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Editorial
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Editor-in-Chief

Dear MAGNETOM Flash reader,

During the preparation of this issue of
MAGNETOM Flash magazine | was faced with
the realisation that each of my previous
editorials had covered exactly the same
ground: how innovations and new products
drive better patient care. Of course, there
have been different focuses for this observa-
tion, such as the introduction of the world’s
first simultaneous MR/PET system for clinical
application, or the steering of ultra-high field
MRI towards clinical usability. But what actu-
ally do I — or we within the MRI community —
mean by ‘innovation” in MRI? Does it require
the introduction of a new revolutionary
technology like simultaneous MR/PET, or the
first application for parallel transmit with
syngo ZOOMit as announced at the last RSNA
in2011?

During the early years of my specialisation

| took the opportunity be scanned in one of
the very first 3Tesla installations. | already
had some idea of what to expect from a good
MRI scan and what not. But all | knew about
3T was that it had huge potential according
to MR community hype and that, as far as |
understood the theory, a lot of things ought
simply to look better. To be honest, after
more than an hour of scan time | found the
results disappointing (and not just because
of the problems with dielectric shading).

And how do | feel about 3T nowadays? Now |
can examine the finest structures of cartilage
acquired in the shortest scan times, or assess
the smallest iron deposits in the brain, or see
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the feeding vessels of a tumor in the finest
detail. These amazing developments must
surely be regarded as ‘innovation’.

At this year’s ECR, Siemens MR introduced our
newest 3T scanner — MAGNETOM Spectra. If
you read the specifications and take a look at
the first images, and then compare them with
what was possible just a few years ago, | am
convinced that you will be as amazed as | am.
Clearly there have been innovations to this
scanner, such as the B1 shimming technology,
which have turned 3T from an interesting
field of research into an invaluable clinical
tool. However, there is also another innova-
tion associated with this new scanner — just as
important as image quality. The fact that this
technology is affordable and that we can
bring the advantages of imaging at 3T into
wide scale clinical usage is in itself a huge
innovation.

Well, | have yet again written about innovation
and how this translates into better patient
care. But now | realise that this is a message

I am happy and proud to repeat with each
new issue of MAGNETOM Flash. You won't be
surprised to know, therefore that this ISMRM
issue of Flash is again full of information about
the latest innovations and developments.

On behalf of all the editorial team | hope you
will enjoy reading it as much as we did!

Matthias Lichy, M.D.
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Cover

T1w image of the hand
acquired with a 16-channel
hand/wrist coil utilizing

3T MAGNETOM Spectra.
Using a high parallel imaging
factor, the whole hand

(30 slices) was scanned
within 1:31 min at an
effective resolution of
(0.35x0.35x 2.0) mm3.

The information presented in MAGNETOM Flash is for illustration only and is not
intended to be relied upon by the reader for instruction as to the practice of medicine.
Any health care practitioner reading this information is reminded that they must use
their own learning, training and expertise in dealing with their individual patients. This
material does not substitute for that duty and is not intended by Siemens Medical
Solutions to be used for any purpose in that regard. The treating physician bears the sole
responsibility for the diagnosis and treatment of patients, including drugs and doses
prescribed in connection with such use. The Operating Instructions must always be
strictly followed when operating the MR System. The source for the technical data is the
corresponding data sheets.

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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Clinical Body Imaging

65-year-old male with a 1-year history of memory loss and episodic acute confusion; brain MRl demonstrated possible bilateral temporal
lobe hyper intensity on FLAIR, without associated volume loss. FDG PET recommended for further evaluation. (1A-C) conventional FDG

PET/CT shown: (1A) low-dose CT for attenuation correction, (1B) FDG PET, (1C) image fusion; (1D-F) simultaneous MRI/PET of the same
patient: (1D) FLAIR, (1E) FDG PET data, (1F) overlay of metabolic information.
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Introduction

The new Biograph mMR offers simulta-
neous acquisition of PET and MR imag-
ing data of potential added benefit in
oncologic, neurological and other medi-
cal imaging [1-3]. The inherent benefit
of the simultaneous acquisition is
improved registration allowing optimal
localization of PET findings to anatomic
imaging and shortened overall imaging
times through acquisition of PET and
MRl in a single session. The purpose of
this article is to present initial clinical
experience with development of neuro-
logical protocols, anatomically focused
MR-PET imaging protocols of body
organs, including pelvic, thoracic, and
liver oncologic imaging, and cardiac
imaging experience. Initial experience,
validation with PET-CT, challenges, and
insights into protocol development

are presented through representative
examples.

Methods

Following IRB approval, patients sched-
uled for standard of care clinical FDG-
PET-CT were recruited and consented for
additional MR-PET imaging. The simul-
taneous MR-PET imaging was acquired
on a Biograph mMR system recently
installed in the Center for Clinical Imag-
ing Research (CCIR) at Washington Uni-
versity School of Medicine, with total
imaging matrix, with attenuation body
array and spine matrix coils. By incorpo-
rating Avalanche Photodiodes (APDs)
into the bore of a 3T magnet, the Bio-
graph mMR system fully integrates the
acquisition of state-of-the-art PET and
MR images. Attenuation correction
imaging was performed utilizing a dual
echo VIBE Dixon sequence that sepa-
rates water and fat with TET/TE2 1.23
msec | 2.46 msec, TR 3.6 msec, left-right
field-of-view (FOV) 500 mm and ante-
rior-posterior FOV 300 mm. The acquisi-
tions were performed in either a single
station or a multiple station mode as
indicated. Depending on the applica-
tions, PET images were simultaneously
acquired with the anatomical sequences

Body Imaging Clinical

H Poorly differentiated nasopharyngeal carcinoma with bilateral cervical
nodal (and liver) metastases is shown. Simultaneous MR-PET demonstrated
excellent MR image quality and excellent localization of FDG uptake.

(2A) FDG PET overplayed on T1w (2B) corresponding PET/CT exam.
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Patient with metastatic lung cancer; primary tumor is present in the left lower lobe (see arrow in 3H). Metastatic disease is shown in

the mediastinum (lymph nodes), spine, and bony pelvis (osseous metastases). MR images include a STIR acquisition as well as diffusion-

weighted imaging. Sagittal reconstructions: (3A) DWI, (3B) PET, (3C) MR/PET fused to DWI; coronal reconstructions: (3D) DWI, (3E) PET, (3F)
MR/PET fused to DWI.



Body Imaging Clinical

(3G) Coronal T2w HASTE for morphology, (3H) corresponding PET MPR, (31) image overlay of PET and HASTE.

from MR such as HASTE for whole-body
acquisition, MPRAGE for brain imaging,
SPACE or HASTE for pelvic application,
or delayed enhancement for cardiac
imaging. Additional examinations using
high-resolution MR were added for the
focused examination such as high reso-
lution T2 TSE, diffusion-weighted imag-
ing or diffusion tensor imaging (DTI) and
other sequences depending on the
applications.

Clinical cases

The following are some examples of the
clinical cases acquired for anatomically
focused and whole-body examinations
with the Biograph mMR.

Brain imaging

Although fusion of separately acquired
brain MR and FDG-PET is readily avail-
able with offline software tools, a com-
bined examination can allow for stream-
lined patient care and potentially
improved diagnostic specificity, as illus-

trated by this case. A 65-year-old male
with a 1-year history of memory loss
and episodic confusion presented for
workup at our institution (Fig. 1). A clini-
cal MRI was interpreted as normal; how-
ever, there was a question of subtle
FLAIR hyperintensity in the mesial tem-
poral lobes. FDG-PET was recommended
for further correlation of the MR findings
and clinical presentation. The PET acqui-
sition was acquired simultaneously with
MRI. Brain MRI shows subtle bilateral
mesial temporal lobe hyperintensity on
FLAIR. FDG-PET shows mild bilateral
mesial temporal lobe hypometabolism.
Further clinical workup was then
ordered which generated a final diagno-
sis of limbic encephalitis with voltage-
gated potassium channel antibodies
(VGKQ). In this case, subtle findings on
PET and MR performed independently,
could be simultaneously reviewed and
confirmed with PET/MR, leading to
diagnostic confidence and initiation of
the correct pathologic workup.

MAGNETOM Flash

Head and neck oncology
Simultaneous head and neck MR-PET
performs well compared with PET-CT in
our initial experience. In the head and
neck, MR-PET combines the metabolic
and biochemical information from PET
with high spatial resolution, anatomic
localization, and soft tissue contrast
from MR. The advantages of MR imaging
in oral cavity and skull base neoplasms,
the superior ability of MR to detect peri-
neural spread of tumor, and improved
coregistration of PET imaging with MR
imaging during simultaneous acquisition
make this a promising new technology
for staging and follow-up of select head
and neck neoplasms.

