and 
validation problematic. Oncologists 
need to define specific questions/
problem areas in order for radiolo-
gists/physicists to choose or develop 
appropriate technologies to answer 
the clinical need. If this is done suc-
cessfully, both morphologic and gen-
erated functional MRI biomarkers 
have the power to transform the way 
that some patients are managed in 
the clinic. This issue of MAGNETOM 
Flash is full of examples where MRI 
is being developed to meet clinical 
needs of cancer patients.

Early cancer detection

When MRI is employed for early cancer 
detection in subjects with a high life-
time risk of developing cancer, either 
due to germline mutations or expo-
sure to carcinogens, this is typically 
organ-based. Examples of organ-based 

MRI screening include evaluation of 
those at increased risk of developing 
breast cancer (BRCA mutations, TP53 
deletions, previous mantle radiother-
apy). The biology being exploited in 
breast cancer detection and character-
ization is tumor neovascularization 
and hyperperfusion, which is done by 
using dynamic contrast-enhanced 
sequences (DCE-MRI). A key requirement 
for early breast cancer detection is very 
high spatial and temporal resolution of 
DCE sequences. High spatial resolution 
is important because lesions detected 
need characterization which in turn 
depends on the evaluation of fine mor-
phologic features such as distinctness 
of margins and the patterns of internal 
structure. How this can be achieved 
using ultrahigh field, 7T* MRI scanners 
is discussed in the article by Siegfried 
Trattnig et al. in this issue. The chal-
lenges of working at 7T, particularly of 
achieving uniform fat suppression over 
both breasts are highlights.

Another area where MRI is increasingly 
used is for the detection (localization) 
of suspected cancer when another 
test(s) suggests that a tumor may be 
present. Examples include persistently 
raised serum prostate specific antigen 
(PSA) levels or when monoclonal bands 

Advancing Cancer Care  
with Modern MRI
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Professor Anwar R. Padhani, MB BS, FRCP, 
FRCR is Consultant Clinical Radiologist at Mount 
Vernon Cancer Centre in London and Professor 
of Cancer Imaging at the Institute of Cancer 
Research, Royal Marsden Hospital in London, UK.

His research interests include functional imaging 
and the microenvironment of tumors. Professor 
Padhani has a passion for teaching and has an 
impressive record of publications and lectures. 
His work involving whole-body and multi-
parametric MRI is internationally renowned. 
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(M component) are found in older 
patients referred for the investigation 
of osteoporosis; when respectively 
prostate cancer and multiple myeloma 
may be suspected. Prostate cancer 
diagnosis is particularly problematic 
because many men with raised PSA 
will never be diagnosed with prostate 
cancer in their life (false alarms), with 
the flip side also being true that many 
men with diagnosed prostate tumors 
having normal PSA levels (false reas-
surance). Even in men with prostate 
cancer diagnosed from histologic sam-
ples, the question “Is the cancer going 
to cause patient harm?” cannot always 
be confidently answered, because the 
misclassification rate concerning risk 
status is too high (poor characteriza-
tion). Often there is insufficient confi-
dence to distinguish non-aggressive 
disease (only needing careful monitor-
ing – active surveillance program) 
from virulent cancers (requiring defini-
tive treatment). Such diagnostic uncer-
tainty contributes to over-treatment of 
patients with low-grade cancers and 
under-treatment of patients with 
aggressive disease.

Multiparametric MRI (mpMRI) is now 
incorporated into many guidelines for 
the detection of prostate cancer par-
ticularly in men with persistently raised 
PSA levels and negative systematic 
transrectal prostate biopsies, who are 
considered to harbor cancer that has 
not yet been diagnosed.  Diffusion MRI 
is a cornerstone of any mpMRI pros-
tate examination as highlighted in the 
article by Liang Li and colleagues, who 
demonstrate high resolution, dedicated 
prostate diffusion MRI. Beyond detec-
tion of suspected lesions, better tar-
geted biopsies from cancer suspicious 
regions at highest risk of harbouring 
the most aggressive lesion (dominant 
intra-prostatic lesion (DIL) or index 
intraprostatic lesion) is needed (Fig. 1). 
The article by Lars Schimmöller et al. 
provides practical examples of how this 
is achieved by in-bore MRI targeted 
biopsy. Of course mpMRI usage is not 
only confined to the characterization 
of prostatic lesions. mpMRI is also 
being routinely used in the brain and 
other organs, including gynaecologi-
cal tumor characterization as high-
lighted by Hamidreza Sligheh Rad.

Diagnostic workup

Once patients are diagnosed with 
cancer, accurate workup of disease 
extent is key for therapy planning 
and prognostication. For this, the 
relationship between the primary 
tumor and adjacent normal tissues as 
well as the accurate determining of 
nodal and metastatic disease status 
are key requirements. A particularly 
venerable group of patients that can 
benefit from multisystem MRI assess-
ments of metastatic disease are 
 children* with cancer as shown by the 
case example of Maren Asmussen 
and Peter Reimer. Of course diagnos-
tic workup of cancer patients goes 
beyond MRI, using other imaging 
modalities including PET scans. The 
hybrid imaging platform PET/CT has 
already established itself in the cancer 
evaluation arena but we now see the 

Biologically optimized radiotherapy. 
75-year-old male with prostate cancer (Gleason 4+3; PSA18 ng/mL; T3a; N0; M0). 
A dominant intra-prostatic lesion (DIL) in the right postero-lateral peripheral zone has been defined using multi-parametric MRI 
(T2-weighted and diffusion images (b800 and ADC maps) are shown). High dose rate brachytherapy catheters were inserted 
under general anaesthetic. The planning computer optimization software has been programmed to maximize the radiation dose 
to the DIL and limit the dose to the rest of the prostate to a defined ceiling. The DIL and DIL planning treatment volumes (PTV) 
(yellow and dark blue lines) receive a higher dose as a proportion of their volume than the non-dominant prostate and the 
non-dominant prostate PTV (light blue and red lines). Courtesy of Dr. Roberto Alonzi, Mount Vernon Cancer Centre, Northwood, UK.

1

1
T2W - TSE

T2W - TSE

b800

ADCADC

*MR scanning has not been established as 
safe for imaging fetuses and infants under 
two years of age. The responsible physician 
must evaluate the benefit of the MRI exam-
ination in comparison to other imaging 
procedures.
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emergence of PET/MRI for improving 
lesion characterization as highlighted 
by the article of Amy Melsaether in 
women with breast cancer. Potential 
advantages of the hybrid PET/MRI 
approach include more precise 
 registration and anatomic localisation 
of the PET uptake, the potential for 
simultaneous quantitative dynamic 
PET and contrast-enhanced perfusion 
MRI and shorter scan times (less seda-
tion/anaesthesia). But MRI is not there 
to just to make PET scanning better! 
Unlike the situation with PET/CT 
(where low dose, non-contrast-
enhanced CT is used principally for 
rough anatomic localisation and 
attenuation correction), the position 
of MRI in PET/MRI systems is that of 
an equal partner because of its own 
uniqueness. MRI strengths include 
excellence in anatomic imaging and 
multiparametric imaging capability 
which, combined with the high sensi-
tivity of PET, have the potential to 
greatly improve the care of cancer 
patients, although evidence for the 
latter is still lacking. Watch this space!

Transforming treatment

MRI information has to be able to 
transform what we do for our patients. 
The article by Marymol Koshy high-
lights how breast MRI is transforming 
the surgical approach for breast can-
cer patients in Malaysia. An impres-
sive article by Simon Robinson and 
colleagues highlights how functional 
MRI at 7T* can aid in the presurgical 
planning of brain cancer patients. The 
quality of fMRI is simply astonishing 
but 7T is not simply about  creating 
pretty pictures! It is about much 

more. It is about identifying the pre-
cise location of vital brain functions 
that must be preserved in complex 
brain surgery. It’s about  preserving 
a patient’s uniqueness, what makes 
them human. The article suggests 
that millimetre precision is required 
for localizing eloquent brain areas in 
order to mitigate against severe post-
operative deficits which are inevita-
ble with brain tumor surgery without 
fMRI. You have to admire the efforts 
of Robinson and colleagues who are 
trying to make a difference in this 
very challenging area.

Just as we have seen advances in 
MRI diagnosis, so we have seen 
marked progress in image-guided 
treatment. A striking example is high 
precision, minimally invasive tumor 
ablation as highlighted by Kemal 
 Tuncali who shows several case 
examples of tumor ablation guided 
by MRI. Another large field of advance-
ment is in image guided radiother-
apy. Advances in imaging hardware 
related to radiation delivery, have 
improved the physical conformality 
of radiation planning, treatment and 
delivery to tumors and organ bound-
aries using conformal and intensity 
modulated techniques. Articles by 
Gary Liney and Joann Prisciandaro 
highlight how MRI information can 
offer these advantages when radiation 
is delivered as external beam radio-
therapy and internal high dose rate 
brachytherapy respectively. The 
authors reflect on the challenges 
of incorporating MRI data into the 
radiotherapy planning processes 
including the lack of electron density 
information and image distortion. 

When considering further roles for 
MRI in radiation planning we can also 
look towards additional advantages 
that functional imaging, in general, 
can bring to radiation therapy. The 
ability to combine image-depicted 
biology with image-guided radiother-
apy techniques opens the way for 
 further refinements of target delinea-
tion and dose delivery, such that it is 
now possible to shape dose volume 
distributions not only to the geometry 
of targets but also to differences in 
the radiobiology across tumors. So it 
is possible to define additional ‘targets-
within-targets’ as 3D maps of pre-
scribed dose incorporating biological 
information derived from functional 
imaging; this is sometimes called ‘dose 
painting by numbers’. An example of 
such an approach is shown in Figure 1. 
When considering these additional 
opportunities, it should be remembered 
that the perceived advantages of such 
approaches are currently without a 
sound evidence base regarding selec-
tion of patients who would benefit 
from these more complex approaches 
and whether improved patient out-
comes will ultimately be seen; there 
remains incomplete clinical validation 
of these novel approaches.

Therapy monitoring

Lastly I would like to mention another 
challenging area in cancer care, that 
of treatment monitoring. There is an 
increasing awareness that the evalua-
tion of tumor response to oncologic 
treatments based solely on anatomic 
imaging faces many limitations, partic-
ularly in the era of novel biologic tar-
geted therapies. This is illustrated by 
the difficulty of response assessments 
in metastatic skeletal disease which 
unlike soft tissues, are exceptionally 
difficult to assess morphologically, 
and in brain tumors where increasing 
enhancement following chemoradia-
tion therapy may be unduly misinter-
preted as disease progression (so-called 
pseudoprogression). These limitations 
have hampered the development of 
new generations of cytostatic drugs 
also. It was thought that progression 
free survival (PFS) would serve as 
a suitable surrogate for overall thera-
peutic efficacy for the development of 
cytostatic compounds. However, it is 
increasingly being recognized that PFS 

“Morphologic and generated 
functional MRI biomarkers 
have the power to transform 
the way that some patients 
are managed in the clinic.”
Professor Anwar R. Padhani, MB BS, FRCP, FRCR
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(most often anatomically determined) is 
often times disconnected from overall 
survival, as reported in large scale trials 
of  bevacizumab therapy for metastatic 
solid tumors and brain gliomas [1, 2].

A particularly problematic area is mon-
itoring response of patients with bone 
metastases because measureable bony 
soft tissue disease occurs infrequently. 
Symptom assessments and develop-
ment of skeletal-related events (frac-
tures, cord compression, skeletal pain 
requiring radiotherapy) are preferred 
markers of therapeutic efficacy in clini-
cal trials but should not be used in 
routine clinical practise. Regardless of 
the method(s) used, current response 
biomarkers focus on assessing disease 
progression rather than positively 
addressing therapy benefit. The clinical 
consequences of using progression 
 criteria can be detrimental for patients, 
including “prolonged exposure to 
potentially ineffective medications” 
and “all patients potentially getting all 
drugs – often too late”. Thus, currently 
available assessment methods can 
have negative impacts on oncologists’ 
thinking regarding therapy choices for 
patients with metastatic bone disease. 
The case example of Anwar Padhani 
shows a potential new approach by 
using whole-body diffusion MRI which 

is able to positively assess therapy 
effectiveness even when morphology 
is unhelpful. This case also highlights 
how image post-processing of diffu-
sion data can help to increase confi-
dence regarding the effectiveness  
of therapy in patients with predomi-
nately bone disease.

Future challenges

Clearly there are many professional 
challenges for incorporating advanced 
anatomic and multi-functional MRI 
methods into the care pathways of 
cancer patients as highlighted by 
many of the articles within this issue 
of MAGNETOM Flash. These include 
integration of the information of 
multiple individual tests all of which 
can be done at a single patient visit 
(new bioinformatics challenge), deal-
ing with heterogeneity that exists 
between patients, between lesions 
(in the same patient) and within 
lesions (at baseline and in response 
to therapy). We also need to better 
understand the biology behind the 
image at multiple scales (physiology 
or pathologic processes, gene expres-
sion profiles, proteomics) and how 
imaging features correlate with other 
therapeutic efficacy biomarkers. 
An ongoing challenge is the need to 

develop common measurements  
and analysis methods, uniform data 
displays and standardization across 
imaging vendor platforms. Documen-
tation of reproducibility particularly 
across multiple centers also needs 
to be undertaken. Finally developing 
roadmaps for imaging biomarkers 
qualification and high precision med-
icine need to be developed. I hope 
you enjoy reading about the many 
new advances in oncologic MRI that 
we present to you in this magazine.

* MAGNETOM 7T is ongoing research. All data 
shown are acquired using a non-commercial  
system under institutional review board permis-
sion. MAGNETOM 7T is still under development 
and not commercially available yet. Its future 
availability cannot be ensured.

Anwar Padhani
   
 1 Amit L, Ben-Aharon I, Vidal L, Leibovici L, 

Stemmer S. The impact of Bevacizumab 
(Avastin) on survival in metastatic solid 
tumors – a meta-analysis and systematic 
review. PLoS One. 2013;8(1):e51780.

 2 Fine HA. Bevacizumab in 
glioblastoma – still much to learn. N Engl 
J Med. 2014; 20;370(8):764-5.
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Introduction

The last decade has seen a dramatic 
increase in the use of MRI for radio-
therapy planning. MRI has a number 
of advantages for the simulation of 
treatment plans, over the current 
gold standard of computed tomogra-
phy (CT); Its excellent and variable 
soft-tissue contrast has been shown 
to improve the delineation accuracy 

A Dedicated MRI Scanner for Radiotherapy 
Planning: Early Experiences
Gary Liney1, 2; Robba Rai1; Lois Holloway1; Shalini Vinod1

1 Liverpool Cancer Therapy Centre, Sydney, Australia 
2 Ingham Institute for Applied Medical Research, Sydney, Australia

of both the tumor and surrounding 
organs-at-risk; a range of functional 
techniques are able to measure and 
display tumor physiology in the same 
examination, potentially revealing 
sub-regions that could receive a 
boost in radiation dose; and finally, 
the absence of ionising radiation 
means the patient may be scanned 

any number of times before, during 
and after treatment, giving the  
clinician the ability to assess and  
adapt plans on an individual basis.

MR-simulator 

In common with most radiotherapy 
centres, our department at Liverpool 
Cancer Therapy Centre (LCTC), located 

Clinical Radiation Therapy
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The 3 Tesla 
MAGNETOM Skyra 
MR-Simulator at 
Liverpool CTC, in 
south western 
Sydney, Australia.  
The 30 Gauss line can 
be seen marked on 
the floor which serves 
to emphasise this 
inner controlled area 
for the majority of our 
staff who have not 
previously worked in 
MRI. The object on 
the bed is our 3D 
volumetric distortion 
test phantom. 

1

1
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in south western Sydney, relied heavily 
on local radiology scanners to provide 
MR images. This often meant a com-
promise in image protocol and the lim-
ited availability of these busy scanners 
restricted our patient throughput and 
any opportunity for further develop-
ment. However, in August 2013, as part 
of a wider investment in MRI, which 
will also see the Australian  MR-Linac 
program on site, we installed our own 
dedicated system for the exclusive 
use of radiotherapy patients to provide 
MR-based treatment simulation scans. 
This scanner is a wide-bore 3 Tesla 
MAGNETOM Skyra with XQ  gradients 
and 64-channel RF architecture and 
was purchased with the latest suite 
of functional imaging sequences. Our 
MR-Simulator (MR-sim), shown in Fig-
ure 1, is configured with a number 
of radiotherapy-specific features 
in mind including in-room lasers (as 
on a CT-simulator), flat indexed table 
top and a range of RF coils suitable 
for optimum imaging with the patients 
in the treatment position. The field 
strength was chosen with aspirations 
of incorporating functional studies 
into future clinical practice.

Over the last 12 months or so, our 
small but dedicated team has climbed 
a steep learning curve and imple-
mented MR-based planning success-
fully into clinical practice for a variety 

of tumor sites. This process began 
even before the installation and 
acceptance testing of the system, with 
in-house safety and educational 
training being implemented for all 
radiotherapy and physics staff con-
nected with MRI. Under normal oper-
ation, scanning is performed by our 
lead MR radiographer and one of 
a small number of specialist radio-
therapists who are rotated through 
MR-Sim. Additional support is pro-
vided by the lead MR physicist and 
a radiologist. By preserving a signifi-
cant portion of scan time during the 
week for research – one of the many 
advantages of having our own sys-
tem – we have also been able to 
develop a number of studies that are 
beginning to explore the use of 
 functional in formation and motion 
evaluation in treatment planning. 
This article serves as a brief illustra-
tion of how we are using this system 
in practice.

The vast majority of our workload 
requires MRI to be registered to CT 
for the electron density information 
needed in the dose calculation. To 
facilitate this, we image our patients 
in the treatment position and take 
advantage of the RF coils we have 
available. A good example of this is 
in head and neck tumors were patients 
lie on a flat table top and are imaged 

in a fixation shell placed over their 
head and shoulders which is attached 
to the table. Previous attempts to 
cater for this equipment on other 
scanners were compromised either 
due to a narrower 60 cm bore or 
unsuitable RF coils. On the MR-Sim 
we take advantage of the in-built 
32-channel RF coil under the flat 
table-top and use this in conjunction 
with two laterally positioned 4-chan-
nel flexible coils attached to a sup-
porting bridge. More recently we have 
been able to add an 18-channel body 
array connected at the foot of the 
table by a long cable (Fig. 2). This gives 
us vastly improved  signal-to-noise 
ratio (SNR) and greater coverage 
compared to what had previously 
been possible as shown in Figure 3.

Imaging details

In working up our protocols, we have 
had to consider the specific require-
ments of MR-simulation, which is 
often quite different from standard 
diagnostic procedure [1]. Geometric 
distortion is something we have to 
be especially mindful of. For radial 
distances less than 15 cm from iso-
centre (i.e. up to 30 cm FOV), system 
distortions caused by non uniformity 
in B0 and non linearity of the gradi-
ents are within our tolerance, and the 
dominant contribution is instead 

Photographs showing the RF coil set-up used in head and neck planning scans. (2A) Two small flexible coils are placed laterally 
around the fixation shell using two coil supports. (2B) The 18-channel body array is connected to one of the available ports 
at the bottom of the table using a long cable.

2

2A 2B
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from chemical shift and magnetic 
susceptibility within the patient. 
These effects can be mitigated by use 
of high receiver bandwidths which 
we set to 440 Hz/pixel or greater. The 
large coverage that is required for 
planning creates long scan times 
compared to diagnostic practice and 
we rely heavily on iPAT technology 
to keep these down to an acceptable 
level. Nevertheless, these scan times 
inevitably result in some organ 
motion and we have found BLADE 
to be useful in reducing artifacts for 
example from bladder filling. One 
of our current studies is comparing 
the image quality of this radial 
k-space technique against the admin-
istration of anti-peristaltic agents 
and normal cartesian acquisition as 

shown in Figure 4A. Another particular 
interest for us is the development 
of a single planning scan for prostate 
patients with fiducial gold seeds. 
These exams would normally require 
two separate scans, a gradient-echo 
based sequence to identify the seed 
position and a second T2-weighted 
TSE for contouring the gland. The 
susceptibility artefact from the seed, 
while making them clearly visible, 
reduces positional accuracy, even 
with high bandwidths, and the 
requirement for two scans is less 
than ideal. However, we have begun 
looking at sequences such as turbo 
gradient spin-echo (TGSE) which offer 
the potential of combining both 
types of contrast into a single image 
(Fig. 4B).

To fully map out the geometric integ-
rity of our system over large volumes, 
we have designed and built our own 
3D phantom which covers 50 cm in 
each orientation (pictured in the mag-
net in Fig. 1). This test object has 
proved particularly useful in demon-
strating the role of TimCT in cases 
when we have needed to exceed our 
30 cm rule. By moving the patient 
through the bore while acquiring thin 
isocentric sections the distortion limit 
along the z-axis may be avoided alto-
gether, thereby extending planning 
coverage. Figure 5 shows an example 
of this in a particularly difficult sar-
coma case where more than 60 cm 
coverage was requested by the Oncol-
ogist and a total of 50 coil elements 
were used.

3A 3B

3C 3D 3E

Example images acquired in a head and neck tumor patient. Figures 3A and B serve to illustrate the image quality and coverage 
obtained using dedicated RF coils which extend from midbrain down to sternal notch. The bottom images show a slice taken through 
the tumor using (3C) Dixon T2w in-phase, (3D) water-only and (3E) Dixon T1w water-only post-contrast.

3
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Therapy response

For most examinations we are using 
MRI at the commencement of treat-
ment for its soft-tissue contrast and 
the improvement in planning contours. 
Alongside this routine work, we have 
begun several research studies that are 
using MRI to assess response over the 
course of treatment. These studies use 
both diffusion-weighted imaging (DWI) 
and dynamic contrast enhancement 
(DCE) to look at changes in tumor 
 cellularity and vascularity respectively. 
In the case of diffusion, the commonly-
used EPI sequence produces significant 
distortions and artifacts that has made 
its application in radiotherapy plan-

ning problematic. We have recently 
concluded a study that compared 
EPI with RESOLVE, which uses multi-
segmentation in the frequency 
encoding direction combined with 
navigator self-correction, and showed 
improvements in ADC repeatability 
and  geometric integrity compared to 
a T2-weighted gold standard [2]. 
 Figure 6 shows a DWI example in 
a prostate patient acquired with 
b = 800 s/mm2 together with the cor-
responding ADC map and we have 
now also adopted this sequence for 
rectum and cervix. As part of our 
DCE protocol we acquire pre-contrast 

sequences at 2 and 15 degree flip 
angles to measure the native T1 
prior to using dynamically acquired 
TWIST images. These scans are then 
 analysed using the two compartment 
model which is available with the 
 Tissue4D software.

Lung imaging

For our lung patients, we have devel-
oped an advanced imaging protocol 
providing a comprehensive assess-
ment of anatomy, function and motion 
throughout their treatment (Fig. 7). 
For tumor contouring a T2-weighted 
HASTE sequence with a phase 

4B

4C 4D

Developing body protocols 
for RT simulation;  
A comparison of BLADE 
(4A) versus anti-peristaltic 
agent (4B) as an effective 
control of organ motion 
artefacts. Use of the TGSE 
(4C) to provide a prostate 
planning scan that 
combines T2w contrast  
and gold seed visualization. 
(4D) Standard gradient-
echo image used for seed 
localisation, which 
exaggerates the dimension 
of the marker. 

4

TimCT was used in this patient with a leg sarcoma and prosthesis in situ who could not straighten the effected leg. A full treatment 
simulation coverage of 61 cm in the head to foot direction was obtained by using the continuously moving table technique.

5

5C5B5A

4A
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6A

Diffusion-weighted 
imaging using the RESOLVE 
sequence in the prostate; 
(6A) A distortion free 
image with b = 800 s/mm2 
and (6B), the resulting 
ADC map, both of which 
demonstrate an area of 
reduced diffusion in the 
left peripheral zone.

6
6B

Example images from 
a lung tumor patient 
study; (7A) DWI with 
b = 500 s/mm2 image, 
(7B) single frame from 
a coronal TrueFISP cine 
sequence acquired with 
cardiac shim, (7C) a late 
post-contrast enhanced 
TWIST image and (7D) 
axial HASTE acquired 
using a phase navigator.

7

7A 7B

7C 7D

 navigator placed in the liver dome is 
used to provide artefact free images. 
We then acquire a diffusion-weighted 
sequence to measure ADC, and cine 
TrueFISP scans during free breathing 
to assess tumor motion. The protocol 
is completed with a DCE TWIST 
sequence which is modified to acquire 

a total of six separate short breath-
hold windows from early first pass to 
5 minutes post contrast. The incor-
poration of all this data is still in its 
infancy but we have already begun to 
use our own analysis to look at the 
tumor excursion and how it correlates 
with respiration.

Conclusion

In the future, we anticipate that it will 
be possible to replace CT altogether in 
the majority of cases. In order to do 
this, one of the challenges will be the 
need to substitute CT and provide a 
surrogate for electron density. As part 

Clinical Radiation Therapy
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of our research agreement with 
 Siemens we are currently investigating 
the efficacy of ultrashort echo time 
(UTE) sequences to develop a strategy 
for MR-only planning*. By bringing the 
TE down to tens of microseconds it 
becomes possible to obtain signal 
from materials and tissues that were 
previously invisible (Fig. 8). These 
images have the potential to provide 
more accurate substitute CT datasets 
as they can map cortical bone and 
even the RF coil itself which will be 
useful on the MR-Linac.