Patient is a 51-year-old woman with
poorly differentiated nasopharyngeal
carcinoma with bilateral cervical nodal
and liver metastases. Simultaneous MR-
PET demonstrated excellent MR image
quality and excellent localization of FDG
uptake. MR provided superior soft tissue
resolution in the nasopharynx compared
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Simultane-

ous acquisition
of ECG-gated
PET and
delayed con-
trast enhanced
(DCE) cardiac
MR images
(simultaneous
acquisition of
MR 2-point
Dixon also
acquired for
ACQ). PET data
acquired in list
mode and
binned. DCE
MR images
acquired in
diastole are
fused with dia-
stolic PET data
to create the
center image.
Patient has a
normal heart.
(4A) MRI, (4B)
fused MRIPET,
(4C) FDG PET.

to PET-CT. Lesion detection based on
FDG uptake on the MR-PET was equiva-
lent to PET-CT in this case (Fig. 2).

Lung cancer with metastatic disease
While MRI can be used in the assessment
of lung cancer, it has typically been
reserved for specific cases in which CT
and PET-CT, the first-line modalities for
the assessment of lung cancer patients,
are not able to answer a specific ques-
tion, such as whether a lesion is invad-
ing the chest wall or a vascular struc-
ture. One of the key reasons for the
secondary role for MRl is the fact that
whole-body MR imaging is cumbersome
and time consuming, thus preventing
assessment of the full extent of disease.
MR-PET for lung cancer has the potential
to foster the development of new imag-
ing protocols that allow for detailed
assessment of the primary tumor while
still providing the information regarding
more distant metastatic disease. In addi-
tion, simultaneously acquired diffusion
MR and PET data may prove useful both
in the initial evaluation of tumors as well
as in follow up after treatment.

Figure 3 shows a 50-year-old man with
metastatic lung cancer. Primary lesion is
present in the left lower lobe. Metastatic
disease is shown in the mediastinal
lymph nodes, spine, and bony pelvis.
MR images include a HASTE acquisition
as well as diffusion-weighted image
obtained at a b-value of 600.

Cardiac imaging

Cardiac MR-PET imaging has the poten-
tial to play a role both in cardiac isch-
emia and viability assessment. Potential
clinical protocols include stable chest
pain assessment, playing on the
strengths of both modalities, performing
MR cine cardiac function assessment,
3N-ammonia or rubidium-82 PET myo-
cardial perfusion and delayed contrast-
enhanced inversion recovery infarct
imaging in a single examination. Com-
bined FDG and delayed contrast-
enhanced inversion recovery cardiac



imaging may play a role in co-localized,
simultaneously acquired functional

and anatomic viability assessment that,
theoretically, could play a role in imag-
ing-directed ventricular tachycardia
radiofrequency ablation or direct biven-
tricular pacing in dyssynchrony.

A 68-year-old man injected with FDG for
oncologic imaging was recruited imme-
diately after his whole-body PET-CT
examination to undergo a cardiac MR-
PET imaging for protocol development
(Fig. 4). Simultaneous acquisition of
ECG-gated PET and delayed contrast-
enhanced (DCE) cardiac MR images
(simultaneous acquisition of MR 2-point
Dixon also acquired for AC) allow for
precise fusion of imaging. PET data was
acquired in list mode, binned and recon-
structed into 3 phases. DCE MR images
acquired in diastole are fused with
diastolic PET data to create the center
image (Fig. 4B). This patient has a nor-
mal heart.

Cervical and vulvar cancers

PET-CT and MRI are established modali-
ties in initial staging and monitoring
treatment response in patients with cer-
vical cancer and other pelvic malignan-
cies. PET can provide estimated tumor
volumes for treatment planning and
diagnosis of nodal metastases. High res-
olution MR imaging of the pelvis can
detect parametrial spread of tumor, an
essential feature in determining surgical
resectability. The combination of meta-
bolic information derived from PET with
high resolution MR imaging of the pelvis
shows promise in both clinical manage-
ment and potential research opportuni-
ties in correlating functional MRI with
tumor metabolism.

Given the complex anatomy of the pel-
vis, high resolution T2-weighted imag-
ing is best performed utilizing a 3D iso-
tropic dataset, such as SPACE. Isotropic
acquisition allows for infinite multipla-
nar reformations without loss of resolu-
tion. Diffusion-weighted imaging, pre-
and dynamic post-contrast volumetric

Body Imaging Clinical

H Primary cervical cancer and involved adjacent right external iliac lymph
node (arrow); overlay of PET on T2 TSE is shown.

interpolated breath-held examination
(VIBE), and inversion recovery T2 fat
suppressed images complete a diagnos-
tic MR examination of the pelvis provid-
ing additional staging information
regarding local invasion, tumor size,
and regional metastases.

Figure 5 shows a 47-year-old woman
with biopsy-proven cervical cancer.
Given the large size of the patient’s cer-

MAGNETOM Flash

vical malignancy and presence of meta-
bolically active nodal metastases, the
patient subsequently underwent radia-
tion therapy.

Figure 6 is a 31-year-old woman with
vulvar carcinoma. A small focus of
residual tumor within the pelvis could be
missed on MR imaging alone and is in

a difficult location with PET alone given
the potential for contamination in this
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[ Patient with vulvar cancer; small focus of residual tumor within the pelvis could be missed on MR imaging alone. FDG PET overlay on
transversal (6A) and coronal (6B) T2w TSE is shown.

location from urine activity. The combi-
nation of MR-PET; however, nicely dem-
onstrates the metabolically active soft
tissue lesion.

Discussion

MR-PET shows promise as a new onco-
logic imaging modality with inherent
improved soft tissue contrast over CT,
lower radiation dose, and potential for
better correlation of PET findings to
anatomy given the simultaneous acqui-
sition. Several challenges are evident in
developing optimal protocols, including
optimal MR sequence parameters,
motion correction, and validation of
semiquantitative analysis using stan-
dardized uptake value (SUV) using MR
attenuation correction. In some cases,

the combination of PET SUV and MR ADC

values may prove more specific in
differentiating tumor from surrounding

tissue than subjective assessment alone.

Potential for benefit from simultaneous
MR-PET acquisition also exists in recep-

tor-targeted oncologic imaging, demen-
tia assessment, and cardiac and athero-
sclerosis imaging.
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Background

In nuclear medicine, bone scanning is
based on the principle of scintigraphy
using bone-seeking radiopharmaceuti-
cals. [*Tc] (or [**Mo]) -labelled poly-
phosphonates are used as tracers for this
purpose. They accumulate in sites of
increased bone formation; metastases
are detected either by increased uptake
of the lesion itself (osteoplastic), as
reaction of the surrounding healthy bone
matrix or as defect (osteolytic).

Bone scintigraphy has found its way into
several clinical guidelines over the last
decades and is a standard procedure in
the evaluation of bone metastases.
However, degenerative changes of bones
are challenging to diagnose accurately
especially in elderly patients. The low
sensitivity of scintigraphy for (small)
osteolytic lesions often requires compli-
mentary imaging, either X-ray, computed
tomography (CT) or — especially in case
of bone tumors and bone marrow involve-
ment — magnetic resonance imaging
(MRI). It has to be stated that bone scin-
tigraphy is also associated with poor spa-
tial resolution and as a consequence of
the imaging mechanism itself this method
has limited diagnostic specificity for lesion
characterization and an insufficient
sensitivity for bone marrow diseases.
Positron emission tomography (PET)
using ['®F]-fluoride has already demon-
strated to be a clinically useful alterna-
tive to traditional bone scintigraphy.
Interestingly, ['®F] was initially replaced
by [*°Tc]-labelled polyphosphonates as
osteotropic tracer. But with the develop-
ment of modern PET/CT technology,

the advantages over traditional bone

scintigraphy are eminent; ['®F] PET adds
diagnostic information mainly by its
superior resolution compared to scinti-
graphy and nowadays PET is routinely
acquired as 3D data. In addition, CT used
as input for attenuation correction helps
to characterize suspicious bone model-
ling. Also it should be kept in mind that
from a patient perspective, ['8F] PET/CT
is considered to be the more convenient
procedure (with special focus on prepa-
ration time and scan duration). Indepen-
dent of its diagnostic advantages, the

Body Imaging Clinical

importance of ['8F] PET has increased
recently because of its importance

as a substitute for conventional skeletal
scintigraphy in a time with limited
availability of [*Mo]/[*mTc]. To ensure
healthcare, ['8F] PET has now become
part of common outpatient care [1-5].
Within the last decade, MRI has also
increasingly challenged the clinical value
of bone scintigraphy with superior diag-
nostic performance. The potential to
assess not only changes of the bone but
especially of the bone marrow and soft

E Maximum intensity projection (MIP) of the ['8F] PET data (1A) uncorrected and (1B)

after attenuation correction (MR based).
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tissue in general at highest sensitivity
can add important information and have
a clear impact on patient care. This is
already proven for dedicated patient
cohorts. In combination with the advent
of multi-regional MRI and further
advances in MR technology, diffusion-
weighted imaging (DWI) is used more
and more routinely to add functional
information to MRI. The images derived
from such an exam show PET-like appear-
ance; however, the underlying mecha-
nism is restriction of water motion. How
DWI will add further diagnostic accuracy
in the detection of bone metastases and
especially therapy follow-up is still
subject of debate but its potential is
more than evident [6-11].