In summary, although it is still very 
much early days for us, the installa-
tion of a dedicated scanner in our 
department has been a great success 
and crucial in propelling MRI into our 
practice. We hope that in the not-too-
distant future, MR-Sim will become a 
fairly standard sight in many radio-
therapy centres throughout Australia 
and indeed the rest of the world. This 
will certainly help to establish a stan-
dardised approach for the implemen-
tation of MRI into radiotherapy so 
that the full benefit of this modality 
can be realised.

Examples of UTE imaging; (8A, B) Test object imaged at 4 ms displays signal from the fluid only but when this is repeated 
at 0.04 ms (40 µs) a previously invisible lump of adhesive putty placed on top and the plastic cushion underneath can also 
be seen. (8C) 3D rendering of a processed dataset which demonstrates the RF coil itself (courtesy Jason Dowling, CSIRO).
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Introduction

Brachytherapy is a form of radiation 
therapy that is delivered using sealed 
radioactive sources positioned in 
close proximity to tissues with cancer. 
The term derives from the Greek 
meaning short distance therapy. It is 
one of the original forms of radiation 
therapy, and emerged shortly after 
the discovery of radium in the early 
1900’s. Up until the 1990’s, little had 
changed in the way brachytherapy 
treatments were planned and deliv-
ered. The nominal workflow con-
sisted of the selection and in vitro 
placement of the appropriate applica-
tor (a device that contains the radio-
active source(s)), acquisition of 2D 
radiographic images to determine the 
position of the applicator and sources 
relative to the patient’s anatomy, 
determination of the desired dose to 
the cancerous tissues and dose limits 
to neighboring normal tissues, and 
development of a treatment strategy 
to deliver the dose. The last two steps 
are iterative, as one tries to optimize 
the position and length of time the 
radioactive source(s) may reside in 

MR-guided Gynecological  
High Dose Rate (HDR) Brachytherapy
Joann I. Prisciandaro1; James M. Balter1; Yue Cao1; Katherine Maturen2; Amir Owrangi1; Shruti Jolly1

1 Department of Radiation Oncology, University of Michigan, Ann Arbor, MI, USA 
2 Department of Radiology, University of Michigan, Ann Arbor, MI, USA

the applicator to deliver the highest 
possible dose to the defined region 
of interest, while minimizing dose to 
neighboring normal tissues. However, 
2D imaging presents limitations to 
the development of an optimal treat-
ment plan. Although radiographs 
provide sharp subject contrast and 
detail between objects with highly 
varying attenuation, such as bone and 
air, the limited differences in attenu-
ation between different types of soft 
tissue make them difficult to discern 
(Fig. 1A). As a result, brachytherapy 
treatment plans have traditionally 
been designed to deliver the desired 
dose to a geometrically defined refer-
ence point relative to the applicator 
to which anatomic significance is 
attached. This approach limits the 
ability to individualize the patient’s 
radiation to their specific tumor and 
normal tissues.

In the 1990’s, as computed tomogra-
phy (CT) and magnetic resonance 
imaging (MRI) became more widely 
available at clinics and hospitals, 

brachytherapy imaging began to tran-
sition from the use of planar to volu-
metric imaging. Unlike radiographs, 
volumetric images support some visu-
alization of tumors and adjacent nor-
mal soft tissues (Figs. 1B, C). Compared 
to CT, MR images have the advantage 
of superior soft tissue resolution, and 
clear distinction of pelvic structures 
such as the uterus and cervix. Since 
local tumor control is strongly depen-
dent on appropriately defined tumor 
volumes and the accurate delivery of 
radiation, the ability to visualize and 
delineate soft tissue is expected to 
improve target coverage and normal 
tissue sparing [1]. 

Beginning in 2000, GEC-ESTRO (the 
Groupe Européen de Curiethérapie – 
European SocieTy for Radiotherapy & 
Oncology) recognized the significance 
of volumetric imaging in the move-
ment toward 3D treatment planning 
for gynecological diseases, namely 
cervical cancer, with the formation of 
the gynecological (GYN) GEC-ESTRO 
work group [1]. In the fourteen years 
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1A 1B 1C

Example (1A) anterior pelvic radiograph [10], (1B) sagittal view of a pelvic CT simulation, and (1C) a sagittal reconstruction 
of a T2w 3D (SPACE) coronal image. 

1
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since its creation, the work group has 
released a series of recommendations 
to help standardize the approach to 
image-based brachytherapy treatment 
planning [1-4]. This has included the 
definition of a common language and 
means of delineating the target vol-
umes (i.e., Low Risk-Clinical Target Vol-
ume (CTV), Intermediate Risk-CTV and 
High Risk-CTV for definitive treatment 
of cervix cancer), discussion on issues 
related to applicator reconstruction, 
and suggestions on the appropriate 
MR imaging sequences to utilize for 
treatment planning. Although these 
recommendations are helpful, there is 
a significant learning curve for each 
clinic during the clinical commissioning 
of MR-guided brachytherapy that is 
dependent on their specific MRI unit 
and brachytherapy applicators.

MR-simulator

In 2012, a 3T wide-bore MRI-simulator 
was installed in the department of 
Radiation Oncology at the University 
of Michigan (MAGNETOM Skyra, 
 Siemens Healthcare, Erlangen, Ger-
many). This unit was purchased for the 
express purpose of complementing, 
and at times, replacing CT treatment 
simulations, and has been outfitted 
with a laser marking system (LAP, 
Lueneburg, Germany) and detachable 
couch [5]. The couch supports imag-
ing and treatment of brachytherapy 
patients, eliminating the need to trans-
fer patients to other tables and the 
risk of inadvertently modifying the local 
geometry of the applicator and sur-
rounding tissues. The brachytherapy 
suite is directly across the hall from the 
MRI-simulator, and an access door and 
path was built into the room design 
to permit wheeling the couch directly 
to the treatment suite following 
scanning. 

Clinical commissioning

Prior to the clinical implementation of 
MR-guided brachytherapy, it is impera-
tive to commission the process and 
workflow. Commissioning varies based 
on the desired treatment site, and 
involves the determination of the opti-
mal imaging sequences for anatomical 
and applicator visualization. Care must 
be taken to ensure an MR conditional 
or compatible applicator is selected 
prior to the simulation. For treatment 

planning purposes, the images are 
imported into a software package 
(treatment planning system) that 
allows the user to identify the posi-
tion of the applicator/potential source 
positions (a process known as appli-
cator reconstruction) and the rele-
vant patient anatomy. This software 
can then be used to optimize the 
length of time the radioactive 
source(s) should reside in various 
positions along the length of the 
applicator in order to deliver the 
desired dose and dose distribution 
to the patient. While the applicator, 
in particular the source channel 
(i.e., the hollow channel within the 
applicator where the source(s) may 
reside), is well-visualized in planar 
and CT imaging with the use of x-ray 
markers, this task is challenging with 
MRI. At present there are few MR 
markers that are commercially avail-
able to assist with applicator recon-
struction. Additionally, the presence 
of the applicator, especially titanium 
applicators, produces image artifacts 
and distortions. Since dose calcula-
tions are dependent on the accurate 
definition of the applicator, namely 
the source position(s), relative to the 
patient’s anatomy, geometrical uncer-
tainties may result in dosimetric 
uncertainties to the target volume(s) 
and neighboring normal structures 

[3]. Thus, it is critical to evaluate 
these uncertainties prior to the clinical 
implementation of MR-guided 
brachytherapy.

a. Vaginal high dose rate (HDR) 
brachytherapy 
Clinically, vaginal brachytherapy is 
most often used in the adjuvant 
treatment of uterine cancer post hys-
terectomy to reduce the risk of can-
cer recurrence in the vagina. Vaginal 
brachytherapy can also be used for 
treatment of other gynecologic 
 cancers, including cervix, primary 
vaginal and vulvar cancer as clinically 
indicated. The typical applicators used 
for the delivery of vaginal brachy-
therapy are the vaginal cylinder and 
ovoids [6] (see Fig. 2). A vaginal 
 cylinder is typically a smooth, plastic 
cylinder with a dome shaped apex 
that is available in diameters ranging 
from approximately 2.0 – 4.0 cm, 
depending on the patient’s anatomy. 
The applicator typically has a single, 
hollow channel that runs along the 
center of the device; however, multi-
channel variants are also available. 
Ovoids are hollow egg or cylinder-
shaped capsules that are inserted into 
a patient’s vagina and pressed up 
against the cervix if present or apex 
of the vaginal vault. Whereas the 
ovoids may be used to treat the upper 

2A

2B

Common brachytherapy 
applicators used for 
vaginal brachytherapy 
delivery, (2A) vaginal 
cylinder (Varian Medical 
Systems, Palo Alto, CA, 
USA) and (2B) ovoids 
(modified from the 
Fletcher Williamson 
Applicator Set, 
Nucletron/Elekta, 
Veenendaal, 
The Netherlands). 

2
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portion of the vagina (known as the 
vaginal cuff), the vaginal cylinder 
offers the flexibility of treating the 
entire length of the vaginal vault [6]. 

During the clinical commissioning 
of MR-guided vaginal brachytherapy 
at the University of Michigan between 
August and September of 2013, 
three patients received a CT simula-
tion preceding each HDR treatment 

with a Philips Brilliance CT scanner 
(Philips Medical, Chesterfield, MO, 
USA), followed by an MRI simulation 
using a  Siemens MAGNETOM Skyra 
3T scanner. The patients were posi-
tioned supine with their legs straight. 
The CT scan was acquired with a 
1 mm slice thickness with an x-ray 
marker in place (see Figure 3A). 
The MRI was acquired with T1 and 
T2-weighted 3D imaging sequences. 

The following MRI sequences 
were used: 3D T2 (SPACE) coronal 
(FOV 320 × 320 × 176 mm, 
voxel size 0.94 × 0.94 × 1 mm, 
TR 1700 ms, TE 88 ms) and 
3D T1 (MPRAGE) coronal 
(FOV 300 × 300 × 166.4 mm, 
voxel size 1.17 × 1.17 × 1.3 mm, 
TR 1900 ms, TE 2.35 ms, TI 900 ms, 
flip angle 9º). In order to identify the 
applicator channel, an MR marker was 
made in-house using a thin (0.046” 
outer diameter), hollow nylon tube 
(Best Medical International, Spring-
field, VA, USA) filled with gadolinium-
doped water (T1 contrast) or either 
water or 0.2% Agarose Gel (T2 con-
trast), then sealed. Several different 
techniques were tested to seal the 
catheter ends including a heat seal 
with and without hot glue, bone wax 
with cyanoacrylate, and Water Weld™ 
with and without cyanoacrylate. 

Although the applicator channel was 
easily visualized with the presence 
of the appropriate MR marker in both 
the T1w and T2w images as illustrated 
in Figures 3B and 3C, the applicator 
tip proved difficult to identify due to 
challenges in achieving a watertight 
seal. This resulted in observed displace-
ments of the catheter tip, at times 
exceeding 1 cm. As such, an alternative 
method was investigated for applicator 
reconstruction using a solid model 
of the applicator available in the treat-
ment planning software (BrachyVision 
8.11, Varian Medical Systems, Palo 
Alto, CA, USA). Using T1w and/or T2w 
images, the solid model was aligned 
to the perimeter of the applicator (see 
Fig. 4). Deviations between the central 
source positions identified via aligning 
the applicator surface model to MR 
 versus using the x-ray marker on CT to 
reconstruct the applicator (the con-
ventional method) ranged from 
0.07 – 0.19 cm and 0.07 – 0.20 cm 
for T1w and T2w images, respectively. 
Based on this study, vaginal brachy-
therapy patients at the University of 
Michigan now  routinely undergo a 
 single, T2w SPACE scan with approxi-
mately 1 mm isotropic voxel size. 
The applicator and related source posi-
tions for treatment planning are deter-
mined by alignment of the applicator 
model to the vaginal cylinder outline 
as observed on MRI. 

Coronal view of a patient with a vaginal cylinder on (3A) CT, (3B) 3D T1w 
(MPRAGE) MR, and (3C) 3D T2w (SPACE) MR. To assist with the visualization of 
the central source channel, the appropriate marker (x-ray for CT and contrast 
filled for MR) was inserted in the applicator prior to simulations.

3

3B

3C

3A
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b. Cervical HDR brachytherapy 
While cervical cancer remains the most 
common gynecologic cancer world-
wide, in the United States, the incidence 
of cervical cancer has decreased signif-
icantly since the widespread use of 
Papanicolaou (pap) smears in preven-
tative care. Currently, approximately 
12,000 new cases of cervical cancer 
are diagnosed per year. Treatment 
options are dependent on the stage of 
the disease upon clinical exam. Early 
stage cervical cancers are treated pri-
marily by surgery. Occasionally, post-
operative radiation or chemotherapy 
may be needed. When cervical tumors 
are not considered to be small enough 
to be removed by definitive hysterec-
tomy, then curative or neoadjuvant 
radiation therapy with chemotherapy 
is the standard of care. In such situa-
tions, the patient undergoes combined 
external beam radiation with brachy-
therapy to provide high doses of radia-
tion close to the tumor. Such treatments 
employ a variety of brachytherapy 
applicators. For most cases, the cervix 
can be treated using a combination 
of a tandem and ovoids, ring, or cylin-
der applicators [7]. However, when 
significant vaginal and/or parametrial 
involvement are present, then an 
interstitial brachytherapy implant may 
be needed to safely bring the required 
high doses of radiation to those areas. 

At the University of Michigan, a plastic 
MR compatible ring and tandem appli-
cator (GM11001220 and GM1100760, 
Varian Medical Systems, Palo Alto, CA, 
USA) has typically been used for HDR 
brachytherapy treatment of cervical 
cancer. This applicator system consists 
of an intrauterine catheter (tandem) 
and a circular, ring shaped device that 
allows the sealed source to be placed 
adjacent to the cervix (see Fig. 5A). 
During applicator commissioning which 
commenced in November 2013, 
3D T2 (SPACE) sagittal images 
(FOV 300 × 300 × 79.2 mm, voxel size 
0.94 × 0.94 × 0.9 mm, TR 1700 ms, 
TE 88 ms), 3D T1 (MPRAGE) sagittal 
images (FOV 300 × 300 × 79.2 mm, 
voxel size 1.17 × 1.17 × 0.9 mm, 
TR 1900 ms, TE 2.49 ms, TI 932 ms, 
flip angle 9º), and multi-planar 2D T2w 
images at 2 – 3 mm slice thickness, 
were acquired with in-house MR mark-
ers in each applicator. Although the 

4D

4A 4B

4E

CT T1w T2w

Para-coronal view of the vaginal cylinder on (4A) CT, (4B) 3D T1w (MPRAGE) MR, 
and (4C) 3D T2w (SPACE) MR. Following alignment, the overlay of the solid 
 applicator model is depicted for each imaging set in (4D–F).

4

4C

4F

5A

5B

The (5A) plastic and (5B) 
titanium ring and tandem 
applicator system used at 
the University of Michigan 
(Varian Medical Systems, 
Palo Alto, CA, USA).

5

The MRI restrictions (if any) of the metal 
implant must be considered prior to 
patient undergoing MRI exam. MR 
imaging of patients with metallic 
implants brings specific risks. However, 
certain implants are approved by the 
governing regulatory bodies to be MR 
conditionally safe. For such implants, the 
previously mentioned warning may not 
be applicable. Please contact the implant 
manufacturer for the specific conditional 
information. The conditions for MR safety 
are the responsibility of the implant 
manufacturer, not of Siemens.
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tip of the tandem and ring was not 
visualized reproducibly due to the 
compromised seal of the MR markers, 
the source path and MR marker was 
discernable on the T1w images (see 
Fig. 6). As a result of the significantly 
higher acquisition time for the T2w 
versus T1w images (nearly twice the 
scan time), the source channel and 
MR markers were blurred due to 
patient and organ motion on the T2w 
images (see Fig. 6). To minimize scan 
time, multi-planar 2D T2w images as 
well as a 3D T1 (VIBE) sagittal scan 

with approximately 1 mm voxel size 
are acquired. Although the 2D T2w 
planar scans improve the quality of 
the resulting images, due to the large 
slice thickness of the 2D versus 3D 
MRI images, the MR marker was not 
visible on the 2D images. Therefore, 
2D multi-planar T2w images as well 
as a small FOV 3D T2 (SPACE) sequence 
are acquired for soft tissue details, 
and 3D T1 (VIBE) sagittal images are 
acquired for applicator reconstruction. 
Prior to treatment planning, the reg-
istration of the T1w and T2w images 

is verified. If significant patient motion 
is observed, the images are manually 
registered in the treatment planning 
software.

Unlike the vaginal cylinder, a solid 
applicator model was not available in 
the treatment planning system for the 
utilized plastic ring and tandem sys-
tem. As such, a user defined library plan 
and applicator model was developed 
based on the CT reconstruction of the 
applicator. When a new treatment 
planning simulation is acquired, the 
library plan is imported, and the 

Comparison of CT, 3D T1w (MPRAGE), and 3D T2w (SPACE) images through the plastic ring and tandem system. 6
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 applicator model is aligned based 
on the visible portions of the source 
channel, specifically focusing on the 
curvature of the tandem and/or ring. 

Following a recent recall of the plastic 
ring and tandem system (PN BT-01366 
Rev A, Varian Medical Systems, Palo 
Alto, CA, USA), a new titanium ring 
and tandem system (AL13017000, 
Varian Medical Systems, Palo Alto, CA, 
USA) has been purchased by the 
 University of Michigan (see Fig. 5B). 
Due to susceptibility artifacts, the MR 
marker is not visible in the titanium 
applicator [8]. Additionally, these  
artifacts result in a mushroom effect 

off the tip of the applicator, making  
it challenging to accurately identify 
the applicator tip on MR (see Fig. 7). 
Kim et al. [9] have reported this effect 
to be considerably smaller when using 
a small slice thickness (i.e., 1 mm) 
T1w versus T2w MRI. With the recent 
arrival of the titanium ring and tan-
dem system at our institution, the 
clinical commissioning of this appli-
cator set is currently in progress. 

Conclusions

MRI based image guided brachyther-
apy has the potential to significantly 
change the treatment planning pro-
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cess. Soft tissue contrast allows the 
user to customize treatment plans to 
accurately deliver therapeutic doses 
to the region-of-interest, while mini-
mizing dose to the normal structures 
in the vicinity of the tumor, poten-
tially resulting in fewer treatment-
related complications. However, the 
transition from point to volume-based 
planning requires the user to perform 
a thorough set of commissioning tests 
to determine the geometric uncertain-
ties related to their imaging and the 
associated dosimetric uncertainties. 

Comparison of (7A) CT, (7B) 3D T1w (MPRAGE), and (7C) 3D T2w (SPACE) sagittal images of the titanium ring and tandem system. 
The applicator set was scanned in a custom phantom designed to hold the applicator in a fixed position (based on [8, 9]). Prior to 
imaging, the phantom was filled with gadolinium-doped water. As compared to the CT image, magnetic susceptibility effects 
produce a mushroom effect off the tip of the tandem in the T1w and T2w images, resulting in uncertainties in the identification 
of the applicator tip on MRI.
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Functional Magnetic Resonance 
Imaging (fMRI) can be used to define 
brain regions which must be left 
intact when patients undergo surgery. 
Critical function is mapped with 
fMRI using a relevant task [1], gener-
ally presented in a simple block 
design and repeated a number of 
times. The localization of essential 
function needs to be reliable and 
accurate; some literature indicates 
that a shift of resection margins by 
only 1 mm close to eloquent brain 
areas may determine whether post-
operative deficits are reversible or 
permanent [2]. 

High signal-to-noise ratio (SNR) at 
ultra-high field provides elevated 
sensitivity to BOLD signal changes as 

fMRI in Presurgical Planning at 7T 
Simon Robinson1,3; Florian Fischmeister2,3; Eva Matt2,3; Roland Beisteiner2,3

1 Department of Biomedical Engineering and Image-Guided Therapy, Medical University of Vienna, Austria 
2 Study Group Clinical fMRI, Department of Neurology, Medical University of Vienna, Austria 
3 High Field MR Center of Excellence, Medical University of Vienna, Austria

has been demonstrated both in 
healthy subjects [3, 4] and, more 
recently, patients [5]. Increased BOLD 
sensitivity allows resolution to be 
increased and very weak activation to 
be detected in previously undiagnos-
able patients with large and rapidly 
evolving tumors and complex pathol-
ogies. Improving the reliability of 
clinical fMRI through the use of ultra-
high field and new acquisition meth-
ods offers the possibility to increas-
ingly supplant invasive diagnostic 
procedures such as intraoperative 
cortical stimulation. 

As in the high field (3-4T) regime, 
 signal dropout in 7T* EPI can be 
reduced by increasing resolution 
[6, 7] and using parallel imaging 

acceleration [8, 9]. Parallel imaging 
reconstruction artifacts arising from 
motion and respiration either during 
the acquisition of GRAPPA reference 
lines (or Auto-Calibration Scans – ACS) 
or between acquisition of the ACS lines 
and the EPI time series can lead to 
 serious reconstruction artifacts, partic-
ularly at very high field. Many clinical 
fMRI tasks are prone to generate 
motion, particularly motor foot and 
chin tasks, and language paradigms 
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Nyquist ghost reduction by robust phase correction. (1A) A single EPI time point acquired with parameters commonly used in presurgical 
planning [5]. (1B) The mean of the fMRI time series in which the subject performed a chin task (scaled to show Nyquist ghosts, indicated by 
arrows). (1C) The mean of the same fMRI time series reconstructed with an improved ‘local’ phase correction (scaling same as centre panel). 
Virtually no residual Nyquist ghost is visible.

1

Chin task 
Global phase correction

Chin task 
Local phase correction

1C1BEPI1A

* MAGNETOM 7T is ongoing research. All data  
shown are acquired using a non-commercial system 
under institutional review board permission.  
MAGNETOM 7T is still under development and not 
commercially available yet. Its future availability  
cannot be ensured.
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involving overt speech [5, 10]. These 
parallel imaging artifacts can be 
reduced by acquiring the ACS lines 
with FLASH [11] or by acquiring all the 
segments required for each slice in 
rapid succession, with low flip angle – 
‘FLEET’ [12]. 

Nyquist ghost artifacts are also more 
pronounced at higher field. The mean 
of an fMRI time series acquired during 
a chin task (which generates similar 
artifacts to those observed in clinical 
language paradigms involving overt 
speech) shows serious ghosting using 
a phase correction method which was 
standard in the product EPI sequence 
in earlier versions of syngo (Fig. 1B). 
We found ICA a useful means to isolate 
activation from stimulus-correlated 
artifacts in such data [10], as can be 
seen in Fig. 2. 

It is far better to remedy the problem 
at source, however, and the develop-
ment and implementation of a local 
phase correction (now as default in the 
product EPI), hugely reduces Nyquist 
ghosts (Fig. 1C).

A useful alternative approach to the 
problem of Nyquist ghosting is offered 
by the IDEA EPI sequence [13], in 
which every readout line is sampled 
twice; once with positive and once 
with negative readout gradient. The 
data from positive readouts and nega-
tive readouts are assigned to two 

 separate (usually undersampled) 
k-spaces. Avoiding the need to reverse 
alternate k-space line, this method 
yields images which are virtually 
ghost-free.

A recent development in EPI with 
enormous clinical potential due to 
the high temporal SNR per unit time 
is the ‘simultaneous multislice’ (SMS, 
a.k.a. ‘multiband’) approach, in which 
a number of slices are excited and 
read out simultaneously. Slice-depen-
dent shifts in the image position in 
the blipped CAIPIRINHA approach 
make it possible to cleanly reallocate 
the overlapping signal in images to 
the correct slices, allowing the TR to 
be reduced by the SMS factor with 
very low g-factor penalty [14]. This 
approach was used in the results 
shown in Fig. 3.

Geometric distortions of EPI scale 
proportionately with field strength. 
The clinical implications of image 
 distortion depend on how analysis is 
performed. There is great divergence 
in analysis approaches in clinical 
fMRI, as there is in the neurosciences 
in general. For clinical reports, the 
local standard is to apply as little pre-
processing as possible and perform 
all analysis in the native EPI space. 
If functional data is coregistered to 
individual anatomy, however, clini-
cally relevant shifts in activation 
occur [15]. Even at 7T these can 

be effectively corrected with multi-
channel field mapping [16]. A resid-
ual confound occurs, however, when 
there is motion between the field 
map and the functional data. This 
motivates the development of 
dynamic approaches to distortion 
correction in which the field map is 
derived, or updated, from the fMRI 
data themselves [17]. 

We end this description of methods 
of particular usefulness for ultra-high 
field clinical fMRI with an example 
of the quality of 7T fMRI data that is 
currently achievable with the 
approaches described. Five minutes 
of resting state EPI data was acquired 
from a single subject with a 7 Tesla 
MAGNETOM scanner using a 32-chan-
nel head coil (Nova Medical, Wilm-
ington, MA, USA), with 50 slices of 
1.5 mm isotropic resolution, using 
 in-plane GRAPPA factor 2 and SMS 
factor 2, TE 22 ms, TR 1500 ms. 
 Distortions were corrected using a 
multichannel field map [16]. ICA [18] 
reveals a component reflecting the 
motor resting state network [19] 
illustrated in Fig. 3, showing that  
reliable, high resolution mapping of 
primary motor regions is possible in 
just a few minutes, even in patients 
who are not able to perform a task 
[20, 21].