Combining ['8F] PET and MRI for evalua-
tion of bone processes is therefore
appealing but was only available in a
small number of very selected cases up
to now. One practical reason is the asso-
ciated effort for conducting, synchroniz-
ing (time and indication wise) and
reading two complex exams (this is espe-
cially true for MRI, where a standard
whole-body scan produces more than
1000 images which have to be read). In
addition, fusion techniques, which are
often used to assist in this task, are of
limited value especially for scans cover-
ing a larger volume simply because of
different positions of the bones between
the two examinations. The limitation of
two separate exams can only partially
be overcome by positioning aids (with
all their associated disadvantages). It can,
however, be overcome by using hybrid
MRI/PET systems (with the advantage to
perform only one scan). Much has been
written about the need and the technol-
ogy behind this new hybrid imaging
modality (see also the most recent issues
of MAGNETOM Flash). It should be
pointed out that simultaneous MR and
PET imaging also has advantages in
clinical routine over a sequential approach
— not only from a workflow aspect.

A very obvious aspect is that it clearly
improves spatial registration between
metabolic and morphological information
by reducing the time gap between the
acquisition of MR and PET. This is a

clear advantage not only in imaging the
pelvis, bowel, lung and liver, but also

in patients with limited capability for
holding still in one position over a longer
time period. Also it should be mentioned
that there are no limitations in the per-
formance of the individual imaging
methods of such a combined simultane-
ous MR/PET system. Hybrid MR/PET sys-
tems rely on segmentation algorithms
for providing the input function of the
attenuation correction. At this pointin
time, bone segmentation is available
only for dedicated areas like the skull base
and not yet integrated in whole-body
scanning. Nevertheless, based on exist-
ing data and experience, the need for
bone segmentation can be negated in a
clinical setting especially when a qualita-
tive reading of PET is performed. The
need for quantification of PET is unques-
tioned for follow-up exams and, so far,
the introduced error as compared to a
standard PET/CT (which has also a certain
level of confidence only) seems to be
negligible even for longitudinal studies —
if performed with an MR/PET system.
Nevertheless, the advent of this technol-
ogy has reminded us that the discussion
about the accuracy of PET quantification
is of high importance and far from con-
cluded (which is also true for the compa-
rability of results acquired with different
PET/CT systems).

The diagnostic capabilities of MR and PET
alone and in combination are of course
dependent on the underlying pathology
and the applied MR imaging methods
and tracers. [12-15]
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Case report

Patient history and sequence details
A 91-year-old female with severe sacral
pain was referred to our institution for

a bone scan with ['8F] as substitute to
bone scintigraphy. The patient was diag-
nosed in 1986 with beast cancer and

in 2004 a malignoma of the uterus was
treated. Application of ['8F] was per-
formed according to guidelines. MR/PET
was conducted as a multi-step exam
covering the whole body. During simul-
taneous PET acquisition, a coronal T1w
TSE (512 matrix, 450 mm FOV, 5 mm SL)
and T2w STIR (384 matrix, 450 FOV,

5 mm SL) was acquired. In addition, a
transversal DWI was measured (b-values
50, 400, 800 s/Imm?, spectral fat satura-
tion, 192 matrix, 5 mm SL; inline ADC
calculation). All images shown were
acquired using Biograph mMR (Siemens
Healthcare, Erlangen, Germany) and a
combination of the head/neck, spine
and body coils.

Imaging findings

A large osteolytic lesion is shown within
the sacral bone (massa lateralis). A clear
mismatch between lesion size and corre-
sponding bone formation is obvious. In
addition, tumor-suspicious bone forma-
tion with corresponding lytic aspect in
MRI is demonstrated for the 10" and 7t
right rib. Based on DWI, these lesions are
characterized by high signal on the origi-
nal b-value images and restriction of
water diffusion. In addition, multiple
degenerative bone formations without
corresponding oedema in MRI are visual-
ized: spondylosis of the thoracic spine
and coxarthrosis of the right hip are the
most obvious ones. Focal uptake is also
seen in the dorsal processus of the 6™
and 7t cervical vertebra. Based on T2w
STIR images at least for the bone forma-
tion of the 7t vertebra a corresponding
hyperintense lesion with space occupy-
ing aspects at least on the coronal original
orientation can be shown. Often reac-
tive oedema can be seen also in degen-
erative findings, however, based on the
space occupying appearance further
manifestation of the bone metastases



Body Imaging Clinical

Sagittal MIP (2A), coronal (2B), thick-slice MIP (2C) showing pathologic bone formation within the os sacrum and the 10" and 7t right rib
as well as the 7t/ 6™ cervical vertebra (dorsal processus) (arrows). In addition, multiple degenerative bone formation can be seen (e.g. spondy-
losis of the thoracic spine; asterisk).

El Clear mismatch between bone formation (arrows) and true extend of the metastasis (asterisk) in the massa lateralis of the os sacrum is shown.
Coronal multiplanar reconstruction (MPR) of the ['¢F] PET (3A), overlay of metabolic information on MRI (3B), corresponding coronal T1w TIRM (3C).
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B Thick-slice MPR
based on the

b =800 s/mm?2 DWI
images. By suppres-
sion of the back-
ground the tumor
tissue is well delin-
eated. ADC mapping
(not shown) did
proof restriction of
water diffusion.
Coronal (4A) and
transversal (4B)
reformation.



must be concluded. No evidence for
further metastases within the long bones
of the upper and lower (not shown)
extremities, no fractures or soft tissue
involvement, no spinal cord compres-
sion. The used protocol was mainly
focused on the skeletal system, how-
ever, further tumor manifestations out-
side the bone (including lymph nodes)
can be ruled out with sufficient diagnos-
tic accuracy.

Diagnosis

Multifocal metastatic disease of the skel-
etal system has to be concluded. Based
on imaging findings and patient history,
a late metastatic manifestation of the
mamma carcinoma seems to be the most
plausible explanation. With increased

numbers of successful treatment of the
primary tumor and also in concordance
with latest epidemiological data, tumor
recurrence of mamma carcinoma after
the 5-years follow-up interval has to be
taken into account. However, a third
tumor manifestation cannot be ruled out
based only on imaging findings and
missing presence of a potential primary
tumor. Therefore the final conclusion

of this exam has to be bone metastases
of a cancer of unknown primary (CUP).
Because of clinical presentation (severe
pain), a therapy relevance is obvious

but further diagnosis and therapy will be
to be discussed in detail and based on

a very individual decision as a conse-
quence of the patients age and general
condition.

Body Imaging Clinical

Conclusion

Combining ['®F] PET and MRI in one
simultaneous exam is appropriate when
it comes to providing best patient care.
Based on the knowledge with PET and
MRI alone, it is more than justified in our
opinion to state that this imaging
method can be applied to a large cohort
of patients. While the presented case
may be a not so common clinical sce-
nario for the future application of MR/
PET, it clearly demonstrates the potential
of this method as the most accurate
method for evaluation of osseous and
bone marrow processes. Especially in
cases with suspicion of bone marrow
involvement and for younger patients,
simultaneous MR/PET will play an
important role in the future. How far

H Excellent spatial regis-
tration between MRI and
PET data is shown exem-
plary with the small osteo-
lytic metastasis of the right
lateral thoracic wall (10t
rib). Coronal MPR of ['8F]
PET (5A), corresponding
T2w TIMR (5B), overlay of
PET data on T2w TIRM (50),
corresponding T1w TSE
without (5D) and with (5E)
overlay of PET information.
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[ The pathologic bone formation of the 6™ and especially 7* (coronal MPR of the PET is shown in (6A)) dorsal processus of the cervical vertebra
has also to be rated as potentially metastastic. A space occupying lesion with similar imaging features as shown for the other metastases can be
demonstrated on the coronal T2w TIRM MRI (6B); the overly of the PET data (6C) shows a slight spatial mismatch of the two imaging modalities as
a consequence of the different imaging mechanisms of ['®F] PET (bone formation metabolism) and MRI (soft tissue characteristics).

this method will be added to, or will
even replace, conventional imaging will
of course be also a question of upcom-
ing therapy options and tracers e.g. for
evaluation of hormone receptor status.
But certainly the presented combination
of ['®F] PET and MRI is already a further
step towards a more accurate and patient-
specific diagnoses and therapy selection
—and all within one exam.
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Introduction

Magnetic Resonance Elastography (MRE)*
is a rapidly developing, non-invasive,
accurate and reproducible imaging tech-
nique to assess the mechanical proper-
ties of tissue, which are dramatically
affected by pathological disease pro-
cesses such as inflammation, cancer and
fibrosis. Physicians have long relied on
the ‘palpation’ of tissue as a qualitative
diagnostic tool in the detection of these
pathologies, but this technique is limited

Photograph of an acoustical active and passive driver system for MRE with connect-
ing tubing. The active driver is shielded from the imaging magnet and delivers vibra-
tional energy to the passive driver at 60 Hz through the connecting tube. The passive
driver is placed across the right anterior chest wall to deliver vibrations transcostally
into the liver.