General linear model (GLM) results for a patient with a right frontal tumor are contaminated by motion artifacts (green arrows).  
The independent component analysis (ICA) component for this task networks shows no motion contamination, bilateral activation  
throughout primary motor areas and basal ganglia activation not apparent in GLM results.
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Fast, high-resolution mapping of primary motor areas using resting state functional connectivity (1.5 mm isotropic resolution, 
a single 5 minute run). Primary motor activation is highlighted on all slices (upper panel, at arrows) and selected slices are shown 
in the lower panel.
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language evoke more complex acti-
vation patterns which often involve 
more problematic inferior frontal 
regions. There is significantly 
improved functional sensitivity in 
Wernicke’s area at 7T compared to 
3T as in the example in Fig. 4 of a 
28-year-old patient with a left tempo-
parietal tumor (the clinical language 
localization indicated left dominance 
in Wernicke and Broca). Contrary to 
the situation in Wernicke’s area, there 
was no improvement in signal or acti-
vation statistics in Broca area at 7T 
because of increased signal loss [22]. 

We anticipate improvements in 7T 
results in such problematic regions 
with developments in coils and  
shimming, as well as more robust 
GRAPPA reconstruction and physio-
logical noise correction methods. 

Clinical application of  
7T fMRI: Outlook

Ultra-high field fMRI with high spatial 
and temporal resolution is particu-
larly useful when investigating path-
ological alterations of neuronal tissue 
– tumors, lesions and neurodegener-
ation may weaken activation strengths 
as the vascular response is reduced 
[23]. This encourages the clinical use 
of 7T fMRI in presurgical functional 
localization, in assessing and monitor-
ing neuroplasticity in various neuro-
pathologies and in identifying non-
invasive biomarkers for brain diseases. 
Moreover, higher sensitivity improves 
the detection of subtle differences 
between normal and pathological 
conditions, which is important for 
classification and prognosis in  
various neurological diseases (e.g. 
Alzheimer’s disease). 

The clinical importance of high sensi-
tivity for weak functional activations 
also applies to the assessment and 
monitoring of neuroplastic changes 
in the cortex (e.g. tumor, stroke) as 
well as subcortical regions (e.g. Par-
kinson’s disease, brainstem or cerebel-
lar lesions) or peripheral nerve dam-
age. The latter was investigated in 
patients suffering from a complete 
brachial plexus lesion who underwent 
a nerve reconstruction of the lesioned 
musculocutaneous nerve (innervat-
ing the biceps) via new inputs from 
the intact phrenic nerve (end to side 
connection) [24]. The healthy dia-
phragm area was able to add a new – 
phylogenetically not designed – func-
tion (moving the arm) to its already 
existing dedication (moving the  
diaphragm for breathing). Detecting 
such new types of neuroplasticity 
depends on the ability to monitor 
small brain activation changes. Ultra-
high field fMRI was able to provide 
improved and earlier detection of 
neuronal reorganization. 

MPRAGE of a patient with a tumor of unknown origin (4A) and activation 
in Wernicke’s at 3T and 7T (4B), showing the improvement in functional 
statistics at ultra-high field.
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Clinical application of  
7T fMRI: An example from 
 presurgical planning

We compared BOLD response at 3T 
and 7T during a simple motor task in 
17 patients referred for presurgical 
diagnosis in the first ultra-high clinical 
fMRI study [5]. There was increased 
activation within the primary motor 
hand area at 7T compared to 3T despite 
increased ghosting and motion artifacts. 

While motor tasks typically elicit 
robust activations in well-defined cor-
tical regions, cognitive tasks such as 

4A

4B Wernicke activation

3T 7T
L
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and see it applied in the clinic.
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Metastatic bone disease is a common 
manifestation of advanced cancers, 
with autopsy studies indicating a 
high prevalence in breast, prostate 
and lung cancers. Osteolytic metasta-
ses in particular cause bone and com-
pressive nerve pain, impairs mobility, 
results in pathological fractures and 
causes spinal cord compression. 
Other consequences of bone metas-
tases include anemia and symptoms 
related to hypercalcemia. Once bony 
metastases have occurred, cancer 
cure becomes impossible and therapy 
is instituted with a palliative intent. 
Bone metastases therapies are a  
priority for development with many 
recent introductions into the clinic 
of active treatments for a variety of 
tumor types. Systemic therapies 
aimed at the bone matrix and tumor 
cells are administered for dissemi-
nated disease. Local treatments are 
used to control pain and to treat/ 
prevent local complications.

Skeletal therapy  
assessment tools

Accurate response evaluations 
of patients with bone metastases 
are notoriously difficult to perform 
because measureable bony soft 
 tissue disease occurs infrequently. 
Symptom assessments and the devel-
opment of skeletal-related events are 
preferred markers of therapeutic 
 efficacy in clinical trials. More objec-
tively, response can be gauged by a 
combination of imaging and clinical 
findings often used in combination 
with serum and urine biochemical 
markers of tumor burden and bone 
turnover. Serum tumor markers of 
response are not available or are 
 ineffective for the vast majority of 
tumors that metastasize to bone.

Monitoring Bone Marrow Metastases  
Treatment with Whole-Body Diffusion MRI 
Anwar R. Padhani, MB BS, FRCP, FRCR

Mount Vernon Cancer Centre, London, UK

Regardless of the method(s) used, 
current response biomarkers focus on 
assessing disease progression rather 
than positively addressing therapy 
benefit. Currently available assessment 
methods can have negative impacts 
on oncologists’ thinking regarding 
therapy choices for patients with met-
astatic bone disease. 99mTc-MDP 
bone scans are the commonest  
imaging method for the follow-up of 
bone metastases. Unfortunately, 
bone scintigraphy informs only on 
the osseous/osteoblastic component 
of bone (not on the bone marrow). 
Drug trials utilizing bone scans have 
criteria for progression (two catego-
ries only: no new lesions/new lesions) 
but not for response. To mitigate 
against healing flare reactions, apparent 
progression needs to be confirmed by 
follow-up bone scans when new focal 
‘hot spots’ have to be documented. 
Patients with diffuse metastatic bony 
disease and bone superscans cannot 
be followed for progression. Further-
more, the need to defer the decision 
of progression raises the issue of 
timeliness of the bone scan readouts 
for guiding  clinical decision making.

A number of MRI sequences can eval-
uate bone for metastasis response 
assessments. Morphologic response 
criteria have been described for mor-
phologic sequences [1]. However, 
a number of problems have also been 
noted including (1) arrested resolu-
tion of abnormalities despite effective 
therapy, (2) evaluating disease activ-
ity on scarred background is problem-
atic (progression can only be docu-
mented on previously uninvolved 
marrow), (3) T1 – pseudoprogression 
due to bone edema, (4) the sclerotic 
progression phenomenon and, (5) 
mixed response patterns. 

Therapy assessments on whole-body 
diffusion-weighted MR imaging  
(WB-DWI) are made by observing 
changes in the volume and symmetry 
of signal intensity abnormalities on 
high b-value images together with 
changes in ADC values [2]. Cross 
 correlating DW imaging findings with 
 morphological appearances on T1w, 
 fat-saturated T2w/STIR is important. 
Distinct patterns of response can be 
recognized in the therapy assessment 
setting: 

1. Increases in the volume of previ-
ously documented abnormal signal 
intensity lesions, new areas of 
abnormal signal intensity, or increases 
in the intensity of abnormalities on 
high b-value DW images can indicate 
disease progression. Modest 
increases, unchanged or slight 
decreases in ADC values compared 
to pretherapy values can occur in 
the setting of progression.

2. T2-shine through pattern: Occasion-
ally unchanged high signal intensity 
on high b-value images is associated 
with marked rises in ADC values 
is observed. This pattern indicates 
a successful response to therapy.

3. Decreases in bone marrow disease 
signal intensity on high b-value 
images are generally observed with 
successful treatments. The extent of 
ADC increases seems to depend on 
the type of treatment given (see case 
study below). It has been noted that 
ADC increases are greater for cyto-
toxic chemotherapy and radiation. 
When patients are treated success-
fully with hormonal therapies, the 
ADC value increases seem to be less 
pronounced.

4. Occasionally high b-value signal 
intensity decreases are associated 
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with no ADC increases. Generally 
this pattern generally occurs in clini-
cal responders (sclerotic response) 
although very occasionally we have 
noted it in non-responders (so called 
sclerotic progression). These appear-
ances as thus considered indetermi-
nate and currently we use morpho-
logic and clinical assessments to 
assign the final response category.

5. Stable disease is characterized by 
unchanging appearances on high 
b-value images. ADC changes can be 
variable, often remaining stable but 

are sometimes slight decreased 
presumably because of increases in 
cell density within lesions that are 
unchanging in their extent within 
the confines of a fixed marrow space.

Case study

58-year-old woman with metastatic 
invasive breast cancer, ER and HER-2 
neu positive disease initially treated 
with hormone therapy (Exemestane) 
and bisphosphonates (Pamidronate) 
and then with chemotherapy 
(Capecitabine), HER-2 neu blockage 
(Lapatinib) and bisphosphonates 

(Zoledronic acid). She remained mod-
erately symptomatic with bone pain 
through the course of treatments, 
receiving a single fraction of radio-
therapy to the right hip in May 2012. 
Chemotherapy was terminated in 
June 2014 because of toxicity. Serial 
examinations with whole-body diffu-
sion MRI using b-values of b50 and 
900 s/mm2 together with spinal T1w 
and T2w (spectral fat suppression) 
were undertaken to monitor response 
to treatment. Eleven examinations 
were performed at 2– 4 monthly 
intervals. 

b900 3D MIP (inverted scale). The bone marrow is diffusely infiltrated in the axial skeleton with relative sparing of the humeri. 
Single fraction radiotherapy was administered to the right proximal femur to palliate bone pain. Decreases in the signal intensity 
of bone marrow with hormone therapy can be seen to occur slowly but there are focal areas of persistent hyperintensity 
indicating the presence of active disease (top row). By June 2013, the b900 signal intensity has increased indicating repopulation 
by cancer cells of the bone marrow and therapy failure. One year of therapy benefit with hormones is in line with the expected 
duration of patient benefit. The patient was switched to Capecitabine chemotherapy, augmented by HER-2 neu blockage with 
Lapatinib. The bisphosphonate was changed to Zoledronic acid. An impressive response to treatment is observed with marked 
reductions of signal intensity to levels lower than those achieved by hormone therapy alone (bottom row). However, when 
chemotherapy is stopped due to toxicity, rebound tumor growth can be seen between May and August 2014. 

1
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Whole-spine T1-weighted (top 
row) and T2-weighted images with 
spectral fat suppression (bottom 
row) show diffuse bone marrow 
infiltration with no discernable 
changes over time, during the 
period of hormonal therapy. The 
lack of change of T2-weighted 
signal intensity despite apparent 
therapeutic efficacy demonstrated 
on the diffusion-weighted b900 
images (Fig. 1) is consistent with the 
mechanism of action of hormone 
therapy which acts via the induction 
of tumor cell apoptosis. Apoptosis 
is not accompanied by an inflam-
matory response so ADC increases 
are modest (see Figs. 4, 5). 

2

Whole-spine T1-weighted images 
(top row) show no discernable 
changes over time during the period 
of chemotherapy. However, the 
T2-weighted images with spectral 
fat suppression (bottom row) show 
marked initial increases in signal 
(bottom row examinations 2 and 3) 
consistent with bone marrow 
edema which decreases by May 
2014. The increase in bone marrow 
water that accompanies chemo-
therapy is indicative of effective 
tumor cell kill; inflammatory edema 
is known to occur during the process 
of chemotherapy induced tumor 
cell necrosis which results in marked 
ADC increases (see Figs. 4, 5).

3

2

17June13 Capecitabine, Lapatinib & Zelendronate 28May14 26Aug14

Exemestane & Pamidronate 17June1301May12

Capecitabine, Lapatinib & Zelendronate 26Aug1417June13 28May14

01May12 Exemestane & Pamidronate 17June13

Serial changes on ADC maps with 
region-of-interest measurements 
placed on the sacrum. ADC increases 
with hormone therapy are modest 
(pre-treatment ADC 671 µm2/s; 
maximum ADC increase 1118 µm2/s). 
Larger changes in ADC are seen 
with chemotherapy (pre-treatment 
ADC 643 µm2/s; maximum ADC 
increase 1510 µm2/s). At disease 
relapse following chemotherapy 
termination, the ADC value has 
returned to low values; 763 µm2/s.

4

3

4
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Histogram analysis of b900 signal intensity and of ADC values.
A whole pelvis volume-of-interest defined on examination 1 (using b900 images) and applied to all examinations after robust, 
elastic image registration. Left column: pixel scatter plots of muscle normalized b900 signal intensity (x-axis) and ADC values 
(y-axis). Middle and right columns: Relative frequency, muscle normalized b900 and ADC histograms showing serial changes over 
time (superior to inferior) for both treatments. The control lines on the histograms and scatter plots are placed on 3 and 9 for 
normalized b900 signal intensity and 650 and 1500 µm2/s for ADC. A unimodal, non-normal ADC histogram with a positive skewness 
and kurtosis is observed at baseline and each time the patient relapses. Hormone therapy results in a shift of the ADC histogram 
towards higher values (fewer blue pixels) but mean ADC increases are not large. With chemotherapy, the mean ADC values increase 
markedly with a negative skewness consistent with decreasing cellularity due to chemotherapy. ADC values decrease over time 
with chemotherapy but without high kurtosis developing consistent with bone marrow repair utilizing mechanisms including the 
removal of dead tumor cells, loss of tissue water, bone sclerosis, fat deposition and reduced perfusion (see Fig. 3 above for T2-weighted 
imaging correlate). However, once chemotherapy is stopped, positive skewness and increasing kurtosis of ADC histograms 
re-emerges consistent with disease relapse. Note how the scatter plot moves to the left each time the patient responds (decreases 
in normalized b900 signal intensity). All analyses were done using OncoCare* software (Siemens Healthcare, Erlangen, Germany). 
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Background

The posterior femoral cutaneous 
nerve (PFCN), formerly known as the 
small sciatic nerve, is a sensory nerve 
formed by the sacral plexus (Fig. 1). 
It provides innervation to the posterior 
thigh into the popliteal area via its 
descending cutaneous branch and 
innervation to the proximal medial 
thigh, the perineum, scrotum/labia, 
and penis/clitoris via its perineal 
branch. Additionally, the inferior clu-
neal branches innervate the inferior 
buttocks. 

Posterior femoral cutaneous neuro-
pathy is an important differential 
 consideration in the setting of poste-
rior thigh, perineal, and gluteal pain. 
Causes include repetitive trauma 
such as from cycling or irritation in 
the setting of hamstring tendinopathy 
at the ischial tuberosity. Neuropathy 

Clinical Case: 3 Tesla MR Neurography-Guided 
Posterior Femoral Cutaneous Nerve Block 
John Morelli; Jan Fritz

Musculoskeletal Radiology, Johns Hopkins University School of Medicine, Baltimore, MD, USA

can affect the nerve at different 
 levels throughout its course: Involve-
ment of the cluneal branches mani-
fests as clunealgia, the descending 
cutaneous branches as posterior 
thigh pain, and the perineal branches 
as pelvic pain. Isolated neuropathy 
of the perineal branch of the PFCN is 
difficult to distinguish from pudendal 
neuropathy due to the overlapping 
innervation of the perineum [1]. 

Selective diagnostic blocks of the 
PFCN can be helpful in this setting to 
assess the contribution of the nerve 
to patient symptoms and to localize 
a surgical target. Early injection tech-
niques have been based on targeting 
near the ischial tuberosity without 
imaging guidance. While techniques 
utilizing computed tomography (CT) 
have also been described, high-reso-

lution 3 Tesla (T) magnetic resonance 
neurography (MRN) enables highly 
accurate visualization of the PFCN [2]. 
As such, an MR-conditional needle can 
be utilized for precise targeting and 
monitored perineural drug delivery. 
The gains in signal-to-noise at 3T 
when compared to 1.5T or lower field 
open scanners, enable rapid acquisi-
tion of high-resolution MR images for 
definite identification, guidance and 
targeting of the PFCN, thus facilitating 
technically successful and highly valid 
injection. 

Case scenario

This 48-year-old African American 
woman with 9 out of 10 left buttocks 
pain that radiated into the perineum 
and posterior left thigh was referred 
by a peripheral nerve surgeon for a 
diagnostic perineural injection of the 
left posterior femoral cutaneous nerve 
with a long-acting local anesthetic 
agent. Leading differential diagnoses 
included PFCN and pudendal neuropa-
thy. The PFCN block was requested 
to be performed proximally along the 
nerve’s course near the ischial tuberos-
ity, prior to the origin of the perineal 
branch of the PFCN. 

The procedure was performed on a 3T 
MR imaging (MRI) system (MAGNETOM 
Skyra). For pre-procedural planning, 
high-resolution MR neurography was 
performed through the pelvis includ-
ing the PFCN. Non-fat saturated proton 
density (PD) turbo spin echo (TSE) 
images (TR 7110 ms, TE 28 ms, matrix 
640 × 400, FOV 35 × 28 cm, GRAPPA 
iPAT 2, slice thickness 2 mm) were 
acquired to evaluate and localize the 
posterior femoral cutaneous nerve 
using the body matrix coil and ele-
ments of the in-built spine matrix for 
signal reception posterior femoral 
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Illustration demon-
strating the anatomy 
of the posterior 
femoral cutaneous 
nerve, which carries 
cutaneous sensory 
fibers and innervates 
the gluteal region, 
the perineum, and 
the back of the thigh 
and leg.

1

1

Posterior femoral 
cutaneous nerve

Perineal branch

Descending branch
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cutaneous (Fig. 2). On these initial 
images, an intermediate grade partial 
thickness tear of the left hamstring 
 origin was noted as well as minimal 
hyperintensity involving the left poste-
rior femoral cutaneous nerve. A modi-
fied PD TSE pulse sequence images 
(TR 2500 ms, TE 20 ms, matrix 512 × 
384, FOV 35 × 22 cm, GRAPPA iPAT 2, 
slice thickness 2 mm) aforementioned 
sequence was repeated for identifica-
tion of the skin entry point and for 
subsequent monitoring of the needle 
position (Fig. 3)*. Optimization of scan 

parameters and reduction of the 
number of slices to 5 resulted in a 
scan acquisition time of 20 seconds. 

Once the skin entry site was selected, 
the skin over the left posterior proxi-
mal thigh was prepared and draped 
using sterile technique. Local anes-
thesia was achieved with a subcuta-
neous injection of 1% lidocaine. 
Under intermittent MRI guidance 
 utilizing the aforementioned PD TSE 
sequence, a 10 cm 20 gauge needle 
was advanced adjacent to the left 
posterior femoral cutaneous nerve 

(Fig. 4). A test injection of 0.5 ml of 
sterile normal saline was performed 
followed by axial STIR images (TR 
3500 ms, TE 68 ms, matrix 384 × 
275, FOV 35 × 22 cm, GRAPPA iPAT 2, 
slice thickness 4 mm) demonstrating 
appropriate fluid distribution around 
the PFCN (Fig. 5). Subsequently, cir-
cumferential perineural drug delivery 
was accomplished utilizing 3 ml of 
ropivacaine and 1 ml of Kenalog 40 
as confirmed on post-procedural fat 
saturated T2-weighted images con-
firmed accumulation of fluid around 

2 3

Axial proton density-weighted MR image obtained for 
pre-procedural planning demonstrates tendinopathy at 
the left hamstring origin from the ischial tuberosity 
(yellow arrow) in addition to focal hyperintensity within 
the left posterior femoral cutaneous nerve (orange arrow). 
The latter finding is consistent with the patient’s history 
of posterior femoral cutaneous neuropathy. 

2 Axial proton density-weighted MR image performed 
for skin entry site localization demonstrating the position 
of the skin marker (yellow arrow) relative to the posterior 
femoral cutaneous nerve (orange arrow).

3

4A

Sequential proton density-weighted MR images demonstrate advancement of the needle to the posterior femoral cutaneous nerve 
(orange arrows). In the final image (4B), the needle tip (yellow arrow) is located adjacent to the posterior femoral cutaneous nerve.

4

4B 4C

*Metal: The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing MRI exam. MR imaging of patients with metallic implants 
brings specific risks. However, certain implants are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the previously 
 considered prior to patient undergoing MRI exam. MR imaging of patients with metallic implants brings specific risks. However, certain implants are approved by 
the governing regulatory bodies to be MR conditionally safe. For such implants, the previously mentioned warning may not be applicable. Please contact the 
implant manufacturer for the specific conditional information. The conditions for MR safety are the responsibility of the implant manufacturer, not of Siemens.
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the PFCN (TR 4000, TE 70, 488 × 384, 
FOV 35 × 22 cm, GRAPPA iPAT 2, 3 mm 
slice thickness) (Figs. 6, 7).

Following the procedure, the patient 
demonstrated exclusive anesthesia in 
PFCN distribution with post-procedural 
loss of light touch and pain sensation, 
confirming the technical success of the 
injection. The patient’s pain improved 
to 2 out of 10, representing a positive 
pain and identifying the PFCN as a 
major contributor to the patient’s pain 
syndrome. The patient was discharged 
the same day in excellent condition. 
No complications occurred. 

Discussion

The high signal-to-noise ratio available 
with a state-of-the-art 3T MR imaging 
system provides the unprecedented 
ability to perform high-resolution MR 
neurography-guided perineural injec-
tions for highly accurate visualization 
of small nerve as well as needle target-
ing and perineural injection. This case 
report demonstrates how this tech-
niques facilitates accurate targeting of 
the PFCN. High-resolution MR neurog-
raphy is advantageous because of its 
unparalleled pairing of high contrast 
and spatial resolution, which is in con-
tradistinction to blindly performed 
blocks or blocks performed under fluo-
roscopic or CT guidance. MRI is the 
preferred techniques due to exquisite 
nerve visualization, visualization of the 
injectants without the need of an addi-
tional contrast agent, unrestricted 
multiplanar imaging and finally the 
lack of ionizing radiation. 
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Axial STIR MR image acquired 
following the injection of 0.5 ml 
of sterile normal saline demon-
strate appropriate fluid distri-
bution (yellow arrow) around the 
posterior femoral cutaneous 
nerve (orange arrow). 

5

5

6

Post-procedural T2-weighted 
images obtained with spectral fat 
saturation demonstrate the PFCN 
(orange arrow) bathing in ropiva-
caine and steroid following the 
injection of a total of 4 ml of the 
solution (yellow arrow). 

6

Three-dimensional fat saturated T2-weighted (TR 1600, TE 120) SPACE images 
with isotropic voxel sizes enables multi-planar reconstructions in any arbitrary 
plane. For post-injection imaging, this is useful as the nerve (orange arrows) can be 
evaluated both in standard planes (7A) and oblique planes along its longitudinal 
course (7B). The yellow arrows indicate the injectant. 

7

7A 7B
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Case Series:  
Minimally Invasive 3 Tesla Interventional MRI
Kemal Tuncali, M.D. 

Brigham and Women’s Hospital, Dept. of Radiology, Boston, MA, USA

Case 1

76-year-old man with cirrhosis was 
discovered to have a 2.5 cm lesion in 
segment 4/8 of the liver suspicious 
for a hepatocellular carcinoma (HCC). 
This was visualized on a 1.5 Tesla MRI 
study only with the use of i.v. con-
trast. It was not seen by ultrasound 
or CT scan. Hence, MRI-guided biopsy 
was performed in 3 Tesla MRI 
 (MAGNETOM Verio, Siemens 
 Healthcare, Erlangen, Germany). 

Using spine coil elements and body 
matrix coil, the lesion is seen as a T1 
hyperintense mass (Fig. 1). This was 
used to guide 22 gauge MRI-compati-
ble needles into the mass and Fine-
needle aspiration (FNA) biopsy was 
performed under local anesthesia and 
i.v. procedural sedation. The patient 
tolerated the procedure well without 
complications and the pathology 
proved the lesion to be an HCC.

1

Case 2

65-year-old woman with history of 
breast cancer and a newly discovered 
1.3 cm left kidney upper pole lesion 
suspicious for tumor. To differentiate 
between metastasis versus a renal 
 origin tumor, percutaneous biopsy was 
indicated. However, this small renal 
mass was embedded in the renal 
parenchyma and very difficult to see 
with other imaging modalities except 
for MRI where it was well visualized 
even without the use of i.v. contrast 
material. 3T MRI (MAGNETOM Verio, 
Siemens Healthcare, Erlangen, 
 Germany) with spine coil elements 
and body matrix coil was used for 
imaging. 

Axial T2w TSE respiratory triggered 
sequence (BLADE) provided excellent 
visualization of the small lesion and 
needle location (18 gauge MRI-com-
patible) with minimal artifact (Fig. 2). 
The procedure was performed under 
local anesthesia and i.v. procedural 
sedation. The patient tolerated the 
procedure well without complications. 
Pathology showed mucinous tubular 
and spindle cell carcinoma, a low 
grade primary cancer of the kidney.

MRI guided kidney biopsy.  
Intraprocedural axial T2w respiratory 
triggered TSE (BLADE) shows the 
18 gauge biopsy needle in the small 
renal mass.

2

2

MRI guided liver biopsy.  
Intraprocedural axial T1-weighted 
SPGR (VIBE) shows liver lesion 
and biopsy needle*.

1

* Metal: The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing 
MRI exam. MR imaging of patients with metallic implants brings specific risks. However, certain implants 
are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the 
 previously considered prior to patient undergoing MRI exam. MR imaging of patients with metallic 
implants brings specific risks. However, certain implants are approved by the governing regulatory bodies 
to be MR conditionally safe. For such implants, the previously mentioned warning may not be applicable. 
Please  contact the implant manufacturer for the specific conditional information. The conditions for 
MR safety are the responsibility of the implant manufacturer, not of Siemens.
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Cryoablation of native renal mass.
(3A) Intraprocedural axial T2w HASTE shows two of the probes in the renal 
tumor. (3B) Sagittal T2w HASTE obtained 10 min into the 2nd freezing cycle 
shows the iceball close to adjacent pancreas but without overlap. 
(3C) Axial T2w HASTE obtained at the end of the 2nd 15 min freezing cycle shows 
that the iceball has eclipsed the tumor and is close to the adjacent adrenal gland 
but without overlap.

3

3A

Case 3

57-year-old woman with a 2 cm left 
kidney upper pole biopsy proven renal 
cell carcinoma. Its small size and intra-
parenchymal location in the upper 
pole renders it challenging for partial 
nephrectomy. Since it is well seen on 
MRI, cryoablation using MRI guidance 
was preferred as a minimally-invasive 
nephron-sparing treatment option. 
3T MRI (MAGNETOM Verio, Siemens 
Healthcare, Erlangen, Germany) with 
spine coil elements and an 11 cm loop 
coil was used for imaging. 

Axial and sagittal HASTE sequence 
was used to place three 17 gauge 
 MRI-compatible cryoablation probes 
(Galil Medical, Plymouth, PA USA) and 
to monitor the ablation (Fig. 3). This 
helped cover the tumor completely 
while preventing injury to adjacent 
pancreas and adrenal gland. The pro-
cedure was performed in the prone 
position under general anesthesia 
without complications.

3B

3C

Case 4

68-year-old man with a 2.9 cm 
left lower pole biopsy proven renal cell 
carcinoma, discovered during hematu-
ria workup. Due to comorbid  coronary 
artery disease, patient was referred for 
minimally invasive,  nephron sparing 
image-guided cryoablation. MRI guid-
ance was preferred due to tumor 
 proximity to ureter to minimize risk 

of injury. 3T MRI  (MAGNETOM Verio, 
Siemens  Healthcare, Erlangen, 
 Germany) with spine coil elements 
and body matrix coil was used for 
imaging. Axial T2W HASTE sequence 
was used to place three 17 gauge 
MRI-compatible  cryoablation probes 
(Galil Medical, Plymouth, PA USA) 
and to monitor the ablation (Fig. 4). 

This ensured  covering the tumor 
completely while preventing injury to 
adjacent ureter. The procedure was 
performed in the prone position under 
local anesthesia and i.v. procedural 
sedation. The patient tolerated the 
procedure well without 
complications.

4A

Cryoablation  
of native renal mass.
(4A) Intraprocedural axial T2w 
HASTE shows first of the three probes 
being placed in the renal tumor. 
(4B) Intraprocedural axial T2w 
HASTE obtained at the end of the 
2nd 15 min freezing cycle shows that 
the iceball has eclipsed the tumor 
without overlapping adjacent 
proximal ureter.

4

4B
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Case 5

68-year-old man with 2.4 cm left 
lower pole renal cell carcinoma. Due 
to history of lung cancer, cutaneous 
T-cell lymphoma and chronic lympho-
cytic leukemia, he was referred for 
percutaneous cryoablation as a mini-
mally invasive, nephron sparing 
 treatment option.

5A

Cryoablation of native renal mass.
(5A) Intraprocedural axial T2w HASTE 
shows first of the three probes being 
placed in the renal tumor. 
(5B) Intraprocedural axial T2w respi-
ratory triggered TSE (BLADE) obtained 
at the end of the 2nd 15 min freezing 
cycle shows that the iceball has eclipsed 
the tumor without overlaping adjacent 
colonic wall.

5

5B

3T MRI (MAGNETOM Verio, Siemens 
Healthcare, Erlangen, Germany) with 
spine coil elements and body matrix 
coil was used for imaging. Axial T2w 
HASTE sequence was used to place 
three 17 gauge MRI-compatible 
 cryoablation probes (Galil Medical, 
 Plymouth, PA USA) (Fig. 5A). Then, 
for more detailed monitoring of 
the ablation, we utilized an axial T2w 

respiratory triggered TSE (BLADE) 
sequence (Fig. 5B). This ensured cover-
ing the tumor completely while pre-
venting injury to adjacent colon. The 
procedure was performed in the prone 
position under local anesthesia and 
i.v. procedural sedation. The patient 
tolerated the procedure well without 
complications.

Case 6

66-year-old woman with a 2.1 cm 
biopsy proven renal cell carcinoma 
inside of a renal transplant located in 
her right lower abdomen. She was 
referred for percutaneous cryoabla-
tion as a minimally-invasive nephron- 
sparing treatment option. The tumor 
margins were not well seen on ultra-
sound or CT scan due to its small 
size and intraparenchymal location. 

 However, MRI showed the tumor 
very well. 3T MRI (MAGNETOM Verio, 
Siemens Healthcare, Erlangen, 
 Germany) with spine coil elements 
and an 11 cm loop coil was used 
for imaging.

Axial T2w TSE sequence was used to 
place three 17 gauge MRI-compatible 
cryoablation probes (Galil Medical, 

Plymouth, PA USA) and to monitor the 
ablation (Fig. 6). This ensured covering 
the tumor completely while preventing 
injury to adjacent renal pelvis and 
 ureter. The procedure was performed 
in the supine position under local 
anesthesia and i.v. procedural sedation. 
The patient tolerated the procedure 
well without complications.

Cryoablation of renal transplant mass.
(6A) Intraprocedural axial T2w TSE shows 
first of the three probes being placed in 
the renal tumor. 
(6B) Intraprocedural axial T2w TSE 
obtained at the end of the 2nd 15 min 
freezing cycle shows that the iceball has 
eclipsed the tumor without overlaping 
adjacent renal pelvis.

6
6A 6B



1B

Introduction

Multiparametric magnetic resonance 
imaging (mp-MRI) of the prostate 
gains increasing influence in prostate 
cancer detection, especially in 
patients with prior negative transrec-
tal ultrasound (TRUS) biopsy and 
continuous suspicion of prostate can-
cer [1]. Prostate MRI can also be use-
ful in active surveillance of low-grade 
tumors [2]. The European Society of 
Urogenital Radiology (ESUR) released 
in 2012 guidelines for prostate MRI 
in order to standardize evaluation 
and reporting [3]. As a consequence 
of defining suspect areas in the  
mp-MRI subsequent targeted biopsies 
(MR-GB) to verify these lesions should 
be performed. Currently three tech-
niques are available that incorporate 
MRI information to define target 
structures for biopsy: Cognitive ultra-

3T Multiparametric MRI and MR-Guided  
In-Bore Biopsy to Detect Prostate Cancer
Frederic Dietzel, M.D.; Lars Schimmöller, M.D.; Michael Quentin, M.D.; Dirk Blondin, M.D.

University Dusseldorf, Medical Faculty, Department of Diagnostic and Interventional Radiology, Dusseldorf, Germany

sound biopsy (c-GB), MRI/ultrasound 
fusion biopsy (FUS-GB), and  MR-guided 
 in-bore biopsy (IB-GB) [1, 4].

Patient history

A 62-year-old man was referred 
to our Institute of Diagnostic and 
 Interventional Radiology with two 
negative TRUS-guided biopsies and 
remaining suspicion of prostate can-
cer due to continuously increasing 
prostate- specific antigen (PSA) values. 
The ultimate PSA value was 9.9 ng/ml. 
The prostate volume was only slightly 
enlarged (42 ml). 

MR imaging

In the apical anterior prostate gland 
mp-MRI detected a highly suspicious 
area, located in region 13as/14as on 
a 27-region localization scheme [5] 

(Fig. 1). This lesion was rated accord-
ing to the PI-RADS scoring system for 
each MR-sequence. The overall PI-RADS 
classification for this lesion was 5 
(clinically significant disease is highly 
likely to be present) [6]. In addition, 
the MRI showed post-inflammatory 
transformations in the peripheral zone 
and considerable changes due to 
benign prostate enlargement (BPE) 
in the transition zone. The seminal 
 vesicles were inconspicuous and no 
enlarged lymph nodes were found 
in the area under investigation. 

Sequence details

Prostate mp-MRI was performed at 
a 3T MRI system (MAGNETOM Trio; 
 Siemens Healthcare, Erlangen, Ger-
many) with a 6-channel phased-array 
body coil. The imaging protocol 

Clinical Interventional MRI
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Prostate mp-MRI 
including 
T2-weighted 
imaging (1A, B), 
apparent diffusion 
coefficient map 
derived from 
diffusion-weighted 
imaging (ADC) 
(1C), high b-value 
image of diffusion-
weighted imaging 
(DWI) (1D), and 
dynamic contrast-
enhanced imaging 
(DCE) (1E, F). 
Anteriorly located 
cancer suspect 
lesion (orange 
arrow; PI-RADS 5).

1
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was adapted according to the ESUR 
guidelines [3]. To suppress peristalsis 
the patient received 20 mg butylsco-
polamine (Buscopan; Boehringer, 
 Ingelheim, Germany).  Mp-MRI included 
T2-weighted (T2w) imaging, 
T1-weighted (T1w) imaging, diffusion-
weighted imaging (DWI), and dynamic 
contrast-enhanced imaging (DCE-MRI). 

T2-weighted turbo spin echo 
sequences were acquired in three 
standard orthogonal planes 

axial: TR 10630 ms, TE 117 ms, FOV 
12.8 cm, voxel size 0.5 × 0.5 × 3.0 mm, 
image matrix 256 ×256, turbo factor 23;  
sagittal/coronal: TR 11330 ms, 
TE 103 ms, FOV 17 cm,  
voxel size 0.7 × 0.7 × 3.0 mm,  
image matrix 256 × 256, turbo factor 25.

For T1w axial turbo-spin echo images 
(TR 650 ms, TE 13 ms, FOV 30 cm, 
voxel size 1.3 × 0.9 × 5.0 mm, gap 10%, 
image matrix 240 × 320, turbo factor 3), 
and for DWI single-shot spin-echo 
echo-planar sequence (TR 4600 ms, 

TE 90 ms, FOV 20.4 cm, voxel size 
1.5 × 1.5 × 3.0 mm, image matrix 
136 × 136, GRAPPA parallel imaging 
scheme with acceleration factor 2) 
using 3 b-values (0, 500, 1000 s/mm2) 
with eight averages, were performed. 
Apparent diffusion coefficient (ADC) 
parameter maps were calculated  
by the scanner software using the  
standard monoexponential model. 
For the DCE-MRI volume-interpolated 
gradient echo sequence (TR 5.26 ms, 
TE 1.76 ms, FOV 19.2 cm, voxel size 
1.5 × 1.5 × 3.0 mm, image matrix 
128 × 128, GRAPPA parallel imaging 
scheme with acceleration factor 2, 
31 scans, scan time 5:05 min, tempo-
ral resolution 10 sec) were applied. 
Contrast media injection started after 
the second measurement using gado-
teric acid (Dotarem®, Guerbet, Aulnay-
sous-Bois, France) in a weight-adapted 
standard dose (0.2 mmol/kg body 
weight) with an injection rate of 3 ml/s. 
Total scan time was approximately 
33 minutes.

MRI/US fusion guided biopsy 
(FUS-GB)

Subsequently to the suspect mp-MRI 
a targeted FUS-GB was performed 
using the Urostation® 3-dimensional 
ultrasound system (Koelis, La Tranche, 
France) to ensure biopsy cores were 
taken of the described suspicious 
area. The histological result revealed 
minor chronic prostatitis and no 
 cancer verification.

MR-guided in-bore biopsy 
(IB-GB)

Owing to the highly suspicious mp-MRI 
we decided in consent with the patient 
to perform another targeted biopsy. 
An IB-GB was performed on the same 
3T MRI system (MAGNETOM Trio). 
The patient was placed in a prone 
position and a needle guide fixed to 
a portable biopsy device (DynaTRIM, 
Invivo, Gainesville, FL, USA) was 
introduced rectally. Image data were 
transferred to a DynaCAD workstation 

2

Setting of MR-guided in-bore biopsy (IB-GB) with a DynaTRIM biopsy device (Invivo, Gainesville, FL, USA) and DynaCAD workstation (Invivo).2

2
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(Invivo) for biopsy  planning (Fig. 2). 
Two cores were taken of the anterior 
lesion in region 14as with an MR-
compatible, 18-gauge, fully automatic 
biopsy gun (Invivo). Due to the nega-
tive results of the prior MRI/US fusion 
prostate biopsy we decided to per-
form a needle control scan. The needle 
control scan confirmed the correct 
positioning of the biopsy needle 
(Fig. 3). The histopathology resulted 
in a malignant gland forming pros-
tate tumor  (Gleason score 4 + 3 =7), 
described as an acinar adenocarcinoma 
with high  percentage of cancer 
involvement (80% per core).

Discussion

The current gold standard for pros-
tate diagnostics is the digital rectal 
examination, the PSA value, and TRUS 
followed by a systematic TRUS-guided 
biopsy. Mp-MRI is a promising com-
plementary technique that allows in 
uncertain or problematic cases a good 
differentiation between tumor and 
benign lesions [1, 7]. It furthermore 
enables targeted MR-guided biopsy 
(MR-GB) procedures, as a logical con-
sequence of describing suspicious 
lesions. MRI/US fusion-guided biopsy 
(FUS-GB) shows good results, however, 
2D/3D models are only overlaid, and 
an exact peer-to-peer verification 
is still missing, especially if the suspi-
cious lesion described in the MRI is 
not visible in ultrasound [8]. MR-guided 
in-bore biopsy (IB-GB) offers some 
advantages in comparison. Lesions 
are presented and biopsied in the 

same modality, a direct control of 
taken biopsy cores is feasible, and 
an individual management of BPE 
or patient movement is possible. In 
our patient we could detect and histo-
logically verify a significant prostate 
cancer by IB-GB alone.

3B
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Biopsy needle* verification of the direct lesion hit in our patient (orange arrow). 3
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* Metal: The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing 
MRI exam. MR imaging of patients with metallic implants brings specific risks. However, certain implants 
are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the 
 previously mentioned warning may not be applicable. Please contact the implant manufacturer for the 
specific conditional information. The conditions for MR safety are the responsibility of the implant manu-
facturer, not of Siemens.
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Introduction

Diffusion-weighted imaging (DWI) is 
becoming an increasingly robust tool 
in the assessment and exclusion of 
prostate disease [1]. However, multiple 
recent studies have raised concerns 
regarding the anatomical distortion 
of  single-shot DWI. A novel approach 
to distortion reduction using RESOLVE, 
resulting in a high-resolution DWI 
examination, is described [2-5]. In 
our hospital, we performed hundreds 
of prostate examinations of patients 
using RESOLVE. The technique 
achieves a low level of susceptibility 
artifact by allowing a very short 
echo spacing in the EPI echo train 
and the artifacts are further reduced 
by combining the technique with 
 parallel imaging using GRAPPA [6].

Protocol

Prostate DWI examinations were 
 performed on a clinical 3T scanner 
(MAGNETOM Skyra, Siemens 
 Healthcare, Erlangen, Germany) 
with an 18-channel body-matrix coil 
placed over, and a spine coil under-
neath, the pelvis. The patients were 
positioned in a head-first supine 
position.

At 3T MRI, RESOLVE images were 
acquired with the following para-
meters: parallel imaging using 
GRAPPA with an acceleration factor 
of 2, FOV 260 mm, matrix 128 × 176, 
pixel size 1.2 mm × 1.2 mm, 20 slices, 
slice thickness 3 mm, number of 
readout segments 13, TR 4800 ms, 
TE 60 ms, b-values of 0 s/mm2 
(1 average) and 800 s/mm2 (2 aver-
ages), total scanning time 6 min 11 s.

In addition, our past clinical standard 
single-shot DWI images were also 
acquired for comparison using the 
 following parameters: Parallel imaging 
using GRAPPA with an acceleration 
 factor of 2, FOV 260 mm, matrix 64 × 88, 
phase partial Fourier factor 6/8, 
pixel size 2.4 mm × 2.4 mm, 20 slices, 
slice thickness 3 mm, TR 4500 ms, 
TE 85 ms, b-values of 0 s/mm2 (1 aver-
age) and 800 s/mm2 (2 averages), 
total scanning time 1 min 20 s.

High-Resolution  
Diffusion-Weighted Imagings  
of the Prostate Using RESOLVE at 3T
Liang Li1; Liang Wang1; Hui Liu2 

1Department of Radiology, Tongji Hospital, Tongji Medical College,  
Huazhong University of Science and Technology, Wuhan, China  
2MR Collaboration NE Asia, Siemens Healthcare, Shanghai, China

Case 1

A 57-year-old man presented to 
his primary care provider in January 
2014 with a 2-month history of 
increasing urinary frequency and 
poor stream. He denied any gross 
hematuria, bone pain, or significant 
weight loss. Digital rectal examina-
tion (DRE) revealed an asymmetri-
cally enlarged, firm, and nontender 
prostate. Serum prostate-specific 

antigen (PSA) was 12.8 ng/ml. 
 Tamsulosin hydrochloride (Flomax®, 
Boehringer, Ingelheim, Germany) 
0.4 mg daily was started and the 
patient was referred for initial urologic 
evaluation. The patient denied any 
occupational exposures or family 
 history of prostate cancer or other 
genitourinary malignancy. On the first 
day, prostate ss-EPI DWI imaging 

revealed a lesion in anterior fibromus-
cular stroma (AFS) region of his pros-
tate. On the second day, we found two 
lesions in DWI using RESOLVE technol-
ogy. Transrectal ultrasound (TRUS)-
guided prostate biopsy and pathologi-
cal examinations were performed 
subsequently. The two lesions were 
confirmed as prostate adenocarcinoma 
(left: Gleason 4+4, right: Gleason 3+4).
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(1A) Conventional ss-EPI DWI 
revealing only a lesion in the 
anterior fibromuscular stroma 
(AFS) region (long white arrow). 
(1B) RESOLVE EPI DWI showing 
excellent high-resolution image 
quality and revealing another 
lesion (short white arrow) 
without anatomical distortion.

1

(2A) Conventional ss-EPI DWI 
displaying a low-resolution 
prostate image.  
(2B) RESOLVE EPI DWI showing 
clearly excellent high-resolution 
image with multiple hyper-
plastic nodules.

2

Case 3

A 70-year-old man suffered from acute 
urinary retention requiring urethral 
catheterization, with no evidence of 
hematuria or fever. He had a history of 
chronic urinary retention, which was 
treated with oral medicine (Flomax®) 
for 2 months, but no history of urinary 

trauma or infection. Laboratory test-
ing such as blood count, serum bio-
chemistry, and urinalysis were in the 
normal range. A urine culture was 
negative, and the serum level of PSA 
was 3.1 ng/ml. The single-shot DWI 
revealed a nodular lesion with focal 

high signal-intensity in the right 
peripheral zone of his prostate, while 
RESOLVE DWI examination found  
no abnormal lesions. TRUS-guided 
prostate biopsy confirmed benign 
prostatic hyperplasia (BPH).

(3A) Conventional ss-EPI DWI 
revealing a suspicious lesion 
in the right peripheral zone 
(long white arrow).  
(3B) RESOLVE EPI DWI showing 
no abnormal lesions.  
The suspicious lesion being 
mis diagnosed as prostate 
cancer due to susceptibility 
effect.

3

3A 3B

Case 2

A 69-year-old man presented with 
a chief complaint of refractory urinary 
retention. DRE was performed with 
prostate gland of 4 finger breadths, 
firm consistency and smooth surface. 

The PSA level was 5.16 ng/ml. 
A  Doppler ultrasound examination 
demonstrated an enlargement of the 
prostate volume (48 × 52 × 60 mm3), 
asymmetric shape, with multiple 

hypointense nodules. The biopsy 
sample confirmed benign prostatic 
hyperplasia (BPH) and chronic 
prostatitis. 

2A 2B

1B1A
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Conclusion

Results from hundreds of examina-
tions of our prostate patients indicate 
that anatomic depiction and overall 
image quality were improved with the 
RESOLVE sequence when compared 
with the single-shot DWI sequence. 
Prostate DWI applications with 
RESOLVE demonstrated reduced arti-
facts and improved lesion detection. 

In our previous unpublished study, 
we had obtained a number of diag-
nostic-quality prostate DWIs based on 
RESOLVE. For image sharpness, ana-
tomical distortion, imaging contrast, 
lesion conspicuity, detailed anatomical 
visualization and diagnostic confi-
dence, RESOLVE EPI was considered 
the to be overall superior in 90% of 
the cases. In the past, to assist work-
flow, we needed to have rectum 
preparation in a certain number of 
patients where the susceptibility arti-
facts coming from the rectum was 
strong. However, we have now elimi-
nated the need for this preparation 
when using RESOLVE, because of less 
susceptibility impact on the prostate 
imaging.

In summary, the new high-resolution 
RESOLVE protocol provides significant 
benefits compared with the mostly 
clinically used single-shot DWI. The 
higher spatial resolution results in 
better lesion conspicuity, better 
defined internal architecture, and 
better overall image quality. In the 
future, this method may have poten-
tial as a tool to predicate prostate 
cancer at an earlier stage or to obtain 
an image-guided prostate biopsy.

Contact

Professor Liang Wang, M.D., Ph.D. 
Vice-Chairman, Department of Radiology
Tongji Hospital, Tongji Medical College
Huazhong University of Science & Technology
Wuhan 430030
China
Phone: +86 (27) 83663737
wangliang2001@gmail.com

Li LiangWang Liang

   References
 1 Jin G, Su DK, Luo NB, et al. Meta-analysis 

of diffusion-weighted magnetic resonance 
imaging in detecting prostate cancer. 
J Comput Assist Tomogr. 2013;37(2): 
195-202.

 2 Holdsworth SJ, Skare S, Newbould RD, 
Bammer R. Robust GRAPPA-accelerated 
diffusion-weighted readout-segmented 
(RS)-EPI. Magn Reson Med. 2009; 62(6): 
1629-40.

 3 Frost R, Porter DA, Miller KL, Jezzard P. 
Implementation and assessment 
of diffusion-weighted partial Fourier 
readout-segmented echo-planar imaging. 
Magn Reson Med. 2012;68(2):441-51.

 4 Yeom KW, Holdsworth SJ, Van AT, et al. 
Comparison of readout-segmented echo-
planar imaging (EPI) and single-shot EPI in 
clinical application of diffusion-weighted 
imaging of the pediatric brain. AJR Am 
J Roentgenol. 2013;200(5):W437-43.

 5 Bogner W, Pinker-Domenig K, Bickel H, et al. 
Readout-segmented echo-planar imaging 
improves the diagnostic performance of 
diffusion-weighted MR breast examinations 
at 3.0 T. Radiology. 2012;263(1):64-76.

 6 Griswold MA, Jakob PM, Heidemann RM, 
et al. Generalized autocalibrating partially 
parallel acquisitions (GRAPPA). Magn Reson 
Med. 2002;47(6):1202-10.

 7 Porter DA, Heidemann RM. High resolution 
diffusion-weighted imaging using readout-
segmented echo-planar imaging, parallel 
imaging and a two-dimensional navigator-
based reacquisition. Magn Reson Med. 
2009;62(2):468-75.

 8 Holdsworth SJ, Skare S, Newbould RD, 
et al. Readout-segmented EPI for rapid high 
resolution diffusion imaging at 3 T. Eur J 
Radiol. 2008;65(1):36-46.



Introduction

With advancing imaging technology 
there has been increasing interest in 
the use of breast magnetic resonance 
imaging (MRM – MR-Mammography) 
worldwide. Traditionally mammo-
graphy complemented by ultrasound 
has remained the mainstay for the 
diagnosis and evaluation of breast 
 carcinoma. The aim of breast MRI is 
to obtain a reliable evaluation of any 
lesion within the breast. It is cur-
rently used as an adjunct to the stan-
dard diagnostic procedures of breast, 
i.e., clinical examination, mammog-
raphy and ultrasound [1]. According 
to the American College of Radiology 
the current indications for Breast 
MR are, however, only patients fol-
lowing operation or radiation, preop-
erative staging, cancer of unknown 
primary (CUP syndrome), high-risk 
patients (e.g. BRCA1 or 2) and MRI 
guided biopsies [2]. This is mainly 
attributed to the high costs, availabil-
ity and reader-dependent specificity 
of MRM. In Malaysia, MRM is still a 
relatively new field, with gradually 
increasing interest shown by some of 
the larger institutions. 

We herein wish to report a case 
of infiltrating ductal carcinoma in 
a woman whose pre-operative 

How Breast MRI Changed  
the Operative Management
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 planning and surgical management 
changed after performing dynamic 
MRM.