*This technology is not currently available with Siemens scanners in the US.

to only superficial organs and patholo-
gies and lacks objectivity [1]. Developed
by Dr. Richard Ehman and colleagues at
Mayo Clinic, MRE serves as a technique
to quantitatively evaluate the propaga-
tion of mechanical shear waves through
tissue. Using a modified phase-contrast
magnetic resonance imaging (MRI) tech-
nique that generates spatial maps and
measurements of shear wave displace-
ment patterns called elastograms, MRE
can be implemented onto a conven-
tional MRI system with a few hardware
and software modifications [2]. While
the technique has been reported in a
variety of organs including brain [3-7],
breast [8-12], blood vessels, heart [13—
15], lung [16-20], pancreas and kidneys
[21, 22], MRE is developing as a safe,
reliable and non-invasive alternative to
liver biopsy in the detection and staging
of chronic liver fibrosis [2, 23-26]. To
date, MRE has also been compared to
other non-invasive imaging techniques
including ultrasound-based transient
elastography (TE) [27], diffusion-
weighed imaging (DWI) [24] and con-
ventional MR imaging markers [28].

It may be used to monitor treatment
response or disease progression. More-
over, MRE has also been investigated

in helping to identify individuals with
steatohepatitis in patients with non-
alcoholic fatty liver [29], characterize
hepatic tumors [30], assess fibrosis

in pediatric populations [31] and liver
transplant patients with recurrent



hepatitis C [32] and serve as a guide for
MR-guided biopsies [33]. The following
provides a summary of some of the
proven indications, challenges and
future considerations for MRE as an
evolving imaging technique.

MRE protocol in our institution

MRE is well tolerated by patients, it is
non-invasive and does not require con-
trast material. To perform hepatic MRE,
mechanical waves are generated in

the liver with a special MRI-compatible
driver system (Resoundant Inc, Roches-
ter, MN, USA). The system consists of an
active driver, located outside the magnet
room, which generates continuous low
frequency vibrations. These vibrations
are transmitted via a flexible tube to a
drum-like passive driver (19 cm diame-
ter, 1.5 cm thick flat and disc shaped),
which is placed directly against the ante-
rior right chest wall over the liver and
held in place by an abdominal binder
(Fig. 1). The propagating shear waves
are imaged with a modified phase differ-
ence gradient-echo sequence which
incorporates first moment nulled cyclic
motion encoding gradients sensitive to
through-plane motion. The Resoundant
system is synchronized to these gradi-
ents via a trigger provided by the
imager. The trigger time is stepped to
provide a sample of the propagating
wave field at four different phase
offsets. The parameters of the MRE
sequence are as follows: repetition time
(TR) I echo time (TE), 50/22.9 msec;

flip angle 25°; bandwidth 260 Hz/pixel;
acquisition matrix 256 x 64; section
thickness 5 mm; field-of-view (FOV)

390 x 390 mm?2. The scanning time of
each trans-axial slice is 21 seconds with

Abdominal Imaging Clinical

breath-hold. Four trans-axial slices at (2A) Wave image shows the propagation of the shear waves through the hepatic
different anatomic levels are acquired. parenchyma. (2B) Color-coded elastogram shows markedly elevated stiffness values
The resulting phase images depicting with a mean 15 kPa consistent from severe fibrosis.

the waves in the liver for each slice are
automatically processed using an inver-
sion algorithm to generate quantitative
images depicting the stiffness of the
liver (elastograms) [23, 34-36].
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MR Elastography analysis

To analyze the MRE results, regions of
interest (ROI) are placed on the MR elas-
tograms. When placing an ROI, care is
taken to avoid bile ducts and large ves-
sels within the liver, motion artifacts,
the region immediately below the driver,
and the left lobe of liver (which is prone
to artifacts due to transmitted cardiac
motion). For the measurement of shear
stiffness using MRE, the ROIs are first
visually transposed onto the wave
images to ensure that they were placed
in regions with adequate wave quality.
A region is determined to have adequate
wave quality if the propagating waves
had both good amplitude and the
presence of a clear dominant propaga-
tion direction. Subsequently, the ROI
locations are visually transposed onto
the quantitative elastogram image and
mean stiffness values (in kilopascals,
kPa) are calculated (Figs. 2A, B).

MRE in the detection and
staging of liver fibrosis

Liver biopsy is currently the gold stan-
dard for detecting fibrosis and cirrhosis.
As an invasive procedure, it has an
increased risk for potential complica-
tions such as procedural pain, bleeding,
pneumothorax, biliary tree puncture and
death (approximately 1 in 10,000-
12,000) [37]. From a clinical perspec-
tive, one of the greatest limitations with
biopsy is a significant sampling error of
up to 14.5% and 25% when determining
presence or absence of cirrhosis [38].
Based on recent studies, MRE is receiv-
ing attention as a non-invasive alterna-
tive. Thus far, MRE has shown that it can
be an accurate method for both the
detection (Figs. 3A-F) and staging (Figs.
4A-D) of hepatic fibrosis [2, 23-26].
Receiver operating characteristic (ROC)

analysis by Yin et al. comparing 50
patients with biopsy-proven liver disease
and 35 healthy controls showed 98%
sensitivity and 99% specificity for the
detection of liver fibrosis with a shear
stiffness cutoff value of 2.93 kPa [26].
ROC analysis also showed that MRE was
able to discriminate between patients
that had moderate to severe fibrosis (F2-
F4) and those that had mild fibrosis
based on the METAVIR histopathological
staging system (FO-F1) [26]. The ability
to distinguish moderate to severe fibro-
sis from mild fibrosis is clinically signifi-
cant, as treatment is advised for a score
of F2 of greater by the American Associ-
ation for the study of liver diseases [39].
More recent studies by Wang et al. [24],
Rustogi et al. [28], Kim et al. [40] and
Huwart et al. [25] have demonstrated
comparable sensitivity and specificity
ranges (Table 1).

MRE versus other non-invasive
assessments of liver fibrosis

Studies have also begun to compare
MRE to other non-invasive techniques in
the detection and staging of liver fibro-
sis. One study of 141 patients with
chronic liver disease comparing MRE and
ultrasound transient elastography (TE)
showed that MRE had a higher technical
success rate (94%) than TE (84%) [25].
In addition, areas under the curve (AUC)
in ROC analysis for MRE were signifi-
cantly larger than those of TE, aspartate
aminotransferase to platelets ratio index
(APRI), and the combination of TE and
APRI [25]. Significantly, MRE measure-
ments did not seem to be influenced by
the presence of obesity or ascites, which
cause TE to fail, or steatohepatitis [41].
Furthermore, MRE evaluates a global
view of the liver, whereas TE looks at
only a 1 cm x 4 cm area over the right
liver edge. While TE has also demon-
strated excellent sensitivity and specific-
ity for the detection of fibrosis compared
to biopsy, it has reduced values of 70%

Abdominal Imaging Clinical

and 80% , respectively, compared to
MRE (86% and 85% respectively) [26] in
the detection of intermediate stages of
fibrosis (F2-F4) [42].

More recently, the diagnostic perfor-
mance of MRE was compared to diffu-
sion-weighted imaging (DWI). ROC anal-
ysis showed that MRE had greater
accuracy in assessing the severity of
fibrosis compared with DWI using histo-
pathology as a reference standard. In a
group of 76 patients [32], MRE had
greater predictive ability in distinguish-
ing the stages of liver fibrosis than DWI
[24]. Specifically, MRE showed greater
capability than DWI in discriminating
stages F2 or greater, F3 or greater and
F4 as shown as significant differences in
AUC analysis. While stiffness values on
MRE increased in relation to increasing
severity of fibrosis, no consistent rela-
tionship between apparent diffusion
coefficient (ADC) values and stage of
fibrosis was shown.

Another recent study has compared the
diagnostic accuracy of MRE and conven-
tional anatomic MR imaging features in
the diagnosis of severe hepatic fibrosis
and cirrhosis [28]. Three readers inde-
pendently assessed 72 patients with
liver biopsy for conventional imaging
features such as caudate to right lobe
ratios and expanded gallbladder fossa
sign compared with shear stiffness val-
ues from MR elastograms. Sensitivity,
specificity and diagnostic accuracy was
calculated and intra-class correlation
coefficient was used to assess inter-
reader reproducibility. MRE proved to
be a more accurate and reproducible
technique compared to conventional
imaging features with a higher intra-
class correlation coefficient and better
diagnostic accuracy.
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B Liver stiffness values (kPa) represented through elastograms increased in parallel with the degree of fibrosis (stages
FO-F4). (4A) Shear stiffness was measured to be 2.1 kPa in normal liver tissue, (4B) 2.9 kPa in fibrosis stage F1, (4C) 4.1 kPa
in fibrosis stage F2, and (4D) 10.5 kPa in fibrosis stage F4.