Case report

A 69-year-old postmenopausal 
woman was presented to our breast 
clinic with a palpable mass in her 
right breast just above the nipple. 
She first noticed this mass one 
month prior to presentation. The 
mass was firm and non-tender. 

She received a mammogram, which 
revealed a 2.5 cm irregular, spiculated 
mass in the upper mid quadrant of 
the right breast (Fig. 1). Subsequent 

ultrasound demonstrated an irregular 
heterogeneous mass in the area of the 
mammographic abnormality (Fig. 2). 
The axillary lymph nodes appeared to 
be normal.

MRM was performed, using a 1.5T MRI 
system (MAGNETOM Aera, Siemens 
Healthcare, Erlangen, Germany) and 
a dedicated breast coil. The images were 
obtained using a 2D dynamic protocol 
as described in Table 1. The images 
were evaluated and interpreted using 
the morphological and kinetic signs, 
described by Prof. Werner Kaiser [3]. 
MRI confirmed the presence of the mass 
that was demonstrated on mammo-
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“Women should 
not suffer or  
die from breast 
cancer” 

Professor W. A. Kaiser

1A 1B

Mammogram of both breasts in mediolateral oblique (MLO) view.  
A spiculated mass is seen in the right breast (arrow). 
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gram and ultrasound. It showed a cen-
tripetally enhancing, spiculated mass 
(‘hook sign’) measuring 3.2 × 2.4 cm 
with heterogeneous internal enhance-
ment and perifocal oedema (Fig. 3), 
dark in the T2-weighted images, spe-
cifically indicating a malignant lesion. 
However, the MRI additionally dis-
played a linear path of enhancement 
extending posteriorly from the mass 
towards the pectoralis muscle, invisible 
in mammography or ultrasound. 

In the kinetic analysis (Fig. 4), this 
path of enhancement also displayed 
a suspicious washout in the delayed 
phase consistent with a type 3 curve. 
The underlying pectoralis muscles 
and the  pectoral fatty layer were 
preserved.

The patient was then planned for 
conservative breast surgery (wide 
local excision – WLE) followed by 
radiotherapy. A periareolar incision 

was made and a wide local excision 
of the tumor was performed includ-
ing 1 cm rim of the tissue around 
the tumor. However in view of the 
suspicious linear extension of the 
tumor at its posterior aspect as seen 
on MRI, the excision posteriorly was 
extended up to the pectoralis major 
muscle. The sentinel node biopsy 
that was performed through an inci-
sion in the lower axillary hairline 

2A 2B

Sonographic image showing the mass in the right breast (arrows). It has heterogeneous echo-texture.2

*Connotation: dynamic study before and after the i.v. application of 0,1 mmol Gd-DTPA per kg body weight within 10 sec, 
followed by the injection of 30 ml saline via an automatic injector (Medrad, Spectris, Pittsburgh, USA) with 3 ml/s .

Table 1: MRI examination protocol

Sequence no. 1. Nat cor 2. Dynamic* tra 3. CM cor 4. T2-TSE 5. STIR

Weighting T1 T1 T1 T2 T2 (T1, 150 ms)

Puls sequence FLASH FLASH FLASH TSE TSE

Orientation coronal transversal coronal transversal transversal

TR (ms) 113 113 113 8900 8420

TE (ms) 4,6 4,6 4,6 207 70

Flip angle (°) 80 80 80 191 180

Slice thickness (mm) 3 3 3 3 3

Gap (mm) 0 0 0 0 0

Field-of-view (mm) 350 350 350 350 350

No. of slices 44 44 44 44 44

Matrix (pixels) 230 × 256 307 × 384 230 × 256 435 × 512 326 × 384
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showed  evidence of malignancy. 
A Level 2 axillary dissection was then 
carried out.

The histopathological examination 
of the mass revealed a poorly encap-
sulated malignant tumor. The cells 
were large and highly pleomorphic 
with minimal glandular formation. 
Further histopathological analysis 
of the resected tissue revealed deep 
extension of the tumor at its poste-
rior part, corresponding to the afore-
mentioned linear enhancement as 
demonstrated on MRI. Some of the 
sentinel nodes and the axillary nodes 
that were sent for sampling revealed 
involvement by the malignant tumor.

Discussion

Breast cancer is the most common 
cancer in females in Malaysia. Malay-
sian women present at later stages 

of breast cancer compared to counter-
parts in the developing countries 
where 30 – 40% present at stage 3 to 
stage 4 [4]. Mastectomy was the 
 routine treatment for breast cancer 
until the 1980s [5]. The arrival of 
breast conservation surgery com-
bined with radiation therapy offered 
major advantages with similarly low 
mortality rates [6]. Current surgical 
options for treating breast cancer 
are breast-conserving surgery (wide 
local excision and quadrantectomy) 
or mastectomy, taking into account 
the tumor size, multifocality or multi-
centricity, local extent versus distant 
spread, nodal status, and patient 
preference. 

In patients with known malignancies 
further imaging with MRI can help in 
the preoperative choice of surgery and 
prevent increased reoperation rates. 

The use of preoperative breast MRI for 
patients with newly diagnosed breast 
cancer is greatly controversial world-
wide. Some articles published in major 
journals claim that routine preopera-
tive breast MRI appears to confer no 
advantage over the standard diagnostic 
evaluations for newly diagnosed breast 
cancer [7]. Evaluation of the literature, 
however, reveals many differences in 
terms of technical aspects as well 
as reader experience. Nevertheless, 
studies have shown MRM to be more 
accurate than mammography and 
ultrasonography in defining the extent 
of tumor burden as characterized by 
tumor size and multifocality or multi-
centricity [3]. Some major multicenter 
studies claim that once MRM has been 
performed, conventional mammo-
graphy and ultrasound are of no addi-
tional diagnostic use [8, 9]. Knowledge 
of the extent of disease prior to the 

MR images of the 
breasts on (3A–D) 
pre-contrast and 
dynamic post 
contrast T1w with 
the corresponding 
(3E–G) subtractions, 
(3H) T2w and (3I) 
STIR sequences. The 
mass (thick arrows) 
in the right breast 
shows early 
enhancement with 
evidence of relative 
washout in the 
delayed phase of the 
post contrast T1w 
sequence. There is 
linear enhancing 
component (thin 
arrows) extending 
from its posterior 
part. In addition, the 
mass is hypointense 
in the T2w image 
and it demonstrates 
surrounding oedema 
in the STIR sequence. 

3
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surgery will help the surgeon and 
patient to make a more informed deci-
sion when presented with treatment 
options [3].

In the case of WLE the surgeon removes 
only the cancer and some of the normal-
looking tissue around it (the margin). 
In our specific case, however, in view 
of the suspicious linear extension of the 
tumor at its posterior aspect as seen 
on MRI, the excision posteriorly was 
extended up to the pectoralis major. 
The posterior linear enhancement was 
confirmed to be the extension of the 
tumor on pathological diagnosis. MRM 
helped the surgeons in the preopera-
tive planning and surgical approach 
of this case as the posterior extension 

of the breast tumor could only and 
clearly be seen in MRI – not in mammo-
gram or ultrasound. Following the 
surgery, the patient completed the 
chemoradiotherapy as part of the 
treatment. She was clinically well 
with no signs of recurrence during 
the last review at the clinic.

Conclusion

In our case, the preoperative diagno-
sis of the posterior extension of the 
breast cancer was established by 
MRI. Our patient clearly benefited 
from MRM. For those battling cancer, 
preventing recurrence is of top prior-
ity. MRM can be an important imag-
ing tool in helping women maintain 
that vigilance, even though some 
studies have not recommended pre-
operative MRI. Although the rate of 
recurrence after breast conservation 
is low, high-quality MRM (optimal 
technical standards and reader expe-
rience) is useful to minimize reopera-
tion rates. Above all, women diag-
nosed with breast carcinoma should 
be offered the best possible chance 
for a successful treatment.
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Introduction

Current staging and surveillance for 
patients with metastatic breast cancer 
often involves 18F-Fludeoxyglucose 
(FDG) PET/CT imaging. Limitations may 
include sensitivity for small bone metas-
tases and decreased visualisation of 
brain and liver lesions due to high 
local physiological uptake [1, 2]. More-
over, breast cancer surveillance com-
monly entails serial 18F-FDG PET/CT 
examinations. Given the relatively 
young age at diagnosis, cumulative 
radiation exposure is of particular 
concern in breast cancer patients [3]; 
the lifetime attributable risk of radia-
tion induced cancer following a  
single 18F-FDG PET/CT scan has been 
estimated to be 2/1000, and higher 
in young American women [3].  
MR imaging involves no ionizing  
radiation and provides improved soft  
tissue contrast.  Given these advan-
tages, the effectiveness of  MR for 
the initial staging of breast cancer and 
monitoring of distant metastases is 
being investigated [4-6]. 

The recent advent of combination 
3T MRI and PET imaging in a state-of-
the-art scanner potentiates fusion of 
the improved tissue contrast of MRI 
with functional PET data as well as 
increased patient safety by elimina-
tion of the radiation dose due to CT. 
With this new MR/PET hybrid technol-
ogy, we acquired initial data compar-
ing 18F-FDG MR/PET to 18F-FDG PET/CT 
in the evaluation of multi-organ met-
astatic disease in patients with a his-
tory of breast cancer on the basis of 
lesion detection and radiation dose. 
Imaging follow-up and comparison 
with prior studies served as our refer-
ence standard in cases where biopsy 
was not performed. Early findings  

18F-FDG MR/PET as Compared with  
18F-FDG PET/CT. Initial Experiences in  
Patients with Metastatic Breast Cancer
Amy Melsaether, M.D.; Akshat C. Pujara, M.D.; Linda Moy, M.D.

New York University School of Medicine, Department of Radiology, New York, NY, USA

suggest lesion detection is high on 
PET/MRI for brain, liver and breast 
lesions, important sites of metastases 
and recurrences in breast cancer. 
Lung metastases appear to be seen 
equally well on PET/MRI and PET/CT, 
although infectious and non-specific 
lesions were better seen on PET/CT 
(not shown in these examples). In this 
article, we describe our imaging tech-
nique and demonstrate cases illustra-
tive of our experience.

Methods and imaging 
technique

This investigation is a Health Insurance 
Portability and Accountability Act-
compliant and Institutional Review 
Board-approved protocol allows 
patients undergoing clinical 18F-FDG 
PET/CT for evaluation for metastatic 
breast cancer to undergo 18F-FDG 
PET/MRI immediately following their 
clinical PET/CT protocol. Informed 
written consent is obtained from all 
patients.

PET/CT
Patients fasted for a minimum of four 
hours before imaging. Insulin was 
withheld six hours prior to imaging, 
and blood glucose concentration was 
verified to be less than 200 mg/dL. 
Approximately 60 minutes following 
intravenous administration of 18F-FDG, 
patients underwent PET/CT imaging 
from skull to mid thighs (Siemens 
Biograph mCT). CT acquisition para-
meters were as follows: 120 kVp, 
95 mA, 5.0 mm slice width, 50 cm 
transaxial field-of-view (FOV), 
512 × 512 transaxial image matrix, 
B40f convolution kernel. PET acquisi-
tion parameters were as follows: 
Mean 18F-FDG dose 14.8 ± 0.5 mCi, 

2 minutes per bed position, 814 mm 
transaxial FOV, 221 mm axial FOV, 
200 × 200 transaxial matrix, and 3 mm 
Gaussian post-reconstruction image 
filter. IV contrast was not  routinely 
administered as per normal clinical 
usage. PET images were reconstructed 
with CT for attenuation correction 
with the attenuation-weighting 
ordered subsets expectation-maximi-
zation 3D (OSEM3D) algorithm at 2 
iterations and 24 subsets. With these 
parameters, the transaxial voxel size 
was 4.07 × 4.07 mm and the axial 
voxel size was 2.03 mm. Total scan 
time is 15 minutes.

PET/MRI
Immediately following PET/CT, patients 
were transferred to a nearby site for 
PET/MR imaging. No additional 18F-FDG 
was injected. MRI and PET data were 
simultaneously acquired using the 
 Siemens Biograph mMR system. The 
PET detector is composed of lutetium 
oxyorthosilicate scintillation (LSO) 
crystals attached to avalanche photo-
diodes (APD), replacing typical photo-
multiplier tubes for compatibility with 
MRI. Each block detector consists of 
64 crystal elements, and each crystal 
measures 4 × 4 × 20 mm. In each ring 
there are 56 block detectors, and a 
total of 64 detector element rings 
arranged on the z-axis. The MRI unit 
is equipped with a 3 Tesla magnet.

After whole-body gradient echo scout, 
a whole-body PET/MRI exam was con-
ducted including 6–7 bed positions 
from thighs to vertex, with the follow-
ing protocols per station: 

1) 3D coronal volumetric interpolated 
breath-hold examination (VIBE) 
Dixon for MR attenuation correction, 
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2) Prototype T1-weighted radial 3D 
gradient echo (Radial VIBE)*, and 

3) 2D double-refocused echo-planar, 
diffusion-weighted imaging 
(TR 6000 ms, TE 65 ms, FOV 450 mm, 
2.3 × 2.3 × 6.0 mm voxel, spectral 
attenuated inversion recovery (SPAIR) 
fat-suppression, three  diffusion 
directions (3-scan trace), and 
 b-values 0, 350, and 700 s/mm2). 
Corresponding apparent  diffusion 
coefficient (ADC) maps were gener-
ated. MR images were acquired prone 
with a set of flexible body matrix 
coils. PET events were simultane-
ously accumulated for six minutes 
per bed position and images were 
reconstructed on the vendor plat-
form incorporating µ-maps from  
the attenuation correction scan. 
Total scan time is 47 minutes.

Image interpretation
PET/CT scans and PET/MRI scans 
were interpreted by board-certified 
radiologists on dedicated Miranda-64 
workstations (Mirada). MRI images 
were separated from the PET/MRI 
study, sent to our PACS workstation 
(Philips) and also interpreted by 
a board-certified radiologist. All read-
ers were blinded to patient history, 
pathology results and prior radiologic 
studies. The reference standard for 
metastatic lesion detection was a 
combination of comparison with prior 
and follow-up imaging and consen-
sus amongst experienced nuclear 
medicine and MRI readers. Radiation 
dose was calculated using DLP con-
version for CT [7] and mCi conversion 
for PET [8].

Case 1
48-year-old woman with a history of 
left breast cancer diagnosed in 2003, 
which was treated with lumpectomy 

and radiation. The patient then pre-
sented with cough in December 2012, 
which was not responsive to over-
the-counter medications. A chest 
radiograph in January 2013 demon-
strated multiple masses consistent 
with metastatic disease. A core biopsy 
of a lung mass in February of 2013 
yielded metastatic breast cancer. 

Imaging findings: 
PET/MRI demonstrates widespread 
metastatic disease including osseous, 
nodal, pulmonary and hepatic metas-
tases. These findings and comparison 
PET/CT images are detailed in figures 
1 and 2. 

Clinical follow-up:
In the setting of multi-organ metas-
tatic disease, detection of liver 
metastases did not change treat-
ment. The patient is maintained on 
Tamoxifen, Lupron and Xgeva. 

A hepatic metastasis seen on 
PET/MRI but undetected on the 
PET/CT. The metastasis shown 
here is best seen as (1A) 
increased signal on the b350 
sequence in the diffusion-
weighted series and (1B) corre-
sponding decreased signal on 
the apparent diffusion coeffi-
cient (ADC) map. The mass is 
less conspicuous on the (1C) 
VIBE image and (1D) faintly 
increased FDG uptake is seen 
on the fused PET/VIBE image. 
(1E) CT image, (1F) fused PET/
CT. The faintly increased FDG 
uptake relative to background 
hepatic activity on the PET/MRI 
as compared with the PET/CT is 
likely related to the increased 
time to imaging. 
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Case 2
53-year-old woman with history of 
locally advanced left breast cancer 
with positive axillary nodes diag-
nosed in August 2011, treated with 
neoadjuvant chemotherapy, mastec-
tomy and free flap reconstruction. 
Prophylactic right mastectomy was 
also performed. Patient was also 
treated with Adriamycin, Herceptin 

and Cytoxan, last cycle November 
2012, and 5 weeks of radiation ther-
apy, last cycle May 2012. New palpa-
ble left chest wall nodules under-
went biopsy in August 2013 and 
were positive for recurrent disease. 

Imaging findings are detailed in 
 figures 3 and 4. 

Clinical follow-up:  
Patient underwent gamma knife 
 radiation to the brain as a result of the 
PET/MRI findings. Due to the omission 
of CT, the estimated exposure was 
reduced by about 50%.

(3A) PET/CT image near the level of the 4th ventricle. The tilt of the head is different on CT vs. MRI scans. MRI demonstrates 
cerebellar metastasis. The mass is clearly seen (3B) on a contrast-enhanced VIBE image. Corresponding PET data (3C). 

3

3A 3B 3C

Pulmonary metastases 
are clearly seen on the 
(2A) VIBE and (2B) b60 CT 
images. Increased FDG 
uptake increased conspi-
cuity of mediastinal nodal 
and osseous metastases in 
addition to the pulmonary 
metastases in fused (2C) 
PET/VIBE and (2D) PET/CT 
images.

2
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Chest wall, mediastinal nodal and pulmonary metastases are well seen on both PET/MRI and PET/CT. Notably, (4A) the VIBE image 
provides increased contrast resolution, clearly demonstrating muscle enhancement (thin arrow), chest wall invasion (open arrow) 
and nodal necrosis (thick arrow) while the (4B) b40 CT image demonstrates chest wall invasion (open arrow). Pulmonary metas-
tases, as in the former case, are nearly as well seen on the VIBE image (4A) as on the b40 CT image (4C). Fused (4D) PET/VIBE and 
(4E) PET/CT images highlight the markedly increased FDG uptake of these metastases.

4

4A 4B

4C 4D 4E

Case 3
50-year-old woman with a history 
of right breast cancer, diagnosed in 
August 2011. Her disease was meta-
static to bone and liver at the time 
of diagnosis. Subsequently identified 
ovarian metastases were treated 
with oophorectomy. The patient is 

 currently being treated with Arimidex 
and Xgeva. 

Imaging findings are detailed in 
 figures 5 and 6. 

Clinical follow-up:  
The patient is well maintained on 

Xgeva. While the presence of residual 
liver metastases did not change drug 
choice, the patient is now followed 
with MR- rather than CT-based imag-
ing in order to assess disease stability. 
Due to omission of CT, the estimated 
exposure was reduced by about 40%.

In the right breast, the (5A) PET/VIBE sequence demonstrates a 5 mm spiculated breast mass, morphologically 
consistent with breast cancer and (5B) is not seen on PET/CT.

5

5A 5B
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PET/MRI demonstrates liver 
metastases interpreted as 
resolved on PET/CT. Liver metas-
tases are best seen (6A) as 
increased signal on the b350 
sequence of the diffusion-
weighted series and (6B) corre-
sponding decreased signal on 
the ADC map. This mass can 
be delineated on the (6C) VIBE 
sequence and demonstrates 
mildly increased FDG uptake on 
(6D) the fused PET/VIBE image. 
Although the mass can be seen 
in retrospect on (6E) CT, it was 
not appreciated on the initial 
read. As in the first case, the 
increased PET activity relative to 
background hepatic activity on 
the (6D) PET/VIBE as compared 
with the (6F) PET/CT is likely 
related to the increased time 
to imaging.
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 * Radial VIBE is a prototype for StarVIBE.
StarVIBE is available for 1.5T MAGNETOM 
Aera and 3T MAGNETOM Skyra. Radial VIBE 
is WIP, the product is currently under 
development and is not for sale in the US 
and in other countries. Its future avail-
ability cannot be ensured.
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Fludeoxyglucose F 18 Injection, USP

HIGHLIGHTS OF PRESCRIBING  
INFORMATION
These highlights do not include all the 
information needed to use Fludeoxyglu-
cose F 18 Injection safely and effectively. 
See full prescribing information for Flude-
oxyglucose F 18 Injection.
Fludeoxyglucose F 18 Injection, USP
For intravenous use 
Initial U.S. Approval: 2005

RECENT MAJOR CHANGES
Warnings and Precautions 
(5.1, 5.2)     7/2010
Adverse Reactions ( 6 )     7/2010

INDICATIONS AND USAGE
Fludeoxyglucose F18 Injection is indicated for 
positron emission tomography (PET) imaging 
in the following settings: 
• Oncology: For assessment of abnormal glu-

cose metabolism to assist in the evaluation 
of malignancy in patients with known or
suspected abnormalities found by other
testing modalities, or in patients with an
existing diagnosis of cancer. 

• Cardiology: For the identification of left
ventricular myocardium with residual glu-
cose metabolism and reversible loss of sys-
tolic function in patients with coronary ar-
tery disease and left ventricular
dysfunction, when used together with
myocardial perfusion imaging.

• Neurology:  For the identification of re-
gions of abnormal glucose metabolism as-
sociated with foci of epileptic seizures (1).

 DOSAGE AND ADMINISTRATION
Fludeoxyglucose F 18 Injection emits radiation. 
Use procedures to minimize radiation expo-
sure. Screen for blood glucose abnormalities. 
• In the oncology and neurology settings, in-

struct patients to fast for 4 to 6 hours prior 
to the drug’s injection. Consider medical
therapy and laboratory testing to assure at 
least two days of normoglycemia prior to
the drug’s administration (5.2). 

• In the cardiology setting, administration of
glucose-containing food or liquids (e.g., 50
to 75 grams) prior to the drug’s injection fa-
cilitates localization of cardiac ischemia (2.3). 

Aseptically withdraw Fludeoxyglucose F 18 
Injection from its container and administer 
by intravenous injection (2). 

The recommended dose: 
• for adults is 5 to 10 mCi (185 to 370 MBq), 

in all indicated clinical settings (2.1). 
• for pediatric* patients is 2.6 mCi in the 

neurology setting (2.2).
Initiate imaging within 40 minutes following 
drug injection; acquire static emission images 
30 to 100 minutes from time of injection (2).

DOSAGE FORMS AND STRENGTHS
Multi-dose 30mL and 50mL glass vial conta-
ining 0.74 to 7.40 GBq/mL (20 to 200 mCi/
mL) Fludeoxyglucose
F 18 Injection and 4.5mg of sodium chlo-
ride with 0.1 to 0.5% w/w ethanol as a stabi-
lizer (approximately 15 to 50 mL volume) for 
intravenous administration (3).

CONTRAINDICATIONS
None

WARNINGS AND PRECAUTIONS
• Radiation risks: use smallest dose neces-

sary for imaging (5.1). 
• Blood glucose adnormalities: may cause

suboptimal imaging (5.2).
ADVERSE REACTIONS

Hypersensitivity reactions have occurred; 
have emergency resuscitation equipment 
and personnel immediately available (6). 
To report SUSPECTED ADVERSE 
REACTIONS, contact PETNET Solutions, Inc. 
at 877-473-8638 or FDA at 1-800-FDA-1088 
or www.fda.gov/medwatch.

USE IN SPECIFIC POPULATIONS
Pregnancy Category C: No human or animal 
data. Consider alternative diagnostics; use 
only if clearly needed (8.1). 
• Nursing mothers: Use alternatives to breast 

feeding (e.g., stored breast milk or infant
formula) for at least 10 half-lives of radio-
active decay, if Fludeoxyglucose F 18 Injec-
tion is administered to a woman who is
breast-feeding (8.3). 

• Pediatric Use: Safety and effectiveness in
pediatric patients have not been estab-
lished in the oncology and cardiology set-
tings (8.4).

See 17 for PATIENT COUNSELING  
INFORMATION
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and reversible loss of systolic function in patients with coronary artery disease and left 
ventricular dysfunction, when used together with myocardial perfusion imaging.

1.3    Neurology 
For the identification of regions of abnormal glucose metabolism associated with foci of 
epileptic seizures.

2       DOSAGE AND ADMINISTRATION 
Fludeoxyglucose F 18 Injection emits radiation.  Use procedures to minimize radiation 
exposure. Calculate the final dose from the end of synthesis (EOS) time using proper 
radioactive decay factors. Assay the final dose in a properly calibrated dose calibrator 
before administration to the patient [see Description (11.2)]. 

2.1   Recommended Dose for Adults 
Within the oncology, cardiology and neurology settings, the recommended dose for 
adults is 5 to 10 mCi (185 to 370 MBq) as an intravenous injection.

2.2   Recommended Dose for Pediatric Patients
Within the neurology setting, the recommended dose for pediatric patients is 2.6 mCi, 
as an intravenous injection. The optimal dose adjustment on the basis of body size or 
weight has not been determined [see Use in Special Populations (8.4)].

2.3    Patient Preparation
• To minimize the radiation absorbed dose to the bladder, encourage adequate hydration. 

Encourage the patient to drink water or other fluids (as tolerated) in the 4 hours before 
their PET study. 

• Encourage the patient to void as soon as the imaging study is completed and as often as 
possible thereafter for at least one hour. 

• Screen patients for clinically significant blood glucose abnormalities by obtaining a his-
tory and/or laboratory tests [see Warnings and Precautions (5.2)]. Prior to Fludeoxyglu-
cose F 18 PET imaging in the oncology and neurology settings, instruct patient to fast 
for 4 to 6 hours prior to the drug’s injection.