MRE for the early detection of
non-alcoholic steatohepatitis
(NASH)

Associated with obesity and type 2 dia-
betes mellitus, non-alcoholic fatty liver
disease (NAFLD) is a clinical condition
now estimated to affect 1 in 3 adults in
the US [43]. Up to 25% of NAFLD
patients develop non-alcoholic steato-
hepatitis (NASH), which can progress to
cirrhosis in susceptible individuals [44].
Since a diagnosis of NASH currently
requires an invasive liver biopsy to help
detect and stage liver cell injury, MRE
has been investigated as an alternative

technique that could help in early detec-
tion. Using a rat model of fatty liver dis-
ease, Salameh et al. showed that MRE
could help to discriminate the presence
of steatohepatitis from simple steotosis
before the onset of fibrosis [45]. This led
to a retrospective study of 58 NAFLD
patients to investigate the variation of
liver stiffness in patients ranging from
simple steatosis to NASH. MRE was able
to show that NAFLD patients with NASH
but no fibrosis had higher hepatic stiff-
ness measurements than patients with
simple steatosis [29] (Fig. 4).
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MRE in the characterization of
liver tumors

While it is well known that cirrhosis is
the strongest predisposing factor for the
development of hepatocellular carci-
noma (HCC), the detection of small
tumors presents the greatest challenge
to imaging in HCC [46]. The application
of MRE to HCC may be a promising tool
in the characterization of hepatic
tumors. A preliminary investigation has
shown that malignant liver tumors have
a significantly greater mean shear stiff-
ness than benign liver tumors as well as
normal liver tissue parenchyma by estab-
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Table 1: Selected diagnostic ranges of MRE-assessed hepatic fibrosis in patients with chronic liver

disease from various studies.

Reference N
Yin et al. 85
Huwart et al. 88
Huwart et al. 133
Kim et al. 55
Wang et al. 76

lishing a cutoff value of 5 kPa [30].
Since the technique can be readily com-
bined as a complement to conventional
MRI of the abdomen, it shows potential
in further characterization and early
detection of liver tumors [47]. A poten-
tial limitation may be in the cirrhotic
liver where the background liver may be
as stiff as the HCC but further investiga-
tion will be required.

MRE in the assessment of
fibrosis in liver transplant
recipients

MRE has also been compared to various
biomarkers to assess efficacy in the stag-
ing of fibrosis in liver transplant recipi-
ents with recurrent hepatitis C (HCV)
with HCC [32]. While limited by graft
complications, MRE and serum panels
like FIBROSpectll have high sensitivity in
detecting fibrosis from recurrent HCV,
but are limited by poor specificity and
positive predictive value (PPV). MRE
could avert the need for liver biopsy, as
values below the MRE and FIBROSpectll
cutoffs strongly suggested the absence
of fibrosis in transplant recipients with
recurrent HCV.

Cutoff Sensitivity
FO-1:F2-4 86
FO-2:F3-4 78
FO-1:F2-4 98
FO-2:F3-4 95
FO-1:F2-4 100
FO-2:F3-4 91
FO-1:F2-4 89
FO-1:F:2-4 91
FO-2:F3-F4 92

Challenges / difficulties
with MRE

Future challenges and difficulties with
MRE lie mainly in further technical
development. The widespread use of
MRE relies on the same technology and
infrastructure as conventional MR imag-
ing, and so claustrophobic or very obese
patients and those with contraindica-
tions to MRI will be excluded from inves-
tigation due to an inability to enter the
scanner. Other challenges include tech-
nical failure in patients with hemochro-
matosis and iron overload conditions
because of signal-to-noise limitations
[25]. Falsely elevated shear stiffness val-
ues have been reported in regions just
below the passive driver used to gener-
ate shear waves. Liver stiffness can be
increased without the presence of fibro-
sis in pathological processes such as
inflammation, hepatic congestion, and
vascular abnormalities [24, 28]. Since
MRE is a relatively new technique,
improved driver technologies [48] and
refined imaging sequences [49] are cur-
rently under development to produce
more accurate shear stiffness values
and improve signal-to-noise ratios.
Moreover, in its bid to replace liver
biopsy as a non-invasive technique in
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Specificity Liver Stiffness, kPa
85 4.9
96 6.7
100 2.5
100 3.1
91 2.5
97 3.1
87 3.1
97 5.4
95 5.9

the staging of detection of liver fibrosis,
MRE must be evaluated for cost-effec-
tiveness versus other non-invasive tech-
niques. While researchers have proposed
diagnostic algorithms to help define
how to stage fibrosis incorporating
these techniques, these algorithms are
yet to be externally validated in indepen-
dent populations.

Conclusions and future outlook

MRE has received considerable interest
as a quantitative technique to assess the
same information evaluated pathology
by the more qualitative clinical tool of
palpation. As a non-invasive, accurate
and reproducible technique, it is receiv-
ing consideration as a viable alternative
to liver biopsy for the diagnosis and
staging of hepatic fibrosis. Since many
applications of MRE are currently under
investigation in the liver, heart, brain
and kidney, it is likely that MRE will con-
tinue to elucidate invaluable information
about tissue structure and function. As
the field continues to evolve rapidly, this
information should help to guide clini-
cians and researchers improve clinical
outcomes and management.
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H (5A) In-phase (top left) and (5B) out-phase (top right) images show significant Sl decrease, suggesting a diagnosis
of non-alcoholic steatohepatitis (NASH). (5C) Liver cirrhosis cannot be identified based on routine T2-weighted image
(bottom left). (5D) MRE elastogram (bottom right) shows shear stiffness of 7.51 kPa, suggesting fibrosis stage F4.
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First Dot training.

Introduction

The Institute for Diagnostic and Inter-
ventional Radiology and Neuroradiology
headed by Univ. Prof. Dr. med. M. Forst-
ing at the University Hospital Essen is
one of the largest radiology depart-
ments in Germany. We work with six
MR systems in our institute. These
include a 1.5T MAGNETOM Avanto, two
1.5T MAGNETOM Aera systems, one

3T MAGNETOM Skyra, one Biograph
mMR and one 7 Tesla system*, all from
Siemens. Our department was one of
the first clinical users of Dot® (day opti-
mizing throughput) engines worldwide.
After we had applied our basic knowl-
edge in clinical operation, advanced
training in Dot was held at

our institute by Dipl. Ing. Karl-Heinz
Triimmler (an MRI application specialist
from Siemens Healthcare). We enjoyed
familiarizing ourselves with this soft-
ware so much that, at the end, we even
held a little competition to see who can

program best with Dot. If you take a
close look at Dot you'll notice that this
software is easy to program and will
simplify your working life extremely. The
following article should give you a better
idea of how Dot works and encourage
you to create your own examination pro-
grams tailored to your wishes.

A brief insight into Dot

Using Dot, it is possible to optimize
examination workflows and shorten
examination times, e.g. through auto-
mated procedures. An automatic adapta-
tion to the patient and his or her possi-
bilities occurs. The system e.g. adapts
the Dot protocol in the area of abdomi-
nal measurements to the patient’s
breath-holding capability while main-
taining constant image quality. Further-
more, the field-of-view (FOV), number
of slices and slice thickness also are

adapted automatically, thus reducing
the acquisition time and increasing the
efficiency of the examination. With Dot,
the user is guided through the examina-
tion and made aware of important deci-
sion points. Even inexperienced Radiog-
raphers are thus able to perform more
complex examinations without assis-
tance.

Dot navigates the user through various
examinations step-by-step while display-
ing helpful and practical hints and sam-
ple images during each sequence.
Sequences can easily be added or
removed via integrated decision points
at the push of a button. Dot can easily
be adapted to our standards with
respect to examination routines, expo-
sures and protocols.

Following registration, the patient data
and positioning information appear in
the Dot display on the scanner and are
used to accelerate patient positioning
and preparation, since the most impor-
tant points are already visible on the
scanner display in the examination
room.

Dot ensures optimal timing between
breathing and scanning via automatic
breath-hold commands. The auto bolus
detection ensures that the exposure will
be taken at the correct point-of-time
during contrast medium examinations.
A new Dot engine can be created with
an amazingly small number of mouse
clicks. Dot constitutes a basic framework
of strategies, patient context decisions
and clinically decision points. In the
following, we will explain some of the
most important points that are inte-

*This product is still under development and not yet commercially available. Its future availability cannot be ensured.
s Dot is now available for 3T MAGNETOM Skyra and MAGNETOM Verio and for 1.5T MAGNETOM Aera and MAGNETOM Avanto.

28 MAGNETOM Flash - 1/2012 - www.siemens.com/magnetom-world



grated in a Dot engine.

Dot engine step: Each Dot engine
begins with the Dot engine step. This
specifies the kind of Dot involved and
contains the exam-related configura-
tions depending on the patient view.
Additional functions open along with
the different patient views, depending
on the body region involved. There is
a special patient view for each type of
examination. These include Neuro,
Onco (Abdomen), Cardio and Angio.
During this first step, the entire frame-
work is filled with strategies, patient
context decisions and clinical decision

points.

Strategy: The strategies employed
include the varying tactics required for
different patients due to wide variations
among the patient population, and may

sometimes result in different sequences.