• In the cardiology setting, administration of glucose-containing food or liquids (e.g., 50 to 75 
grams) prior to Fludeoxyglucose F18 Injection facilitates localization of cardiac ischemia

2.4    Radiation Dosimetry
The estimated human absorbed radiation doses (rem/mCi) to a newborn (3.4 kg), 
1-year old (9.8 kg), 5-year old (19 kg), 10-year old (32 kg), 15-year old (57 kg), and 
adult (70 kg) from intravenous administration of Fludeoxyglucose F 18 Injection are 
shown in Table 1. These estimates were calculated based on human2 data and using 
the data published by the International Commission on Radiological Protection4 for 
Fludeoxyglucose 18 F. The dosimetry data show that there are slight variations in ab-
sorbed radiation dose for various organs in each of the age groups. These dissimilari-
ties in absorbed radiation dose are due to developmental age variations (e.g., organ 
size, location, and overall metabolic rate for each age group). The identified critical 
organs (in descending order) across all age groups evaluated are the urinary bladder, 
heart, pancreas, spleen, and lungs. 

Table 1. Estimated Absorbed Radiation Doses (rem/mCi) After Intravenous 
Administration of Fludeoxyglucose F-18 Injectiona

Organ

Newborn 1-year 
old

5-year 
old 

10-year 
old

15-year 
old

Adult

(3.4 kg)  (9.8 kg)  (19 kg)  (32 kg)  (57 kg) (70 kg)

Bladder wallb 4.3 1.7 0.93 0.60 0.40 0.32

Heart wall 2.4 1.2 0.70 0.44 0.29 0.22

Pancreas 2.2 0.68 0.33 0.25 0.13 0.096

Spleen 2.2 0.84 0.46 0.29 0.19 0.14

Lungs 0.96 0.38 0.20 0.13 0.092 0.064

Kidneys 0.81 0.34 0.19 0.13 0.089 0.074

Ovaries 0.80 0.8 0.19 0.11 0.058 0.053

Uterus 0.79 0.35 0.19 0.12 0.076 0.062

LLI wall * 0.69 0.28 0.15 0.097 0.060 0.051

Liver 0.69 0.31 0.17 0.11 0.076 0.058

Gallbladder wall 0.69 0.26 0.14 0.093 0.059 0.049

Small intestine 0.68 0.29 0.15 0.096 0.060 0.047

ULI wall ** 0.67 0.27 0.15 0.090 0.057 0.046

Stomach wall 0.65 0.27 0.14 0.089 0.057 0.047

Adrenals 0.65 0.28 0.15 0.095 0.061 0.048

Testes 0.64 0.27 0.14 0.085 0.052 0.041

Red marrow 0.62 0.26 0.14 0.089 0.057 0.047

Thymus 0.61 0.26 0.14 0.086 0.056 0.044

Thyroid 0.61 0.26 0.13 0.080 0.049 0.039

Muscle 0.58 0.25 0.13 0.078 0.049 0.039

Bone surface 0.57 0.24 0.12 0.079 0.052 0.041

Breast 0.54 0.22 0.11 0.068 0.043 0.034

Skin 0.49 0.20 0.10 0.060 0.037 0.030

Brain 0.29 0.13 0.09 0.078 0.072 0.070

Other tissues 0.59 0.25 0.13 0.083 0.052 0.042
a MIRDOSE 2 software was used to calculate the radiation absorbed dose. Assumptions on the biodistribution 

based on data from Gallagher et al.1 and Jones et al.2 
b The dynamic bladder model with a uniform voiding frequency of 1.5 hours was used.  *LLI = lower large inte-

stine; **ULI = upper large intestine
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FULL PRESCRIBING INFORMATION
1      INDICATIONS AND USAGE 

Fludeoxyglucose F 18 Injection is indicated for positron emission tomography (PET) ima-
ging in the following settings: 

1.1 Oncology 
For assessment of abnormal glucose metabolism to assist in the evaluation of malignancy 
in patients with known or suspected abnormalities found by other testing modalities, or in 
patients with an existing diagnosis of cancer.

1.2    Cardiology 
For the identification of left ventricular myocardium with residual glucose metabolism 
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* MR scanning has not been established as safe for imaging fetuses and infants under two years of age.  
The responsible physician must evaluate the benefit of the MRI examination in comparison to other imaging procedures.
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2.5    Radiation Safety – Drug Handling
• Use waterproof gloves, effective radiation shielding, and appropriate safety measures 

when handling Fludeoxyglucose F 18 Injection to avoid unnecessary radiation exposure to 
the patient, occupational workers, clinical personnel and other persons.

• Radiopharmaceuticals should be used by or under the control of physicians who are quali-
fied by specific training and experience in the safe use and handling of radionuclides, and 
whose experience and training have been approved by the appropriate governmental 
agency authorized to license the use of radionuclides.

• Calculate the final dose from the end of synthesis (EOS) time using proper radioactive de-
cay factors.  Assay the final dose in a properly calibrated dose calibrator before administra-
tion to the patient [see Description (11.2)].

• The dose of Fludeoxyglucose F 18 used in a given patient should be minimized consistent 
with the objectives of the procedure, and the nature of the radiation detection devices 
employed. 

2.6    Drug Preparation and Administration
• Calculate the necessary volume to administer based on calibration time and dose.  
• Aseptically withdraw Fludeoxyglucose F 18 Injection from its container.  
• Inspect Fludeoxyglucose F 18 Injection visually for particulate matter and discoloration 

before administration, whenever solution and container permit.  
• Do not administer the drug if it contains particulate matter or discoloration; dispose of 

these unacceptable or unused preparations in a safe manner, in compliance with applica-
ble regulations.

• Use Fludeoxyglucose F 18 Injection within 12 hours from the EOS. 
2.7    Imaging Guidelines

• Initiate imaging within 40 minutes following Fludeoxyglucose F 18 Injection administration.   
• Acquire static emission images 30 to 100 minutes from the time of injection.

3       DOSAGE FORMS AND STRENGTHS 
Multiple-dose 30 mL and 50 mL glass vial containing 0.74 to 7.40 GBq/mL (20 to 200 mCi/
mL) of Fludeoxyglucose F 18 Injection and 4.5 mg of sodium chloride with 0.1 to 0.5% 
w/w ethanol as a stabilizer (approximately 15 to 50 mL volume) for intravenous admini-
stration. 

4       CONTRAINDICATIONS 
None

5       WARNINGS AND PRECAUTIONS 
5.1    Radiation Risks 

Radiation-emitting products, including Fludeoxyglucose F 18 Injection, may increase the 
risk for cancer, especially in pediatric patients. Use the smallest dose necessary for ima-
ging and ensure safe handling to protect the patient and health care worker [see Dosage 
and Administration (2.5)]. 

5.2    Blood Glucose Abnormalities 
In the oncology and neurology setting, suboptimal imaging may occur in patients with in-
adequately regulated blood glucose levels. In these patients, consider medical therapy 
and laboratory testing to assure at least two days of normoglycemia prior to Fludeoxyglu-
cose F 18 Injection administration.

6 ADVERSE REACTIONS 
Hypersensitivity reactions with pruritus, edema and rash have been reported in the 
post-marketing setting. Have emergency resuscitation equipment and personnel imme-
diately available.

7 DRUG INTERACTIONS 
The possibility of interactions of Fludeoxyglucose F 18 Injection with other drugs taken by 
patients undergoing PET imaging has not been studied. 

8 USE IN SPECIFIC POPULATIONS
8.1 Pregnancy 

Pregnancy Category C 
Animal reproduction studies have not been conducted with Fludeoxyglucose F 18 Injecti-
on. It is also not known whether Fludeoxyglucose F 18 Injection can cause fetal harm 
when administered to a pregnant woman or can affect reproduction capacity.  Consider 
alternative diagnostic tests in a pregnant woman; administer Fludeoxyglucose F 18 Injec-
tion only if clearly needed.

8.3    Nursing Mothers
It is not known whether Fludeoxyglucose F 18 Injection is excreted in human milk. Consi-
der alternative diagnostic tests in women who are breast-feeding.  Use alternatives to 
breast feeding (e.g., stored breast milk or infant formula) for at least 10 half-lives of radi-
oactive decay, if Fludeoxyglucose F 18 Injection is administered to a woman who is 
breast-feeding. 

8.4    Pediatric Use 
The safety and effectiveness of Fludeoxyglucose F 18 Injection in pediatric patients with 
epilepsy is established on the basis of studies in adult and pediatric patients. In pediatric 
patients with epilepsy, the recommended dose is 2.6 mCi. The optimal dose adjustment 
on the basis of body size or weight has not been determined. In the oncology or cardiolo-
gy settings, the safety and effectiveness of Fludeoxyglucose F 18 Injection have not been 
established in pediatric patients. 

11     DESCRIPTION 
11.1  Chemical Characteristics 

Fludeoxyglucose F 18 Injection is a positron emitting radiopharmaceutical that is used for 
diagnostic purposes in conjunction with positron emission tomography (PET) imaging. 
The active ingredient 2-deoxy-2-[18F]fluoro-D-glucose has the molecular formula of C6H-
1118FO5 with a molecular weight of 181.26, and has the following chemical structure:  

Fludeoxyglucose F 18 Injection is provided as a ready to use sterile, pyrogen free, clear, 
colorless solution. Each mL contains between 0.740 to 7.40GBq (20.0 to 200 mCi) of 

2-deoxy-2-[18F]fluoro-D-glucose at the EOS, 4.5 mg of sodium chloride and 0.1 to 0.5% 
w/w ethanol as a stabilizer. The pH of the solution is between 4.5 and 7.5. The solution 
is packaged in a multiple-dose glass vial and does not contain any preservative.  

11.2 Physical Characteristics 
Fluorine F 18 decays by emitting positron to Oxygen O 16 (stable) and has a physical 
half-life of 109.7 minutes. The principal photons useful for imaging are the dual 511 keV 
gamma photons, that are produced and emitted simultaneously in opposite direction 
when the positron interacts with an electron (Table 2).

Table 2. Pricipal Radiation Emission Data for Fluorine F18

Radiation/Emission % Per Disintegration Mean Energy

Positron (b+) 96.73 249.8 keV

Gamma (±)* 193.46 511.0 keV

*Produced by positron annihilation 
From: Kocher, D.C. Radioactive Decay Tables DOE/TIC-I 1026, 89 (1981)
The specific gamma ray constant (point source air kerma coefficient) for fluorine F 18 is 5.7 
R/hr/mCi (1.35 x 10-6 Gy/hr/kBq) at 1 cm. The half-value layer (HVL) for the 511 keV photons 
is 4 mm lead (Pb). The range of attenuation coefficients for this radionuclide as a function of 
lead shield thickness is shown in Table 3. For example, the interposition of an 8 mm thickness 
of Pb, with a coefficient of attenuation of 0.25, will decrease the external radiation by 75%. 

Table 3. Radiation Attenuation of 511 keV Photons by lead (Pb) shielding

Shield thickness (Pb) mm Coefficient of attenuation

0 0.00

4 0.50

8 0.25

13 0.10

26 0.01

39 0.001

52 0.0001

For use in correcting for physical decay of this radionuclide, the fractions remaining at se-
lected intervals after calibration are shown in Table 4.

Table 4. Physical Decay Chart for Fluorine F18

Minutes Fraction Remaining

0* 1.000

15 0.909

30 0.826

60 0.683

110 0.500

220 0.250

*calibration time 

12 CLINICAL PHARMACOLOGY 
12.1 Mechanism of Action

Fludeoxyglucose F 18 is a glucose analog that concentrates in cells that rely upon glu-
cose as an energy source, or in cells whose dependence on glucose increases under pa-
thophysiological conditions. Fludeoxyglucose F 18 is transported through the cell mem-
brane by facilitative glucose transporter proteins and is phosphorylated within the cell 
to [18F] FDG-6-phosphate by the enzyme hexokinase. Once phosphorylated it cannot 
exit until it is dephosphorylated by glucose-6-phosphatase. Therefore, within a given 
tissue or pathophysiological process, the retention and clearance of Fludeoxyglucose F 
18 reflect a balance involving glucose transporter, hexokinase and glucose-6-phospha-
tase activities. When allowance is made for the kinetic differences between glucose and 
Fludeoxyglucose F 18 transport and phosphorylation (expressed as the ‚‘lumped con-
stant‘‘ ratio), Fludeoxyglucose F 18 is used to assess glucose metabolism. 
In comparison to background activity of the specific organ or tissue type, regions of 
decreased or absent uptake of Fludeoxyglucose F 18 reflect the decrease or absence of 
glucose metabolism. Regions of increased uptake of Fludeoxyglucose F 18 reflect grea-
ter than normal rates of glucose metabolism. 

12.2 Pharmacodynamics 
Fludeoxyglucose F 18 Injection is rapidly distributed to all organs of the body after intra-
venous administration. After background clearance of Fludeoxyglucose F 18 Injection, opti-
mal PET imaging is generally achieved between 30 to 40 minutes after administration.  
In cancer, the cells are generally characterized by enhanced glucose metabolism partial-
ly due to (1) an increase in activity of glucose transporters, (2) an increased rate of 
phosphorylation activity, (3) a reduction of phosphatase activity or, (4) a dynamic alte-
ration in the balance among all these processes. However, glucose metabolism of can-
cer as reflected by Fludeoxyglucose F 18 accumulation shows considerable variability. 
Depending on tumor type, stage, and location, Fludeoxyglucose F 18 accumulation 
may be increased, normal, or decreased. Also, inflammatory cells can have the same 
variability of uptake of Fludeoxyglucose F 18.
In the heart, under normal aerobic conditions, the myocardium meets the bulk of its 
energy requirements by oxidizing free fatty acids. Most of the exogenous glucose taken 
up by the myocyte is converted into glycogen. However, under ischemic conditions, the 
oxidation of free fatty acids decreases, exogenous glucose becomes the preferred my-
ocardial sub strate, glycolysis is stimulated, and glucose taken up by the myocyte is me-
tabolized immediately instead of being converted into glycogen. Under these condi-
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tions, phosphorylated Fludeoxyglucose F 18 accumulates in the myocyte and can be 
detected with PET imaging.  
In the brain, cells normally rely on aerobic metabolism. In epilepsy, the glucose metabo-
lism varies. Generally, during a seizure, glucose metabolism increases. Interictally, the sei-
zure focus tends to be hypometabolic.  

12.3  Pharmacokinetics 
Distribution: In four healthy male volunteers, receiving an intravenous administration of 
30 seconds in duration, the arterial blood level profile for Fludeoxyglucose F 18 decayed 
triexponentially. The effective half-life ranges of the three phases were 0.2 to 0.3 minutes, 
10 to 13 minutes with a mean and standard deviation (STD) of 11.6 (±) 1.1 min, and 80 to 
95 minutes with a mean and STD of 88 (±) 4 min.  
Plasma protein binding of Fludeoxyglucose F 18 has not been studied.  
Metabolism: Fludeoxyglucose F 18 is transported into cells and phosphorylated to [18F]-
FDG-6- phosphate at a rate proportional to the rate of glucose utilization within that tis-
sue. [F18]-FDG-6-phosphate presumably is metabolized to 2-deoxy-2-[F18]fluoro-6-phos-
pho-D-mannose([F 18]FDM-6-phosphate). 
Fludeoxyglucose F 18 Injection may contain several impurities (e.g., 2-deoxy-2-chloro-D-
glucose (ClDG)). Biodistribution and metabolism of ClDG are presumed to be similar to 
Fludeoxyglucose F 18 and would be expected to result in intracellular formation of 2-de-
oxy-2-chloro-6-phospho-D-glucose (ClDG-6-phosphate) and 2-deoxy-2-chloro-6-phospho-
D-mannose (ClDM-6-phosphate). The phosphorylated deoxyglucose compounds are de-
phosphorylated and the resulting compounds (FDG, FDM, ClDG, and ClDM) presumably 
leave cells by passive diffusion. Fludeoxyglucose F 18 and related compounds are cleared 
from non-cardiac tissues within 3 to 24 hours after administration. Clearance from the 
cardiac tissue may require more than 96 hours. Fludeoxyglucose F 18 that is not involved 
in glucose metabolism in any tissue is then excreted in the urine.  
Elimination: Fludeoxyglucose F 18 is cleared from most tissues within 24 hours and can be 
eliminated from the body unchanged in the urine. Three elimination phases have been 
identified in the reviewed literature. Within 33 minutes, a mean of 3.9% of the admini-
strated radioactive dose was measured in the urine. The amount of radiation exposure of 
the urinary bladder at two hours post-administration suggests that 20.6% (mean) of the 
radioactive dose was present in the bladder.  
Special Populations: 
The pharmacokinetics of Fludeoxyglucose F 18 Injection have not been studied in renal-
ly-impaired, hepatically impaired or pediatric patients. Fludeoxyglucose F 18 is eliminated 
through the renal system. Avoid excessive radiation exposure to this organ system and 
adjacent tissues.  
The effects of fasting, varying blood sugar levels, conditions of glucose intolerance, and 
diabetes mellitus on Fludeoxyglucose F 18 distribution in humans have not been ascerta-
ined [see Warnings and Precautions (5.2)]. 

13     NONCLINICAL TOXICOLOGY 
13.1  Carcinogenesis, Mutagenesis, Impairment of Fertility 

Animal studies have not been performed to evaluate the Fludeoxyglucose F 18 Injection 
carcinogenic potential, mutagenic potential or effects on fertility.

14     CLINICAL STUDIES 
14.1  Oncology 

The efficacy of Fludeoxyglucose F 18 Injection in positron emission tomography cancer 
imaging was demonstrated in 16 independent studies. These studies prospectively 
evaluated the use of Fludeoxyglucose F 18 in patients with suspected or known malignan-
cies, including non-small cell lung cancer, colo-rectal, pancreatic, breast, thyroid, melano-
ma, Hodgkin‘s and non-Hodgkin‘s lymphoma, and various types of metastatic cancers to 
lung, liver, bone, and axillary nodes.  All these studies had at least 50 patients and used 
pathology as a standard of truth. The Fludeoxyglucose F 18 Injection doses in the studies 
ranged from 200 MBq to 740 MBq with a median and mean dose of 370 MBq. 
In the studies, the diagnostic performance of Fludeoxyglucose F 18 Injection varied with 
the type of cancer, size of cancer, and other clinical conditions.  False negative and false 
positive scans were observed.  Negative Fludeoxyglucose F 18 Injection PET scans do not 
exclude the diagnosis of cancer.  Positive Fludeoxyglucose F 18 Injection PET scans can not 
replace pathology to establish a diagnosis of cancer.  Non-malignant conditions such as 
fungal infections, inflammatory processes and benign tumors have patterns of increased 
glucose metabolism that may give rise to false-positive scans.  The efficacy of Fludeoxyg-
lucose F 18 Injection PET imaging in cancer screening was not studied. 

14.2  Cardiology 
The efficacy of Fludeoxyglucose F 18 Injection for cardiac use was demonstrated in ten 
independent, prospective studies of patients with coronary artery disease and chronic left 
ventricular systolic dysfunction who were scheduled to undergo coronary revascularizati-
on. Before revascularization, patients underwent PET imaging with Fludeoxyglucose F 18 
Injection (74 to 370 MBq, 2 to 10 mCi) and perfusion imaging with other diagnostic radio-
pharmaceuticals. Doses of Fludeoxyglucose F 18 Injection ranged from 74 to 370 MBq (2 
to 10 mCi).  Segmental, left ventricular, wall-motion assessments of asynergic areas made 
before revascularization were compared in a blinded manner to assessments made after 
successful revascularization to identify myocardial segments with functional recovery. 
Left ventricular myocardial segments were predicted to have reversible loss of systolic 
function if they showed Fludeoxyglucose F 18 accumulation and reduced perfusion (i.e., 
flow-metabolism mismatch). Conversely, myocardial segments were predicted to have ir-
reversible loss of systolic function if they showed reductions in both Fludeoxyglucose F 18 
accumulation and perfusion (i.e., matched defects). 
Findings of flow-metabolism mismatch in a myocardial segment may suggest that suc-
cessful revascularization will restore myocardial function in that segment.  However, fal-
se-positive tests occur regularly, and the decision to have a patient undergo revasculariza-
tion should not be based on PET findings alone.  Similarly, findings of a matched defect in 
a myocardial segment may suggest that myocardial function will not recover in that seg-
ment, even if it is successfully revascularized.  However, false-negative tests occur regular-
ly, and the decision to recommend against coronary revascularization, or to recommend a 
cardiac transplant, should not be based on PET findings alone. The reversibility of segmen-
tal dysfunction as predicted with Fludeoxyglucose F 18 PET imaging depends on success-

ful coronary revascularization. Therefore, in patients with a low likelihood of successful 
revascularization, the diagnostic usefulness of PET imaging with Fludeoxyglucose F 18 
Injection is more limited.  

14.3  Neurology 
In a prospective, open label trial, Fludeoxyglucose F 18 Injection was evaluated in 86 
patients with epilepsy. Each patient received a dose of Fludeoxyglucose F 18 Injection in 
the range of 185 to 370 MBq (5 to 10 mCi). The mean age was 16.4 years (range: 4 
months to 58 years; of these, 42 patients were less than 12 years and 16 patients were 
less than 2 years old). Patients had a known diagnosis of complex partial epilepsy and 
were under evaluation for surgical treatment of their seizure disorder.  Seizure foci had 
been previously identified on ictal EEGs and sphenoidal EEGs.  Fludeoxyglucose F 18 In-
jection PET imaging confirmed previous diagnostic findings in 16% (14/87) of the pati-
ents; in 34% (30/87) of the patients, Fludeoxyglucose F 18 Injection PET images provi-
ded new findings. In 32% (27/87), imaging with Fludeoxyglucose F 18 Injection was 
inconclusive. The impact of these imaging findings on clinical outcomes is not known. 
Several other studies comparing imaging with Fludeoxyglucose F 18 Injection results to 
subsphenoidal EEG, MRI and/or surgical findings supported the concept that the degree 
of hypometabolism corresponds to areas of confirmed epileptogenic foci.  The safety 
and effectiveness of Fludeoxyglucose F 18 Injection to distinguish idiopathic epilepto-
genic foci from tumors or other brain lesions that may cause seizures have not been 
established. 
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16     HOW SUPPLIED/STORAGE AND DRUG HANDLING 

Fludeoxyglucose F 18 Injection is supplied in a multi-dose, capped 30 mL and 50 mL 
glass vial containing between 0.740 to 7.40 GBq/mL (20 to 200 mCi/mL), of no carrier 
added 2-deoxy-2-[F 18] fluoro-D-glucose, at end of synthesis, in approximately 15 to 50 
mL.  The contents of each vial are sterile, pyrogen-free and preservative-free. 
NDC 40028-511-30; 40028-511-50 
Receipt, transfer, handling, possession, or use of this product is subject to the radioac-
tive material regulations and licensing requirements of the U.S. Nuclear Regulatory 
Commission, Agreement States or Licensing States as appropriate.
Store the Fludeoxyglucose F 18 Injection vial upright in a lead shielded container at 
25°C (77°F); excursions permitted to 15-30°C (59-86°F).  
Store and dispose of Fludeoxyglucose F 18 Injection in accordance with the regulations 
and a general license, or its equivalent, of an Agreement State or a Licensing State.  
The expiration date and time are provided on the container label.  Use Fludeoxyglucose 
F 18 Injection within 12 hours from the EOS time.

17     PATIENT COUNSELING INFORMATION
Instruct patients in procedures that increase renal clearance of radioactivity.  Encourage 
patients to: 

• drink water or other fluids (as tolerated) in the 4 hours before their PET study. 
• void as soon as the imaging study is completed and as often as possible thereafter for at 

least one hour. 

Manufactured by: PETNET Solutions Inc.
  810 Innovation Drive
  Knoxville, TN 37932
Distributed by: PETNET Solutions Inc.
  810 Innovation Drive
  Knoxville, TN 37932
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Abstract

Magnetic Resonance Imaging (MRI) 
of the breast is a powerful imaging 
tool for the characterization, diagnosis, 
staging, and treatment monitoring 
of breast cancer. Applications at clini-
cal magnetic field strengths (≤ 3T) 
have been extensively described. 
At 7T*, substantial improvements in 
image quality could be provided, if 
technical challenges can be overcome. 
In this article, the authors discuss 
the technical considerations and chal-
lenges, and present preliminary imag-
ing examples obtained in patients on 
a 7T MAGNETOM MR scanner using 
dynamic contrast-enhanced MRI, dif-
fusion-weighted MRI, and sodium MRI.

Introduction

While only a few ultra-high field MR 
(7T) systems were installed ten years 
ago, between fifty and sixty 7T whole-
body MR systems are currently avail-
able worldwide. The majority of these 
systems are dedicated primarily to 
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method development (sequence and 
hardware design). Only recently 
 clinical studies have become possible. 
Body MRI, in particular, has been 
challenging at 7T. 

At 7T, the increased signal-to-noise 
ratio (SNR) may provide images with 
higher spatial resolution and dynamic 
imaging with higher temporal resolu-
tion. Significant improvements have 
already been described in morpholog-
ical MRI, diffusion-weighted imaging 
(DWI) and MR Spectroscopy (MRS) 
of the brain and in musculoskeletal 
imaging [1-4]. If technical challenges 
can be overcome, 7T has the poten-
tial to substantially improve multi-
parametric breast MRI. This would 
allow better detection of small and 

non-mass lesions that are challenging 
to identify with other existing clinical 
breast imaging modalities. 

To give an overview this article provides 
initial clinical results of breast MRI per-
formed at 7T, with special focus on 
dynamic contrast-enhanced (DCE) MRI, 
DWI, and sodium imaging. Results and 
images published in this article were 
acquired at the MRCE in Vienna, Austria.

Dynamic contrast-enhanced 
imaging

Dynamic contrast-enhanced (DCE) 
MRI of the breast is an important clinical 
imaging tool for detection and charac-
terization of breast lesions. By DCE-MRI, 
differentiation between benign and 
malignant contrast-enhanced breast 
cancer lesions is possible with an excel-
lent diagnostic sensitivity close to 100% 
[5-10]. In early reports of clinical 
 DCE-MRI  performed at 1.5 or 3T a wide 
range of specificities were reported 
that ranged from 29% to 100% [8-10]. 
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An example of 
bilateral DCE MRI 
obtained with 
0.7 × 0.7 × 0.7 mm3 
isotropic resolution 
at 7T of a 45-year-old 
breast cancer patient 
with malignant 
grade 2 invasive 
ductal carcinoma 
(arrow) with ring 
enhancement. 

1

1

*MAGNETOM 7T is ongoing research. All data 
shown are acquired using a non-commercial  
system under institutional review board permis-
sion. MAGNETOM 7T is still under development 
and not commercially available yet. Its future 
availability cannot be ensured.
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 However, with appropriate techniques 
and  experienced readers specificities 
not lower than 80% can be achieved at 
1.5T or 3T [11, 12].

DCE-MRI provides both, morphologic 
assessment and enhancement charac-
teristics of the lesions. On the one 
hand, using high spatial resolution 
enables the analysis of the morpholog-
ical features of the lesions after con-
trast agent application and increases 
the sensitivity and specificity for detec-
tion of single and multiple breast 
lesions. On the other hand, high tem-
poral resolution is advantageous for 
the analysis of contrast behavior during 
contrast agent uptake and wash-out 
phase [13]. Most malignant lesions 
show a strong contrast increase in the 
wash-in phase, followed by wash-out. 

Due to limited SNR per time at field 
strengths ≤ 3T, a trade-off between 
spatial and temporal resolution is nec-
essary [14]. Kuhl et al. compared dif-
ferent temporal resolutions, suggesting 
that a higher spatial resolution is pref-
erable, even at the expense of temporal 
resolution [14]. Other studies have 
demonstrated that an accurate assess-
ment of both lesion morphology and 
enhancement kinetics is crucial for 
optimal diagnosis [11, 15-19]. Pinker 
and co-workers used a block design 
at 3T to acquire high spatial (pre- and 
post-contrast) and high temporal reso-
lution (wash-in and post-contrast) to 
achieve high diagnostic accuracy [13].

Higher magnetic fields (i.e., ≥ 3T) offer 
increased SNR that can be translated 
into higher spatial resolution [20]. 

Recently, several studies explored 
the increased SNR at 7T compared to 
1.5T or 3T promising increased spa-
tial and/or temporal resolution. In 
a preliminary study, Stehouwer et al. 
measured one patient with a mammo-
graphically suspicious breast mass 
( BI-RADS 5) at 3T and 7T using DCE-MRI 
with a unilateral breast coil [21]. 
They found a contrast-enhancement-
to-noise ratio of 4.6 at 7T and 2.8 at 
3T. Umutlu et al. reported high spatial 
resolution data from ten healthy 
 subjects and five patients using a 
 single-loop surface coil at 7T [22]. 
Van de Bank et al. reported ultra-high 
spatial and temporal resolution con-
trast-enhanced breast MR imaging 
using parallel imaging at 7T [23, 24]. 
A direct comparison of contrast-
enhanced breast MRI between 3T and 
7T showed excellent diagnostic accu-
racy at both field strengths in the same 
patients (n=24), and comparable SNR 
when using a 3.2-fold higher spatial 
resolution at 7T, compared to 3T [25]. 
At 7T the authors used an isotropic 
spatial resolution of 0.7 × 0.7 × 0.7 mm3 
combined with a temporal resolution 
of 14 s resulting in images without 
significant artifacts and satisfactory 
fat suppression (Fig. 1). This resulted 
in a sensitivity of 100% and a speci-
ficity of 92% demonstrating the high 
potential of breast-MRI at 7T [26]. 
Figure 2 shows a DCE MRI at 3T with 
lower resolution (1.4 × 1.4 × 1.4 mm3) 
but similar SNR than in 7T with the 
resolution of 0.7 × 0.7 × 0.7 mm3 in the 
same patient with grade 3 invasive 
ductal carcinoma (IDC).

There are still several technical 
 challenges of breast-MRI at 7T. The 
majority of authors found that the B1 
field decreases toward the chest wall, 
which was observed and confirmed 
in their studies when performing 
(DCE-) breast MRI at 7T [27, 28]. 
 Gruber et al. observed an SNR drop 
toward the chest at 7T of about 50% 
from the center of the breast. Mea-
surements in the breast of healthy 
female subjects revealed that B1

+ 
dropped by 21% in the pre-pectoral 
region and 33% in the lateral region 
compared to the central region at 7T 
[27]. This may hamper the overall 
image quality, influence curve kinet-
ics and hinder the diagnostic use of 
7T MRI in those regions. 

The use of T2-weighted sequences for 
breast MRI at 7T was not reported, 
because T2-weighted sequences based 
on turbo spin echo have significant 
B1

+ problems due to the use of multiple 
refocusing pulses. In addition, the 
use of multiple refocusing pulses and 
inversion recovery increases the spe-
cific absorption rate (SAR) require-
ments substantially and fat suppres-
sion in complicated. This was already 
a problem even at 3T. 3D T1-weighted 
sequences at 7T are limited to the 
use of low flip angles to minimize B1

+ 
inhomogeneities and SAR.

Promising results for DCE-MRI of the 
breast at 7T were shown by several 
groups, indicating that high spatial 
and temporal resolution are possible 
and result in high diagnostic accuracy. 
As soon as B1 inhomogeneities and 

2A 2B

Comparison of DCE-MRI of a 
63-year-old breast cancer 
patient. The pictures represent 
a malignant grade 3 invasive 
ductal carcinoma measured at 
3T (2A) with spatial resolution 
of 1.4 × 1.4 × 1.4 mm3 isotropic 
and at 7T (2B) with spatial 
resolution of 0.7 × 0.7 × 0.7 mm3.

2
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excessive local SAR are mitigated by 
improved coil design (pTX technology 
and B1

+ shimming) and sequence 
techniques the potential of breast 
MRI at 7T can be fully explored. This 
will allow to measure breast lesions 
that are more difficult to diagnose 
at lower field strengths (e.g., small 
lesions, non-mass-like enhancing 
lesions, ductal carcinoma in situ).

Diffusion-weighted imaging

Diffusion-weighted imaging (DWI) 
is the most promising adjunct MRI 
method to improve the diagnostic 
specificity of the established DCE-MRI 
examinations of the breast [29, 30].

By assessing the apparent diffusion 
coefficient (ADC) of water molecules, 
DWI probes tissue microstructure on 
a cellular level. Low ADC values in 
breast tissue reflect the higher cellular 

density that is present in malignant 
lesions [30]. Therefore, DWI has 
a high potential for characterizing 
breast tumors and monitoring/ 
predicting treatment response [31]. 

However, DWI suffers from lower 
 spatial resolution than DCE-MRI. For 
adequate morphologic assessment of 
breast lesions, the EUSOMA working 
group recommends to use spatial 
 resolutions not below 1 × 1 × 2.5 mm3 
for CE-MRI [32]. If this degree of ana-
tomical detail can be also reached by 
DWI sequences, it may allow, both, 
the detection of smaller lesions and 
the morphological evaluation of 
breast DWI beyond simple ADC mea-
sures. This prospect of combining 
molecular and morphologic informa-
tion has driven the urge to improve 
imaging techniques, hardware, and 
measure at higher static magnetic 
field strength.

Clinical Women’s Health

While there is some initial clinical 
experience published on DCE-MRI of 
the breast at 7T [26, 27, 33], reported 
experience on breast DWI at 7T is 
scarce. Promising, but preliminary 
 unilateral breast DWI results of three 
patients [34] and a volunteer [35] 
have so far been shown at 7T, but 
larger patients studies have not been 
reported. Yet, an up to 5.7-fold SNR 
increase compared to 3T indicates the 
available potential, but the spatial res-
olution and image quality were ham-
pered by the use of single-shot echo 
planar imaging (ss-EPI), fat suppres-
sion failure, and motion artifacts [34].

Routine breast DWI at ≤ 3T is based 
on ss-EPI, but ss-EPI is known to be 
prone to image artifacts (i.e., geo metric 
distortions, T2* image blurring, ghost-
ing artifacts, and insufficient fat sup-
pression) and these artifacts become 
stronger at 7T [36-39]. Strong T2* 
image blurring, in particular, prevents 
the anticipated increase in spatial 
 resolution at 7T. 

Recent sequence developments for 
DWI of the brain at 7T, have conclu-
sively illustrated that most of these 
artifacts can be effectively overcome 
even at ultra-high magnetic field 
strength, when using a novel 2D-navi-
gator-corrected readout-segmented 
EPI sequence known as RESOLVE 
(REadout Segmentation Of Long 
 Variable Echo trains) in combination 
with GRAPPA (GeneRalized Autocali-
brating Partially Parallel Acquisitions) 
[40]. Our initial experiences show that 
this sequence can also significantly 
improve the image quality of breast 
DWI at 7T (Fig. 3). A combination of 
RESOLVE and GRAPPA may overcome 
former restrictions in spatial resolution 
by providing high-quality DWI with 
sub-millimeter in-plane resolution 
(FOV 320 × 160 mm3, matrix 340 × 170, 
0.9 × 0.9 × 5 mm3) for characterization 
of breast lesions in only 3:35 min. 
Our data show that this combination 
allows for clinical breast DWI protocols 
that reduce the amount of artifacts by 
a factor of 7 and significantly improve 
the apparent spatial resolution com-
pared to regular ss-EPI sequences 
(Fig. 4). 

A DWI example of a 36-year-old breast cancer patient with grade 3 invasive 
ductal carcinoma. The first image depicts the lesion on the contrast-enhanced 
T1-weighted image (3A). Following are the DWI images: (3B) b = 0 s/mm2,  
(3C) b = 850 s/mm2 and (3D) the ADC map.

3

3A 3B
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One additional aspect that we observed 
in our data, is the fact that acquired 
RESOLVE images without  diffusion 
weighting (i.e., b=0 s/mm²) had already 
very similar spatial resolution and con-
trast as regular STIR. This raises the 
question whether such RESOLVE-based 
T2-weighted images could not possibly 
replace additionally acquired STIR 
images soon. This would make the 
additional acquisition of STIR obsolete 
and save valuable measurement time.

With spatial resolutions of DWI reach-
ing those recommended for DCE-MRI 
of the breast [41, 42], future DWI eval-
uation may not anymore be limited 
to ADC quantification alone, but could 
allow the additional assessment of 
morphologic features, which is a corner-
stone of current DCE-MRI evaluation. 
This new aspect of DWI could further 
improve the specificity of breast MRI and 
should be the subject of future 
investigations.

Our preliminary data are still far from 
what could be possible at 7T. Cur-
rently, our image quality improve-
ments were predominantly achieved 
via sequence improvements. How-
ever, our hardware was limited. We 
used a dual tuned four-1H-channel 
receive breast coil (Stark, Erlangen, 
Germany) that provided reasonably 
good B1 homogeneity, but can be 
easily outperformed with respect to 
SNR by modern multi-array coil 
design with ≥ 16 channels, and which 
would in combination with multi 
transmit technology, mitigate B1 
errors to reduce sensitivity dropouts 
e.g. near the axilla. Stronger diffu-
sion gradients than used for our pre-
liminary study (max gradient strength, 
45 mT/m; slew rate, 150 T/m/s) will 
further shorten TE and substantially 
improve the SNR of DWI, in particular 
since T2 decay in breast parenchyma 
is twice as fast as in brain tissue [43]. 
 Partial Fourier reconstruction could 

Sample DWI images 
with b=0 s/mm² of 
a 23-year-old female 
volunteer were 
obtained for (4A) 
rsEPI with GRAPPA 
factor 2; (4B) ssEPI 
with GRAPPA factor 2; 
(4C) ssEPI without 
parallel imaging, 
compared to a 
T1-weighted 
reference image 
obtained with 
0.7 × 0.7 × 0.7 mm 
isotropic resolution 
(4D). Although all 
DWI sequences were 
adjusted to the same 
spatial resolution 
(i.e., 0.9 × 0.9 mm 
in-plane), rsEPI with 
GRAPPA showed 
significantly less T2* 
blurring (4A) than 
both versions of ssEPI 
(4A, B), as well as 
lower distortion. 
(Reproduced with 
permission from 
Bogner, Radiology, 
2014)

4

further shorten the TE or scan time 
of RESOLVE [44]. Further improve-
ments in hardware and software 
may, therefore, double or even triple 
the SNR obtained in our pre liminary 
study, paving the way for further 
improvements in spatial resolution.

Sodium imaging

Proliferating cells have an abnormally 
high sodium content, because the 
normally very low intracellular sodium 
concentration of about 10–15 mmol/l 
is elevated several fold as a result of 
altered Na+/H+ transport kinetics and 
pH [45]. Outside the cells continuous 
 perfusion of living tissue will ensure 
a constant sodium concentration of 
~140 mmol/l. Thus, an increase in the 
extracellular volume fraction through 
the increased vascularization (angio-
genesis) and the increased interstitial 
space in tumors will also lead to an 
increase in tissue sodium concentra-
tion (TSC) in tumors. While the total 

4C

4A 4B
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TSC (extracellular and intracellular) 
is known to be a good measure of 
altered cell metabolism [46-49], it is 
expected that the quantification of 
only intracellular sodium concentra-
tion (IC-TSC) is an even more specific 
marker of pathology, since changes 
in IC-TSC are more pronounced than 
changes in total TSC [50].

The unique sensitivity of 23Na-MRI to 
both extra-cellular volume and intra-
cellular changes related to cell prolif-
eration can provide information that 
is supplemental to high resolution 
CE-MRI.

While 23Na-MRI is interesting for char-
acterization, it is expected that it 
could play a much bigger role in treat-
ment prediction/monitoring. Lack of 
substrate and oxygen can cause very 
significant changes in TSC. As soon 
as the energy dependent Na+/ K+ -ATPase 
stops pumping sodium out of the 

cell, passive sodium influx from the 
extracellular environment will rapidly 
raise the intracellular levels of sodium 
several fold. This effect is exacer-
bated if a stress on the cells increases 
the permeability of the cell wall for 
sodium ions. It was also shown recently 
that Na+/K+-ATPase is a critical factor 
in multi drug resistance of cancer 
cells [51, 52]. Na+/K+-ATPase is thus 
an important target in drug develop-
ment for cancer treatment. Also in 
treatment monitoring the discrimina-
tion of IC-TSC and EC-TSC may poten-
tially improve the possibility to 
observe even small changes in IC-TSC.

The acute effect of a therapy that 
causes cell death on an appreciable 
scale should therefore be easy to 
monitor with 23Na-MRI. Several ani-
mal studies found significantly 
increased TSC a few days after ther-
apy [48, 49]. Only one treatment 

response study extracted information 
on both IC-TSC and EC-TSC one day 
after treatment [50]. Long-term effects 
of such therapies remain to be investi-
gated. In a limited number of breast 
cancer patients that underwent pre-
operative adjuvant therapy the effect 
of the therapy in responders showed 
an increase in the tumor TSC along 
with a decline in lesion size as 
reported recently [53].

While 23Na with reasonably good spa-
tial resolution was not possible at ≤ 3T, 
we can show that at 7T breast 23Na MRI 
can reach spatial resolutions that are 
already similar to that of DWI at lower 
field strengths. With a bilateral dual 
tuned 1H/23Na phased array breast coil 
(i.e., 16-23Na receive-channels) in com-
bination with a highly sensitive ultra-
short echo-time sequence, AWSOS 
(Acquisition Weighted Stack Of Spirals) 
[54] were able to acquire high resolu-
tion 23Na images in both healthy volun-
teers and patients with high in-plane 
 spatial resolution of 1.5 × 1.5 mm2 
(FOV 320 × 320 mm3, matrix 208 × 208, 
1.5 × 1.5 × 5 mm3) in a reasonable 
scan time of 16:19 min.

Our preliminary results show that even 
the low 23Na content in healthy glan-
dular breast tissue can be well imaged 
using advanced imaging techniques/
hardware at 7T (Fig. 5). Due to the low 
gyromagnetic ratio of 23Na compared 
to 1H nuclei, there are no significant 
problems related to expected B1 inho-
mogeneities, however the very short 
relaxation times are challenging for 
the design of sensitive MR sequences. 
It can be expected that the signifi-
cantly higher 23Na content in malignant 
breast lesions can be imaged with 
 further improved spatial resolution. 
Satisfactory image resolution, SNR and 
reasonable imaging time, enable this 
technique to be potentially imple-
mented in routine MRI protocols. How-
ever, future sequence development 
will have to target a more specific 
quantification of IC-TSC concentration 
[55]. With such IC-TSC sensitive meth-
ods in hand, 23Na could be become 
a powerful imaging tool for character-
ization of breast tumors and particu-
larly assessment of treatment status, 

An example of sodium imaging of a healthy subject. (5A) Is a localizer 1H image 
and (5B) a sodium image with the resolution of 1.5 × 1.5 × 5 mm3.
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since changes in IC-TSC are known 
to appear even far before they can be 
depicted by other modern MRI tech-
niques such as DCE-MRI, DWI, MR 
spectroscopy. In combination with 
other 1H MRI techniques 23Na imaging 
may, thus, become an attractive tool 
for the investigations of breast tumors 
with a particular focus on the early 
treatment prediction and monitoring.

Conclusion

Although in the near future, MRI of 
the breast at 7T will remain technically 
challenging, our recent patient results 
show already significant image quality 
improvements with a high potential 
for clinical application.

With the additional use of the most 
recent hardware (stronger gradients, 
parallel transmit technology, improved 
coil design) and further improved MR 
sequences, we will soon be able to 

fully exploit the imaging potential of 
7T MRI even for the assessment of 
breast cancer. 7T MRI of the breast 
will simultaneously provide high tem-
poral and spatial resolution DCE-MRI, 
allow increased spatial resolution of 
DWI that can compete with that of 
CE-MRI at lower field strength, and 
even make additional imaging con-
trasts such as 23Na imaging available 
that were impossible to perform in 
the past. While this will likely not 
change routine breast cancer diagno-
sis, it remains to be shown, what 
impact multi-parametric MRI of the 
breast at 7T can have in the fine- 
tuning of expensive, but life-saving 
neoadjuvant treatments.
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Introduction
Prostate MRI has become an increas-
ingly 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 multipara-
metric MRI, a combination of high-
resolution T2-weighted (T2w) mor-
phological sequences and the 
multiparametric techniques of diffu-
sion-weighted MRI (DWI), dynamic 
contrast-enhanced MRI (DCE-MRI), 
and proton MR spectroscopy (1H-MRS) 
[1, 2]. Previously, there were no uni-
form 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 pro-
viding recommendations relating to 
indications and minimum standards for 
MR protocols, the guideline describes 
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a structured reporting scheme  
(PI-RADS) based on the BI-RADS classi-
fication for breast imaging. This is 
based on a Likert scale with scores 
ranging from 1 to 5. However, it lacks 
illustration of the individual manifes-
tations and their criteria as well as 
uniform instructions for aggregated 
scoring of the individual submodali-
ties. 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 multipara-
metric scores to a total PI-RADS score 
according to the Likert scale. In addi-
tion, a standardized graphic prostate 
reporting scheme is presented, which 
enables accurate communication of 
the findings to the urologist. Further-
more, the individual multiparametric 
techniques are described and critically 

assessed in terms of their advantages 
and disadvantages.

Materials and methods
The fundamentals of technical imple-
mentation were determined by con-
sensus. 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].

I: Normal PZ in T2w 
hyperintense

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

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

IV: Severely hypo-
intense focal lesion, 
round-shaped, well-
defined without extra-
capsular extension

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

1

PI-RADS classification of T2w: peripheral glandular sections.1
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Introduction

Ovarian cancer is recognized to be 
a genetically heterogeneous disease 
with a poor prognosis, and the lead-
ing cause of death in women from 
gynecological cancers [1]. It has 
been called the “silent killer”, due to 
its non-specific symptoms and 
absence of effective screening tools, 
which delays the diagnosis until it is 
well advanced [2]. Overall 5-year sur-
vival is about 50%, which could be 
improved drastically to 90%, if diag-
nosed at an early stage [3]. In this 
light, an adequate screening tool, 
that allows for sensitive and specific 
detection at early stages, could 
highly impact patient survival. 

Several diagnostic imaging tech-
niques have been investigated for 
their potential screening and diag-
nostic capability. Ultrasonography 
(US) is the first-line examination 
method of choice for discovering 
ovarian masses, due to its wide avail-
ability, low costs, and high sensitivity 
in detecting abnormal masses [4]. 
Nevertheless, there exist some over-
lap in US features extracted for 
benign or malignant ovarian masses 
and about 10 to 20% of ovarian 
masses remain indeterminate on US, 
which are mostly benign lesions. This 
could be either because their origin 
(ovary, uterus or other pelvic struc-
tures) is difficult to determine on US 
exam, or they manifest with complex 
structure (having both solid and 
 cystic components) [5]. 

Accurate decision making about the 
type and extent of indeterminate 
complex ovarian mass could signifi-

Can an Automated Decision Tree Based on 
Quantitative DCE-MRI Help to Accurately 
Classify Complex Adnexal Masses?
Anahita Fathi Kazerooni; Mahnaz Nabil; Hamidreza Saligheh Rad

Quantitative MR Imaging and Spectroscopy Group, Research Center for Molecular and Cellular Imaging,  
Tehran University of Medical Sciences, Iran 

Department of Medical Physics and Biomedical Engineering, School of Medicine,  
Tehran University of Medical Sciences, Iran 

cantly affect patient outcome: 
While unnecessary and extensive 
operation could be avoided in patients 
with benign masses, increased 
 survival rate could be offered to 
patients with malignant masses by 
accurate staging and radical resec-
tion [5, 6].

Magnetic resonance imaging (MRI) 
offers significantly higher specificity 
over US (84-92% for MRI [7-9] vs. 
50% for US [10]) for characterizing 
indeterminate complex adnexal 
masses, as it provides superb spatial 
resolution and tissue contrast [7, 10, 
11]. Yet, approximately 10% of inde-
terminate complex ovarian masses 
are “overcalled” by conventional MRI: 
Some benign tumors appear with vis-
ible enhancement, which are usually 
interpreted as malignant lesions  
[6, 12]. Besides, the interpretation  
of the images is qualitative; hence it 
is subjective and dependent on the 
experience of the radiologist [7]. 

Dynamic contrast-enhanced (DCE-) 
MRI has evolved into a helpful predic-
tive and prognostic imaging tech-
nique in distinguishing benign from 
malignant complex adnexal masses 
[13, 14]. In this setting, semi-quanti-
tative parameters extracted from 
contrast enhancement curves have 
shown to provide noninvasive and 
quantitative biomarkers of tumor 
progression [15]. Improved imaging 
accuracy, achieved through sensitive 
and specific quantitative biomarkers 
of ovarian tumor malignancy by 
 DCE-MRI, could lead to the develop-
ment of efficient diagnosis and 

screening tools, increase the probability 
of early diagnosis, and consequently 
improve patient outcome.

Reliable prediction of malignancy 
in complex adnexal masses depends 
on proper selection of quantitative 
DCE-MRI descriptive parameters and 
their cutoff points. The selection of 
cutoff points is commonly carried out 
by threshold criteria [14, 16], and 
is dependent on the imaging protocol 
and the MRI scanner. However, whilst 
one of the major assumptions in quan-
tification of DCE-MR images in abdom-
inal organs, such as the ovary, is spa-
tially fixed region-of-interest over the 
time course of contrast agent passage, 
this assumption becomes essentially 
invalid when motion artifacts occur. 
Thus, accurate quantification of DCE-
MRI image series depends greatly on 
minimization of motion artifacts. Typi-
cally, this effect is eliminated by fitting 
the DCE-MRI enhancement curves to a 
sigmoid function [14, 15], which are 
prone to estimation errors. 

In this article we describe how we 
exploited an unsupervised, non-para-
metric clustering algorithm, which 
does not require any prior expert 
knowledge about the thresholds to 
select the optimal predictor parame-
ters, followed by the introduction of a 
classification decision-tree for accurate 
differentiation of malignant from 
benign ovarian tumors. Additionally, 
we introduced an efficient non-rigid 
registration approach and investigated 
the impact of registration on the clas-
sification results.