This enables us to store the right
sequences for each patient under a
single Dot engine. Thus for example, a
standard protocol can be saved for nor-
mal patients and a protocol with corre-
spondingly faster sequences can be
stored for restless patients and started
during the examination. The user can
coordinate the strategies to suit his or
her own needs.

Strategy branch: The strategies previ-
ously defined when creating the Dot
engine step are listed here. The appro-
priate strategy is selected while register-
ing the patient and the corresponding
sequences then open automatically. The

sequences that are suitable for the strat-
egy are already selected and saved while
creating the Dot engine.

Patient context decision: Patient con-
text decisions involve decisions that
already have been made at the begin-
ning of an examination. Like the desired
strategy, they also can be selected after

registering the patient and changed again

during the course of the examination.
The patient context decision is integrated
in the examination in the form of a deci-
sion branch that enables branching of the
protocol in two opposite directions. The
user can decide for or against a specific
patient context decision, e.g. contrast
medium. All subsequently desired proce-
dures then open linked to this patient
context decision. In contrast to the deci-
sion step, a patient context decision is
already made in the patient view at the
beginning of the examination and does
not require any decisions during the fur-
ther course of the examination.

Clinical decision point: Decisions
related to the clinic are initially made
during the course of the examination
and, as their name implies, are depen-
dent on the patient’s clinic. Sequences
that are additionally required for clinical
reasons are integrated in the examina-
tion procedure in the form of a decision
step. The sequences desired can be
added to the standard examination
while it is in progress by selecting a pre-
viously defined decision step. The
sequences that are run during the corre-
sponding decision are stored in the deci-

How-I-do-it

sion branch.

Decision step: A decision that remains
to be made can be selected during the
course of the examination. This auto-
matically creates a decision branch
under which the corresponding
sequence can be found. The sequences
are saved in advance here, too, so that
they will become available immediately
following a corresponding decision. A
decision step is required during a Dot
engine run only in cases concerning a
clinical decision that is initially made

while the examination is in progress.

Decision branch: This involves branch-
ing of the examination procedure due to
a patient context decision or a clinical
decision. The user can decide in favor of
or against a procedure. Once a decision
has been made, the corresponding pro-
tocols saved there are made available.
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Automatic procedures / additional functions

Auto position: All Dot engines offer the
possibility of automatically moving

the patient into the isocenter of the
respective examination region without
previous centering and positioning the
patient in the isocenter.

AutoAlign: This function is available
only for head, knee and spine examina-
tions and performs automatic position-
ing of the examination area based on
previously set reference points.

AutoFOQV: The field-of-view (FOV) is
automatically adapted to the structure
under examination. The system always
selects the FOV with a tolerance range
that is slightly larger than necessary
to make allowances for patient-related
changes, e.g. varying breath-hold
phases.

AutoCoilSelect: During examinations,
the coils located in the examination area
are selected automatically so that the
user does not have to select them manu-
ally for each sequence. This ensures that
the measuring field always remains fully
illuminated.

AutoBolus detection: Auto bolus detec-
tion promotes optimal timing during
dynamic contrast medium examinations.
The position where the signal intensity
is to be measured in the vessel is deter-
mined via a region-of-interest (ROI). The

sequence then starts automatically as
soon as the previously selected refer-
ence value has been reached. Therefore,
false starts seldom occur, which is why
examinations in which the exposure is to
be taken during a specific blood circula-
tion phase (e.g. the aortic arterial

phase) often show a better contrast.

AutoVoice commands: The automatic
breath-hold commands improve the
timing between contrast medium
enrichment, the breath-hold command
and the scan. A large number of lan-
guages can be programmed to simplify
examinations without having to rely on
an interpreter. In combination with
AutoBolus detection, the length of the
automatic breath-hold command also
must be accounted for in the contrast
medium timing.

Different patient views:
Only the Neuro patient view is available
in the standard package. The patient
views specify which additional functions
can be accessed during the examination.
It is thus for example possible to auto-
mate the dynamic 3D VIBE measure-
ments in the liver study and add Auto-
Bolus detection with the help of the Dot
add-in ABLE.
ABLE (abdomen breath-hold liver
examination) = Abdomen with con-
trast medium dynamics, automatic
breath-hold commands, automatic
start of sequences after contrast
medium detection. Delay times can be
inserted variably.
Angio bolus timing = for angiogra-
phies with breath-hold command;
graphic regions, veins, arteries, auto-
matic arterial time calculation (delay).
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AutoAlign scout = Automatic tilting
according to specific reference points.
Generic views = Guidance images and
scope of parameters.

MPR planning = Planning of multipla-
nar reconstruction (MPR), can be used
only once per Dot engine.

MPR assignment = Executes the plan,
automatic reconstruction.

Cardiac basic

Cardiac marker lock = Sets axial points
when planning the heart axes.
Cardiac SAX planning = For planning
short axes.

BOLD = Blood Oxygenation Level
Dependent imaging for functional
measurement.

Example of application

Now we will show you how to create a
Dot engine based on the example of a
liver study.

It is advisable to make a sketch of

the desired protocol before you start
creating the Dot engine.
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Then the Dot engine
is created as shown
in this example based
on a liver study.

Open the user tree.

Step 1:

Open the subfolder and
create a Dot engine.

Step 2:

E.g. right-click the Dot
engine and select “Prop-
erties” or double-click,
open and name it.
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Step 3:

Select the patient
view suitable for
the examination via
Dot add-in.

Step 4:

Select “Edit Configura-
tion” to configure the
Dot engine.
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Step 5:

Define the strategies (strategy
branch), patient context deci-
sions (decision branch) and clini-
cal decision point (decision step)
for the examination by

adding them.

Hint: The number of strategies
can no longer be changed once
the protocol has been put into
operation. In order to keep this
option open, you might want

to insert a placeholder under
“Strategies” at the beginning.

Step 6:

A strategy branch can then be
integrated whenever varying
sequences are to be used for dif-
ferent strategies. If the sequences
are the same for all strategies,
they can be inserted directly
without generating a branch.

Finally, the correct
sequences are saved
under the individual
strategies.



Step 7:

Insert a decision step to
enable a decision for a
thin MR colangiopankrea-
tography (MRCP) during
the course of the exami-
nation. The decision step
always includes the Dot
“basic decision” add-in.

A decision step automati-
cally generates a decision
branch. However, a clini-
cal decision point, in this
case MRCP, always must
be selected under “Deci-
sion” for this purpose. The
clinical decision point
must however already be
defined in the patient
view.

How-I-do-it
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Step 8:

Insert a decision branch for con-
trast medium administration
and save the VIBE protocols for
the dynamic contrast medium
examination there.

The VIBE is assigned the Dot
add-in ABLE. The VIBE always
contains 4 measurements (vibe
native, vibe arterial, venous and
equilibrium). Additional VIBEs
cannot be integrated in ABLE.

It is, however, possible to
equip additional VIBEs with
a generic view add-in and
attach them to the exami-
nation.
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Step 9:

Fill the basic framework with
sequences. Measurements which
are the same for all strategies and
are not subject to any further deci-
sions can be inserted under the
Dot engine without a strategy
branch.

Special features of the liver Dot engine

Automatic adaptation

The automatic adaptation can be switched off completely or, as an alternative,
either the AutoFOV or the breath-hold command can be used separately. This set-
ting also can be changed during the course of the examination.
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Automatic execution of contrast-
medium-supported sequences

The guidance images specify optimal
positioning of the ROI. Thus ori-
ented, the ROI on the sagittal image
is placed in the ascending aorta.

38 MAGNETOM Flash - 1/2012 - www.siemens.com/magnetom-world



How-I-do-it

Once the VIBE has been started, the
examination is then executed fully
automatically. The enhancement curve
displays the increase of the contrast
medium and can be used to check that
the arterial VIBE starts in time. The rest
of the examination is performed auto-
matically and can be followed on the
graphic display.

Conclusion

In conclusion it can be said that, from
the perspective of the technologists, Dot
simplifies examination workflows con-
siderably. And it's even more important
to know that you can use Dot to make
your work a lot easier. We hope that this
introduction marked a first step towards
familiarizing you with the Dot applica-
tion. We hope you will have lots of fun
creating your own Dot programs tailored
to your own individual standards.

Contact

Anton S. Quinsten

Institute for Diagnostic and
Interventional Radiology and
Neuroradiology

University Hospital Essen
HufelandstraBe 55

45122 Essen

Germany

Phone: +49 (0)201/723-84506
anton.quinsten@uk-essen.de
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Three examples of high-resolution MRI of ex-vivo hippocampi. Attained resolution allows the visualization of nervous fiber bundles
crossing between different hippocampus regions (green arrowheads).

Introduction

There has been a significant increase

in the number of papers using image
processing techniques to improve our
understanding of MR images. One fam-
ily of image analysis methods is based
on the relationship of a given voxel sig-
nal and the signal of its neighbors: tex-
ture analysis. Texture of an image can be
characterized as the spatial distribution
and spatial dependency between the
pixel values of an image. Texture analy-
sis provides a set of computational tech-
niques that aim to mathematically char-
acterize these distributions and depen-
dencies. Texture features are basically
numeric parameters, which are calcu-
lated by the analysis algorithms and can
be fed into investigation tools, such as
statistical and classification systems. They
are roughly separated into four groups:
statistical, structural, model-based and
transform-based (see Ref. 1 for an in-
depth overview of texture analysis).
Texture features do not usually carry a
direct 'meaning’ about the physical prop-
erties of the imaged tissue, although
there are some exceptions, such as the
fractal dimension [2] that approximately

correlates with the ‘roughness’ of the
image. A texture parameter alone is only
a number and may be considered use-
less by a human observer. But some-
times it can be a powerful tool for
revealing subtle changes between image
samples. In fact, texture features were
shown to be able to detect small signal
changes in MR images, which are not
detectable by human vision [3].
Although texture analysis has a long his-
tory in the medical image-processing
field [4—6], there are only a few studies
using MR datasets, and even fewer
including patients with epilepsy, a con-
dition characterized by high incidence in
global population, varying from 1 to 3%.
The most common form of human epi-
lepsy is mesial temporal lobe epilepsy
(MTLE), which affects primarily the
amygdala and hippocampus, brain areas
that are involved in learning and mem-
ory processes. MTLE onset is frequently
associated with long febrile seizures in
the early years of childhood, although
some patients develop it later in life

[7, 8]. The MR findings include hippo-
campal sclerosis: the ‘shrinkage’ of
hippocampal formations, mainly caused

by neuronal death, and associated with
occurrence of disabling seizures. Some
patients with MTLE may not respond

to conventional non-surgical therapy, a
condition known as refractory MTLE.
Such patients usually undergo detailed
evaluation in order to prepare for surgi-
cal extraction of the epileptogenic hip-
pocampus. Pathological examination

of resected sclerotic hippocampi reveals
typical histological features in some
hippocampal areas, such as gliosis and
neuronal cell loss [9, 10].

Genomic analysis of the ex-vivo hippo-
campi samples also reveals changes in
the expression of several genes, which
leads to inflammatory processes [11,
12] that could also be detected immu-
nostaining histological samples. Our
group conducted comparative genomic
analysis of MTLE patients with (FS) or
without (NFS) febrile seizure history,
which showed the correlation between
hippocampal gene signature and initial
precipitating injury in MTLE [13]. Ulti-
mately, these differences could be repre-
sented in the parameters obtained by
texture analysis, but not necessarily pro-
viding any hints on how the proposed
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High-resolution MRI and some of the used texture features: a pre-processed high-resolution MRI slice can be seen in column a. Column b displays
the hand drawn dentate gyrus mask in green (top), co-occurrence correlation (middle) and co-occurrence contrast (bottom). Column c displays

the co-occurrence entropy (top), run-length SRE (middle) and 1+t level Daubechies 4 wavelet horizontal orientation (bottom). Column d displays the
fractal dimension (top), 1*t order Markov random field (middle) and 1tlevel Coiflet 3 wavelet — diagonal orientation (bottom). Column e displays

the Gabor filter (top), 5*" order Markov random field (middle) and 2¢ level Symlet 2 wavelet — vertical orientation. All texture features values were
rescaled to the [0,1] interval.

disease mechanisms could be distin-
guished by texture features. On the
other hand, the magnitude of the repre-
sentation is large enough to induce MR
signal disturbances, although too subtle
to be detected by visual inspection.
Both genomic and histological tech-
niques are widely applied in the MTLE
studies, but have the drawback of being
destructive procedures, preventing the
samples from being used in subsequent
investigations. It is yet undetermined if
advanced MR acquisition and image
analysis could help to better characterize
each individual case.

Our goal here is to explore the applica-
tion of MRI imaging for conducting ‘tis-
sue-level studies of the sclerotic hippo-
campal structure. For this paper, we
acquired high-resolution images of the
resected specimens with a customized
MRI protocol in a clinical MR system
(Siemens 3T MAGNETOM Trio, a Tim sys-
tem). Texture features were the main
source of information for analysis, due
to their aforementioned ability for
detecting subtle differences in MRI
images. All high-resolution images were

processed in a pipeline setup to facilitate
routine analysis of the surgical samples.
Our first experiment was to try to dis-
criminate between patients with febrile
(FS) and non-febrile (NFS) initial precipi-
tating injury. This differentiation by
imaging is challenging since these con-
ditions have similar clinical courses and
imaging features are non specific using
classical radiological assessment. In fact,
such a challenge is attainable by texture
analysis techniques, since only subtle mor-
phological alterations are expected [13].

Experimental details and
results

This study is part of the CInAPCe-FAPESP
program, a multicenter project targeted
to study epilepsy via neuroimaging
(www.cinapce.org.br) performed at four
main research centers equipped with

3T MR systems. Here we report findings
from twelve patients with refractory
MTLE who underwent surgical resection
of the sclerotic hippocampus. Four
patients had a clear episode of febrile
seizure during childhood (2 males) and
eight (5 males) had no records related to
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specific precipitating injury reported
after careful history assessment. All sur-
gical specimens were freshly removed,
fixed in formalin solution and stored in
Falcon plastic tubes.

Acquisitions were performed in a 3T
MAGNETOM Trio, a Tim system (60 cm
bore, 40 mT/m, 230 mT/m/s) using a sur-
face loop coil (7 cm diameter). The Fal-
con tube was firmly held in the center of
the coil with the aid of anti-vibration
pads to avoid motion artifacts. High-res-
olution images were acquired using a
Turbo Spin Echo (TSE) protocol, with TR
3700 ms, TE 76 ms, fat sat by IR, TF 7,
FA 180°, BW 40 Hz/px, FOV 43 mm (70%
AP phase oversampling), a 512 x 464
matrix, slice thickness of 1.6 mm and 32
NEX. Attained in-plane resolution was
80 pm x 80 pm and CNR (gray/white
matter) 15. Figures 1 and 2 illustrate the
acquisition process and hippocampus
high-resolution images, respectively.
Image analysis was performed in a
three-stage pipeline: preprocessing,
feature extraction and analysis (see Ref.
14 for an in-depth methods description).
We designed this pipeline so that future



investigations could be done using a
standardized process. The preprocessing
stage includes noise filtering, back-
ground segmentation and intensity nor-
malization and is designed to reduce
MRI artifact effects, such as noise and
intensity non-standardization.

In the feature extraction stage texture
features are calculated from the MR
images. We adopted different texture
features, which are computed using a
texture extraction library implemented
using Matlab (MathWorks, USA). This
stage is computationally demanding,
including the determination of statisti-
cal, transform and model-based fea-
tures, resulting in a total of 158 fea-
tures. Features are calculated for each
pixel with the aid of a spatial sliding
window. Masks were manually drawn by
a neuropathologist on top of every con-
sidered MRI slice and used to guide the
texture calculation process (Fig. 3). We
chose the dentate gyrus (DG) area for
analysis since it is one of the most
affected structures in MTLE patients.

In the last (analysis) stage of the pipe-
line we used classification methods
(Support Vector Machine — SVM, LIBSVM
SVM - details in Ref. 14) to discriminate
pixels belonging to either FS or NFS
classes. Features are selected based on
the information gain coefficient (IG),
prior to classification. Only features with
the highest IG are considered. We have
trained/tested our SVM classifier using a
|leave-one-out scheme (for each iteration
one subject is left out of the training
phase, and SVM is performed with the
remaining data). A permutation test was
performed in order to validate the classi-
fication results. In the permutation test,
class values are randomly permuted and
reassigned to each subject; the leave-
one-out routine is then performed
again. This process is repeated 70 times
and every time the classification accu-
racy reaches values equal or higher to
those obtained by the original cross-vali-
dation, a counter is increased. The
p-value is calculated by dividing the
counter number by the number of per-
mutations. Using this approach it was
possible to correctly classify 76% of the

test instances (p-value < 0.001).

Conclusions and future
directions

The proposed pipeline proved to be ade-
quate for accurate pixel classification of
high-resolution ex vivo images obtained
in a clinical MR system. We were able to
show a significant correlation between
MRI texture parameters and clinical char-
acteristics of a group of MTLE patients.
So far, and to our knowledge, it has not
yet been shown that such high perfor-
mance can be achieved by routine radio-
logical reading. In fact, there is no single
description of radiological signs pointing
to either FS nor NFS etiology. Our find-
ings indicate the existence of distinct
characteristics between cases with (FS)
and without (NFS) antecedent febrile
seizure history. This is in line with a
recent epidemiological study showing
that MTLE cases with febrile IPI consti-
tute, due to their clinical features, a
unique phenotype, distinct from the
non-febrile cases [15]. We are now
investigating whether the same texture
analysis and SVM approach holds the
same performance when analysing data
from pre-surgical MRl images.
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The accurate and consistent radiological
observation of head and neck soft-tissue
damage in patients with whiplash inju-
ries has been largely inconsistent and
highly variable [6, 33, 34, 39, 40, 44].
As a result there exists the proposition
that tissue damage does not, or cannot
occur, as a result of a low-speed motor
vehicle collision [9]. Engineering appli-
cations [26-28, 37, 38, 49] and con-
trolled animal studies [48, 51-53] have
informed us of what can happen to a
number of vulnerable tissues in the cer-
vical region following whiplash, includ-
ing the facet capsule, dorsal root gan-
glion and nerve roots [36, 46, 48, 51-53]
At the forefront of clinical enquiry how-
ever, is how to best determine what has
happened to these tissues in patients
with whiplash injury. Due to the persis-
tent nature of symptoms in some sub-

jects with whiplash injury, it is clinically
important that objective and quantifi-
able measures to characterize the whip-
lash condition be made available. This is
especially important for the exploration
and development of more informed treat-
ment strategies aimed at retarding if not
preventing the expression of persistent
pain for some patients.