Clinical Women’s Health
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Table 1: Parameters of MRI sequences

SE T2w SE T2w fat 
saturated

GRE FLASH T1w 
axial

GRE Spoiled fat saturated 
T1w (pre- and post- contrast)

3D Turbo FLASH T1w 
DCE-MRI

Plane
Coronal and/or 
Sagittal

Axial Axial Axial Axial

TR (ms) 4000 5910 773 832 1.74

TE (ms) 100 96 11 11 5

Flip angle (º) 120 120 70 70 60

Field-of-view (mm2) 200 × 250 214 × 350 214 × 350 214 × 350 230 × 230

Slice thickness (mm) 5 4 4 4 5

Gap (mm) 1 1 1 0 0

Matrix 320 × 260 256 × 256 256 × 256 256 × 256 156 × 192

Case analysis: How we do it
In what follows, we test the auto-
mated classification scheme on two 
patients, diagnosed histopathologi-
cally with benign and malignant 
complex adnexal cases. The overall 
procedure for the classification  
of benign and malignant complex 
adnexal masses is summarized 
(Fig. 2):

• Data acquisition  
(summarized in Table 1);

• Pre-processing: including the 
 non-rigid registration scheme for 
motion correction;

• Quantification: consisting of ROI 
placement on tumor (we do not 
need to select an internal reference, 
as TTP and WIR do not require 
 normalization), and quantitative 
parameter calculation;

• Classification: employing the  
decision tree of Figure 1 for  
distinguishing the tumor type.

Output

– 0.21 × TTP – 0.12 × WIR

1

Decision tree with accuracy of 
100%, obtained with TTP and 
WIR parameters for classifying 
registered data of benign and 
malignant complex adnexal 
masses with equation

1

Output = – 0.21TTP – 0.12WIR + 8.4

+ 8.4

The flow diagram of the overall classification procedure.2

2

Image Acquisition

DCE-MR Image Analysis

Classification

Unsuspervised classification after registration

Semi-quantitative parameter  
calculation

Non-rigid image registration for 
misalignment corretion

ROI placement on the tumor

Women’s Health Clinical
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Step 3: Classification

Output = – 0.21 × 23 – 0.12 × 18.58 + 8.4 = 1.34 > 0

Step 2: DCE-MR image analysis

Parameters Values

TTP (in terms of time point) 23

WIR 18.58

4

ROI placement on solid part of tumor tissue in a sample slice of DCE-MR image of the patient; the red stars represent the  
unregistered data points and the black circles denote the registered data points. The table indicates the parameter calculations.

4

The first example on the overall 
 classification scheme is a 20-year-old 
patient, diagnosed with complex 

Figure 3: A 20-year-old patient diagnosed with complex adnexal mass on ultrasound examination: (3A) Sagittal T2w image; 
(3B) Fat-saturated axial T2w image; (3C) Pre-contrast fat-saturated axial T1w image; (3D) Post-contrast Fat-saturated axial 
T1w image; and (3E) axial DCE-MR image. 

3

3A 3B

3D

3C

3E

adnexal mass on ultrasound exami-
nation. The postoperative histopath-
ological assessment indicated the 

malignancy of the tumor in this 
patient. The stepwise classification 
procedure is as follow:

Step 1: Image acquisition

malignant 

Case 1: Serous Cystadenocarcinoma 
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Step 2: DCE-MR image analysis

Parameters Values

TTP (in terms of time point) 51

WIR 3.48

6

ROI placement on solid part of tumor tissue in a sample slice of DCE-MR image of the patient; the red stars represent the 
 unregistered data points and the black circles denote the registered data points. The table indicates the parameter calculations.

6

Step 3: Classification

Output = – 0.21 × 51 – 0.12 × 3.48 + 8.4 = –2.73 < 0        benign 

2

Here, we provide another example  
of determining the tumor type in a 
31-year-old patient, in whom the 

postoperative histopathological 
assessment result demonstrated that 
the cancer is benign. 

5A 5B 5C

5D 5E

A 31-year-old patient with 
post operative histopathological 
result indicating the benignity of the 
tumor: (5A) Sagittal T2w image; 
(5B) Fat-saturated axial T2w image; 
(5C) Pre-contrast fat-saturated axial 
T1w image; (5D) Post-contrast 
fat-saturated axial T1w image; and 
(5E) axial DCE-MR image.

5

Step 1: Image acquisition analysis

Case 2: Serous Cystadenoma
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How we do it:
Materials and methods

Subjects
We obtained study approval from the 
Medical Ethics Committee of Tehran 
University of Medical Sciences, and 
patients were included if they pro-
vided written informed consent. 
Between June 2012 and March 2013, 
MR imaging was  carried out preopera-
tively on twenty-two patients, who 
were scheduled for surgical removal of 
an ovarian mass, suspicious as malig-
nant complex adnexal masses on US 
examination, had no contraindications 
for MR imaging and for receiving con-
trast agent. All of the patients under-
went postoperative histopathological 
assessment. 

MR imaging protocol
Magnetic resonance images were 
acquired on a clinical 3T MR scanner 
(MAGNETOM Trio, A Tim System, 
 Siemens Healthcare, Erlangen, Ger-
many), with patients placed in a 
phased-array coil in the supine posi-
tion. The patients fasted for 3 hours 
and received 20 mg of an antispas-
modic drug (Hyoscine Butylbromide 
(Buscopan; Boehringer, Ingelheim, 
 Germany)) injected intravenously 
immediately before MR imaging session 
to reduce bowel peristalsis. The follow-
ing pulse sequences were applied: 
• A sagittal and/or coronal T2-weighted 

fast spin-echo image from one 
 femoral head to the other; bony 
 Bankart lesion

• An axial fat-suppressed T2-weighted 
fast spin-echo images from the renal 
hilum to the symphysis pubis;

• An axial T1-weighted gradient-echo 
with breathhold;

• Pre- and post-contrast axial fat 
 suppressed spoiled T1-weighted 
gradient-echo;

• Axial breathhold DCE-MRI using 3D 
Turbo FLASH T1-weighted fat-sup-
pressed gradient echo consisting of 
52 measurements with a temporal 
resolution of 6 s/frame. The acquisi-
tion was performed before and 
immediately after injection of  
0.2 ml/kg of Gadolinium (Dotarem; 
Guerbet, Aulnay, France), followed 
by injection of 20 cc normal saline 
solution with 3 ml/min injection rate.

Image analysis and quantification  
DCE-MRI registration
Two types of motion occur in DCE-MR 
images of abdominal organs: 
1) Complex motion resulting from 

breathing, pulsation, and the 
 natural movement of the organ-of-
interest or its surrounding organs; 

2) Motion of contrast agent in the 
 tissue [17]. 

Motion correction of DCE-MR image 
series becomes a challenging issue in 
the sense that the proposed registra-
tion algorithm for rectifying the first 
type of motion must be unaffected by 
signal intensity changes during the 
bolus passage. 

Misalignments of DCE-MR images 
of ovarian masses were corrected by 
registering each frame to a reference 
frame selected from the same series. 
The proposed registration approach 
composed of two steps: (1) 2D rigid 
registration employing normalized 
mutual information (NMI) as the simi-
larity measure: the first image in the 
sequence of images was used as the 
reference and the consequent images 
were aligned with the first image; (2) 
2D non-rigid registration using resid-
ual complexity (RC) similarity measure 
along with 2D Free Form Deformation 
(FFD) b-spline transformation, and 
the gradient descent optimization 
method.

The said registration approach was 
implemented and performed in 
 MATLAB (MathWorks, Natick, MA, 
USA). The computation time was 
 calculated using the developed 
 software code. 

DCE-MRI quantification
We arranged for the dynamic data to 
be analyzed by an experienced radiol-
ogist unaware of the patients’ clinical 
and pathological information. Two 
regions-of-interest (ROIs) were drawn 
for each examination: one within the 
solid tissue of the adnexal tumor and 
one in the psoas muscle, as the inter-
nal reference. Signal intensity-time 
courses of these ROIs were deter-
mined over all time frames for semi-
quantitative analysis. Semi-quantita-
tive enhancement parameters, 
including maximum absolute 
enhancement (SImax), initial area 
under the curve in the first 60 sec-
onds (IAUC60), wash-in-rate (WIR), 
and time-to-peak (TTP), were then 
calculated from the normalized signal 
intensity-time curves using an in-
house software implemented in 
 MATLAB. The quantitative parameters 
under investigation are summarized 
in Table 2.

Classification of benign and 
 malignant tumors
Classification was performed using 
each of the descriptive parameters 
and different sets of their combina-
tion, using linear discriminant analy-
sis (LDA), before and after registra-
tion of the time-intensity curves. The 
objective of cluster analysis of semi-
quantitative parameters was to find 
an optimal and accurate classifier for 
diagnosing the tumor type, for rou-
tine applications in clinical practice. 

Table 2:  
Description of semi-quantitative parameters

Parameter Description Unit

SImax Maximum absolute enhancement: maximum signal intensity 
of tumor normalized to that of psoas muscle, as an internal 
reference.

(Ratio)

IAUC60 Initial area under the time-intensity curve over the first  
60 seconds after gadolinium injection, normalized to that  
of psoas muscle.

(Ratio)

TTP Time-to-Peak: the time to the maximum absolute enhancement. s

WIR Wash-in-Rate = (SImax-SI0)/TTP a.u./s
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tion among benign and malignant 
cancers significantly improved in TTP 
(P < 0), and slightly in WIR (P < 0.1) 
and IAUC (P < 0.1) parameters. TTP and 
WIR parameters led to none and small 
overlaps between enhancement char-
acteristics of benign and malignant 
tumors, respectively, suggesting their 
reliability in distinguishing cancer types. 

Classification of benign and  
malignant tumors
The classification of benign and malig-
nant complex ovarian cancers was 
 performed on each of the quantitative 
parameters individually and also on 
their combinations, before and after 
registration. The accuracy of classifier 
for each parameter set is summarized 
in Figure 10. It is apparent from the 
results that the classification accuracy 
of each parameter individually and in 
combination with other parameters, 
increases after registration, which is 
suggestive of the importance of motion 
correction in DCE-MRI context. TTP 
alone reaches a high accuracy for 
detecting malignancy (82%), which 

Results

Informed consent forms were col-
lected from a total of twenty-two 
patients with complex ovarian masses, 
who were recruited for this study. 
All subjects were scheduled for con-
sequent surgery to remove at least 
one ovary and postoperative histo-
pathological assessment. Of these 
patients 12 were included in the 
quantification with benign (three 
with bilateral masses), and 10 with 
malignant, complex ovarian masses 
(four with bilateral or multiple 
masses). Their mean age was 39.3 
(age range 20–70). An experienced 
radiologist defined ROIs within the 
solid part of adnexal tumor and also 
in the psoas muscle, by examining 
the morphological images. 

The effect of registration  
on DCE-MRI curves
Figures 7 and 8 illustrate two exam-
ples, in which the registration highly 
improved the alignment of dynamic 
images. On the left side of Figures 7 
and 8, the sample image and the 
selected ROI have been demonstrated 

and on the right side, the mean sig-
nal intensity time courses have been 
calculated and drawn for the selected 
ROI obtained from unregistered 
image sequence and the images reg-
istered by RC similarity measure in 
two patients with benign and malig-
nant tumors, respectively. The pro-
posed non-rigid registration signifi-
cantly improved the signal intensity 
time curves in benign ovarian masses 
with respect to unregistered data.

Figure 9 illustrates the box-and- 
whisker plots for TTP, SImax, WIR, 
and IAUC60 for both benign and 
malignant tumors. A difference in the 
TTP was found between the benign 
and malignant groups (P < 0.001). 
TTP was higher in benign than in 
malignant tumors. SImax, IAUC, and 
WIR were higher in malignant than 
in benign tumors. A difference was 
noted for SImax (P < 0.1), but no 
 significant difference was found 
among these two groups for WIR and 
IAUC (P  > 0.1), before motion correc-
tion. After registration, the separa-

3B

7

8

Signal intensity time 
curve from unregistered 
images, and registered 
by residual complexity 
(RC) in a patient 
diagnosed histopatho-
logically with benign 
ovarian mass.

7

Signal intensity time 
curve from unregistered 
images, and registered 
by RC in a patient 
diagnosed histopatho-
logically with malignant 
ovarian mass.
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improves after registration (95.5%). 
The IAUC returns the least classification 
accuracy, both individually and when 
added to a combination of other para-
meters (e.g. by adding IAUC to the 
combination of SImax and TTP, the 
accuracy values of classification before 
and after registration remain as 86.4% 
and 95.5% respectively).

The following feature sets were shown 
to induce the accuracy of 100% after 
registration:

• TTP, WIR
• TTP, SImax,WIR
• TTP, WIR, IAUC
• TTP, SImax,WIR, IAUC

We evaluated the robustness of all 
the classifiers using leave-one-out 
cross-validation. The combination of 
TTP and WIR, which has the smallest 
feature set, could reliably separate 
the benign and malignant complex 
ovarian cancers. The designed deci-
sion tree for classification of benign 

and malignant tumors is indicated in 
Figure 1. If the output of this classi-
fier has a positive value, the cancer 
should be interpreted as malignant; 
otherwise, it is a benign cancer.

Investigating 
the effects of 
registration on 
differentiation 
of benign and 
malignant 
tumors using 
TTP, SImax,WIR, 
and IAUC60 
parameters 
using box-plots 
and whisker 
diagram. 

9

Evaluation of the 
designed classifier 
on individual 
parameters and 
several combi-
nation sets before 
and after regis-
tration, in terms of 
accuracy. It can be 
observed from the 
results that after 
registration, the 
results of classifi-
cation improve 
greatly or in the 
case of SImax alone, 
remain the same.
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Interestingly, the WIR and TTP para-
meters do not require the normaliza-
tion of the signal intensity time 
curve; hence, the ROI placement on 
the psoas muscle could be elimi-
nated, which could result in reduced 
calculations.
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Discussion

The work we have presented above 
addresses the problem of classifying 
complex ovarian masses using DCE-MRI 
semi-quantitative parameters, by 
employing an automated decision tree. 
We have evaluated the capability of  
several semi-quantitative parameters 
extracted from DCE-MRI signal intensity 
time courses in characterization of com-
plex adnexal masses. The TTP parameter 
was the most sensitive parameter and 
WIR was the most specific parameter in 
discriminating benign from malignant 
complex ovarian tumors. These findings 
were consistent with previous findings: 
TTP, which is indicative of early enhance-
ment, is confirmed to be related to the 
ovarian tumor malignancy [15], and WIR 
(the maximal slope ratio) has shown to 
correlate to the expression of vascular 
endothelial growth factor (VEGF), which 
is a biomarker of tumor malignancy 
[15]. In order to increase the overall 
classification accuracy, TTP and WIR 
were combined to create a decision tree 
for discriminating benign and malignant 
complex  ovarian tumors. 

In addition, we exploited an efficient 
non-rigid registration approach using 
RC similarity measure for correcting 
motion among consequent images in 
the dynamic time series. The indicated 
figures comparing the registered and 
unregistered data, suggest to us a pos-
itive impact of registration for improv-
ing the classification accuracy. To test 
the effect of registration on classifica-
tion outcome, we explored the classi-
fication accuracy of individual and  
combinations of semi-quantitative 
parameters, achieved before and after 
RC registration. We have thus demon-
strated that alignment of data could 
significantly enhance the capability of 
semi-quantitative parameters in char-
acterization of complex ovarian can-
cers. In our view, this result is indica-
tive of the importance of DCE-MRI 
registration, as an alternative to sig-
moid data fitting, which is routinely 
used in literature to account for 
motion artifacts [14, 15, 18, 19]. We 
also believe that registration of 
dynamic series could lead to easier  

calculation of characteristic parameters, 
could preserve the original properties 
of the acquired curves, and be 
 reasonably robust and reproducible 
in contrast to sigmoid curve fitting, 
which is prone to fitting errors [20].  
By evaluating the accuracy of different 
quantitative para meters – both individ-
ually and in combination with each 
other – we have been able to design a 
robust classifier, composed of WIR and 
TTP parameters, in the form of a deci-
sion tree. This classifier can therefore 
be used for the diagnosis of tumor type 
in routine clinical practice. 

Women’s Health Clinical
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Yolk sac tumor (YST) also known as 
an endodermal sinus tumor, is a rare 
malignant germ cell tumor.

Patient history

1-year-old* patient, consultation with 
pediatrician due to infection of the 
airway, child also tearful, increasingly 
apathetic.

Sonography depicted a mass in 
lower abdomen. 
Upon acceptance in the pediatric 

Case Study: Yolk Sac Tumor
Maren Asmussen, M.D.; Peter Reimer, M.D.

Städtisches Klinikum Karlsruhe gGmbH, Department of Pediatric Radiology, Karlsruhe, Germany

clinic laboratory data were generated: 
CRP 10.5 mg/dl, LDH 554 U/l, Leukos 
20.58/nl, Erys 2.95/pl, Hb 8.2 g/dl.

MR imaging findings

Whole-body MR imaging (1.5T  
MAGNETOM Espree) showed a large 
intraperitoneal, supravesical mass 
lying on the right paramedian and 
median; the apical portion of the  
tumor appears highly inhomogeneous 
with partially more perfused and  
partially less perfused sections and 

two hyperintense areas in T1, with the 
suspicion of hemorrhage. The caudal 
portion of the tumor appears less  
inhomogeneous with strong per fusion 
and large feeding arteries from the 
right arteria iliaca interna (syngo TWIST 
angiography not shown).

Moderate ascites. Major pleural effusion 
on the right, slight pleural effusion  
on the left, small pericardial effusion.

Small intestine partially distended with 
abundant fluid and air-fluid levels as 

Clinical Pediatric Imaging
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(1A) STIR coronal,  
(1B, C) T1-weighted 
native cor,  
(1D) T1-weighted  
post-contrast coronal.

1

1A 1B

1C 1D
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* Siemens disclaimer: MR scanning has not 
been established as safe for imaging fetuses 
and infants less than two years of age. 
The responsible physician must evaluate the 
benefits of the MR examination compared 
to those of other imaging procedures.

indication of a blockage by the mass, 
currently no evidence of ileus.

No evidence of tumor-suspect or tumor 
pathological lymph nodes in the head, 
thorax or abdomen.

Insufficient lung ventilation accom-
panying pleural effusion, thus limited 
possibility for assessment of lungs.

To this extent no evidence of metastatic 
spread. 

Treatment and prognosis

OP: Right salpingo-oophorectomy. 
Tumor dorsally ruptured, partially 
adherent to sigma, no detectable 
 macroscopic infiltration. Hemorrhagic 
ascites with parts of tumor.

Histology:  
Yolk sac tumor with partially reticular, 
partially solid, granular pattern. 
No mixed differentiation.

Tumor stage:  
Ic, R1

Laboratory: 
AFP 10605 ng/ml (post-OP 4172 ng/ml, 
after 6 weeks' therapy: 18.7 nl/ml) 
ßHCG< 1.0 mU/ml

Therapy:  
Etoposide, cisplatin, ifosfamide

Staging control:  
No further residual tumor 
delimitable.

2A 2B

Staging skull (2A), liver (2B).2
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Children are intrinsically difficult to 
image. Their organs are small creating 
a high demand on spatial resolution. 
They have rapid heart and respiratory 
rates making thoracic and abdominal 
imaging even more challenging than 
in adults. In addition, they often have 
a very limited capacity to cooperate 
and the environment of the MRI unit 
adds to the difficulty of obtaining 
diagnostic images. Nevertheless, MRI 
provides excellent contrast resolution 
and does not use ionizing radiation 
making it a very valuable imaging 
tool in children*.

MRI has undergone a major revolu-
tion over recent years with higher 
field strength, sequences that over-
come SAR issues, parallel imaging, 
sequences that suppress motion  
artifact, 3 dimensional imaging and 
improved coil technology combining 
to overcome many of these hurdles. 
This has enabled faster and higher 
resolution imaging and enabled many 
of the new and novel MRI applica-
tions showcased in this edition of 
MAGNETOM Flash.

These technological advances have 
developed in parallel with a better 
appreciation of the needs of children 
and how to improve their capacity 
to cooperate to avoid the need for 
general anesthesia. The recognition 
of the need for specialist staff to famil-
iarize children with the procedure, 
the importance of information  
appropriate to the development of the 
child (picture books, MRI toys, videos 
and Mock MRI units) and the use  
of distraction with MRI compatible  
videos and music have expanded  
the availability of MRI in pediatrics.  
These techniques when compared to  
general anesthesia or deep sedation 
are safe and relatively inexpensive.  
In many centers general anesthesia 
or deep sedation was routinely used  
for most children. Embracing these 
techniques has expanded the use of 
MRI to children as young as 3 years 
without anesthesia. 

The combination of these techniques 
and technological advancement has 
expanded the role of MRI in pediatrics 
from being predominantly a brain 

imaging technology to being a com-
prehensive multi-organ modality. 
In pediatrics it is now routinely used 
in thoracic, cardiac, abdominal, mus-
culoskeletal and total body imaging. 
Techniques such as DWI and tractogra-
phy and neurography are improving 
our understanding of pediatric disease 
processes both in and outside the 
brain. Safe high resolution and fast MRI 
techniques are creating the reality of 
fetal cardiac MRI. In the last 10 years 
there has been a revolution in the 
application of MRI in pediatrics, there 
is no reason why the next 10 years 
should be any different.

This issue of MAGNETOM Flash show-
cases many of these exciting new  
techniques from renowned experts 
and demonstrates how they have  
been applied both to clinical pediatric 
imaging and in research. 

Dear MAGNETOM Flash reader,
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Editorial

Professor Michael Ditchfield is the Head of  
Paediatric Imaging at Monash Medical Centre 
and the Professor of Paediatric Imaging at Monash 
University (Clayton, Australia), has a conjoint 
appointment at the Monash Institute of Medical 
Research and is an Honorary Research Fellow 
at the Murdoch and Children’s Research Institute 
(Melbourne, Australia). He has worked as a pedi-
atric radiologist for 20 years and has subspecialty 
pediatric interests in MRI, cardiothoracic,  
neonatal and urinary imaging and has a strong 
commitment to teaching and research. 
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Children are intrinsically difficult to 
image. Their organs are small creating 
a high demand on spatial resolution. 
They have rapid heart and respiratory 
rates making thoracic and abdominal 
imaging even more challenging than 
in adults. In addition, they often have 
a very limited capacity to cooperate 
and the environment of the MRI unit 
adds to the difficulty of obtaining 
diagnostic images. Nevertheless, MRI 
provides excellent contrast resolution 
and does not use ionizing radiation 
making it a very valuable imaging 
tool in children*.

MRI has undergone a major revolu-
tion over recent years with higher 
field strength, sequences that over-
come SAR issues, parallel imaging, 
sequences that suppress motion  
artifact, 3 dimensional imaging and 
improved coil technology combining 
to overcome many of these hurdles. 
This has enabled faster and higher 
resolution imaging and enabled many 
of the new and novel MRI applica-
tions showcased in this edition of 
MAGNETOM Flash.

These technological advances have 
developed in parallel with a better 
appreciation of the needs of children 
and how to improve their capacity 
to cooperate to avoid the need for 
general anesthesia. The recognition 
of the need for specialist staff to famil-
iarize children with the procedure, 
the importance of information  
appropriate to the development of the 
child (picture books, MRI toys, videos 
and Mock MRI units) and the use  
of distraction with MRI compatible  
videos and music have expanded  
the availability of MRI in pediatrics.  
These techniques when compared to  
general anesthesia or deep sedation 
are safe and relatively inexpensive.  
In many centers general anesthesia 
or deep sedation was routinely used  
for most children. Embracing these 
techniques has expanded the use of 
MRI to children as young as 3 years 
without anesthesia. 

The combination of these techniques 
and technological advancement has 
expanded the role of MRI in pediatrics 
from being predominantly a brain 

imaging technology to being a com-
prehensive multi-organ modality. 
In pediatrics it is now routinely used 
in thoracic, cardiac, abdominal, mus-
culoskeletal and total body imaging. 
Techniques such as DWI and tractogra-
phy and neurography are improving 
our understanding of pediatric disease 
processes both in and outside the 
brain. Safe high resolution and fast MRI 
techniques are creating the reality of 
fetal cardiac MRI. In the last 10 years 
there has been a revolution in the 
application of MRI in pediatrics, there 
is no reason why the next 10 years 
should be any different.

This issue of MAGNETOM Flash show-
cases many of these exciting new  
techniques from renowned experts 
and demonstrates how they have  
been applied both to clinical pediatric 
imaging and in research. 

Dear MAGNETOM Flash reader,

2 MAGNETOM Flash | 2/2014 | www.siemens.com/magnetom-world

Editorial

Professor Michael Ditchfield is the Head of  
Paediatric Imaging at Monash Medical Centre 
and the Professor of Paediatric Imaging at Monash 
University (Clayton, Australia), has a conjoint 
appointment at the Monash Institute of Medical 
Research and is an Honorary Research Fellow 
at the Murdoch and Children’s Research Institute 
(Melbourne, Australia). He has worked as a pedi-
atric radiologist for 20 years and has subspecialty 
pediatric interests in MRI, cardiothoracic,  
neonatal and urinary imaging and has a strong 
commitment to teaching and research. 

* Siemens disclaimer: MR scanning has not been established as safe for imaging fetuses and infants less 
than two years of age. The responsible physician must evaluate the benefits of the MR examination  
compared to those of other imaging procedures. This disclaimer does not represent the view of the the 
guest editor of this issue. It is solely for regulatory reasons.
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donate their time and energy – without payment – in order  
to share their expertise with the readers of MAGNETOM Flash.
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applicable medical device law and there-
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clinical studies according to applicable law.