For many of the laboratory-created
lesions shown to occur in animal and
bioengineering models, there are cur-
rently very few, if any, clinical means for
their diagnosis available to practicing
clinicians. Plain films lack sensitivity for
ruling out bony lesions and the images
lack the detail to quantify strained facet
joint capsules and/or tears in discs.
Computed tomography (CT) can identify
some cervical spine fractures but rigorous
longitudinal studies have not been under-

taken to determine fracture prevalence
in this population. More importantly,

CT is unable to assess soft tissue damage
in the cervical spine and surrounding
muscles.

Conventional magnetic resonance imag-
ing (MRI) has largely failed to consistently
reveal soft-tissue damage in patients
with whiplash, but this may relate to the
use of generic clinical protocols (typi-
cally 1.5T and lower) and limitations in
the resolution. The advent of higher-field
systems (3T and greater) has provided

a foundation for measuring physiologic
processes that could be associated with
tissue damage. Preliminary MRI evidence
identifying the unique expression of neck
muscle degeneration (fatty infiltrates)

at 4-weeks post injury in those who tran-
sit from acute to chronic pain suggests
that this may be so [12]. Muscle changes

(1A) Localization of SVS for the cervical cord at the C2/3 segmental level with (1B) corresponding metabolic peaks for NAA, Cr, and Cho in
healthy control and (1C) subject with chronic whiplash (adapted from Elliott et al., Spinal Cord [16]).
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b-value = 0 s/mm?

b-value = 50 s/mm?

DWI scans of a ROl over the left cervical multifidus muscle (b-values of 0—250 s/mm?).

did not occur in patients with lower
levels of initial pain or in patients with
chronic non-traumatic neck pain [13]
suggesting traumatic factors play a role
in altering the make-up of the neck
muscles.

We have developed a comprehensive
advanced MR imaging protocol that
assesses the cervical spine at the meta-
bolic, microscopic and macroscopic
level. Furthermore, by applying this pro-
tocol, in tandem with clinical signs and
symptoms, over several weeks, it may be
possible to classify which patients are

at risk for transiting to a persistent pain
state. This non-invasive methodology to
quantify several physiologic processes
may afford clinicians the ability to triage
their patients with confidence. Further-
more, it may be possible to determine if
a person has suffered a traumatic event,

Table 1: SVS_SE Sequence

TR 2000 ms

TE 135 ms
160 averages with HEP
coil elements neck 1,2

coil elements spine 1

Table 1: Parameters for the SVS_SE
Sequence.

which may be contributing to their pain
and disability.

MR Spectroscopy -
metabolite scale

Alterations in MR visible metabolites,
such as Lactate (Lac), N-Acetylaspartate
(NAA), Creatine (Cr) and Choline (Cho)
have been demonstrated in neurological
disorders [5, 31] traumatic brain injury
[7], and cervical myelopathy [24] and may
have predictive capacity [7]. Our previ-
ous work has reported the presence of
altered cord biochemistry in a small
sample of patients with chronic whiplash
related pain and disability [16]. How-
ever, this study did not resolve the tem-
poral development of these changes or
if they are unique to those with poor
functional recovery. Such work is well
underway.

The current protocol uses a single voxel
spectroscopic (SVS) technique to investi-
gate the spinal cord at the C2-C3 level.
Using a high resolution T2 TSE sagittal
scan along with the axial and coronal local-
izer scans, a long rectangular voxel
(5mm x 7 mm x 40 mm) is placed in the
middle of the cord (Fig. 1). The para-
meters are listed in Table 1. The acquisi-
tion is not cardiac triggered but this is
possible to reduce movement artifacts
induced by CSF flow. We currently are
using a long TE (135 ms) SVS PRESS
acquisition to reduce the contamination
of short T2 metabolite species as well

as have lactate out of phase with the
nearby lipid signal. This acquisition is
5:28 minutes after the voxel has been
shimmed properly. We are using the

b-value = 250 s/mm?

ADVANCED shim* WIP that provides a
robust and rapid shim map. The typical
shim result is a FWHM of ~15 Hz at 3T,
which translates into a metabolite line
width of 6 Hz. The optimized shim is
achieved by manually setting the shim
volume to be slightly larger (5 mm in
each direction) than the actual acquisi-
tion voxel. Following this acquisition,
a quick (8 average) acquisition is obtained
without water suppression to use as a
standard over time, which is helpful with
repeated measures. These 30-second
spectra assess the total amount of water
present and can be used for control over
placement of the voxel over time and
calculate actual concentration of metab-
olites.
*Work in progress. This information about this product
is preliminary. The product is under development and

not commercially available in the U.S., and its future
availability cannot be ensured.

Diffusion-weighted imaging
of muscle — microscopic scale

Diffusion-weighted imaging (DWI) of the
muscle system has the potential advan-
tage over conventional sequences to
help uncover the early physiological
mechanisms underlying the manifesta-
tion of intra- or inter-muscular fatty
infiltrates. Diffusion properties of water
have been quantified with DWI in many
different organ systems (e.g. brain and
spinal cord, kidneys, heart, lumbar
intervertebral disc and the prostate) [1,
2,29,22,25,30,35,43,17,18,47, 3,
4, 50]. Normal water diffusion is affected
by the presence and orientation of phys-
ical tissue barriers (e.g. cell membranes,
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EJ ADC maps (at 1.5T) for the left cervical multifidus muscle in patients with chronic
whiplash associated disorders (WAD) and healthy controls [16].

El T1-weighted axial MR image at the C6 vertebral level demonstrating outlined ROIs for

the right and left longus colli and the right and left posterior cervical multifidus. Increased
signal, indicative of fatty infiltration, is noted in both sets of muscles in a subject with chronic
whiplash associated disorders.
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proteins, myelin sheaths and/or lipids)
[45]. The measure quantifies the micro-
scopic movements of water diffusion

via the mean apparent diffusion coeffi-
cient (ADC) [20, 45, 39]. Passive enlarge-
ment of the muscle cell following tissue
damage may be associated with an
increase in ADC [23]. We have shown
altered ADC maps for the cervical multi-
fidus in a small sample of subjects with
chronic whiplash when compared to
healthy controls [16], suggesting a pas-
sive enlargement of the muscle cell (e.g.
atrophy) (Figs. 2A, B). However, the tem-
poral development of such changes and
whether they are unique to those at risk
for chronicity is unknown at this stage.
Such evidence could provide for a sensi-
tive indicator of early tissue injury at a
stage when muscle degeneration remains
potentially salvageable [23, 32]. Thus,
the potential diagnostic and prognostic
value of in-vivo DWI sequences for
quantifying the temporal degeneration
of muscle tissue, at a cellular level, in
whiplash is clear.

Diffusion-weighted

imaging parameters:

The DWI scan uses a spin-echo, echo-
planar acquisition with an in-plane reso-
lution of 1.6 mm, a thickness of 5 mm,
TR 4000 ms and TE 65 ms to reduce arti-
facts. The acquisition is taken in the
axial plane using an inversion pulse to
reduce the signal from fat with a Tl of
160 ms. The diffusion scan is the simple
3-scan trace acquisition but the number
of diffusion-weightings is increased to 5.
The b-values used at 3T are 0, 50, 100,
200, and 300 s/mm?. This is quite differ-
ent from brain DWI where a typical
b-value is 1000 s/mm?. Due to signal-to-
noise constraints and distortions of the
signal, the b-values are small. From all of
the b-value data, trace and ADC images
are generated for each of the 14 slices in
7:08 minutes.

Fat/water imaging -
macroscopic scale

The demonstration of neck muscle fatty
infiltrates on T1-weighted imaging in
chronic whiplash (Fig. 3) [11, 14, 15] is
interesting as such findings were not



featured in those with chronic non-trau-
matic neck pain [13] and their expression
(between 4 weeks and 3 months post-
injury event) on standard T1-weighted
images appears unique to only those who
transit [12]. It is postulated that these
muscle changes represent one neuro-
physiologic basis for the transition to
chronic pain in this population. While
the mechanisms underlying their tempo-
ral development and contribution
towards the transition remain unclear,

it is possible that newer MRI techniques
(MRS and DWI) could help quantify ear-
lier physiologic changes at the spinal cord
and muscle cell that may precede observ-
able muscle changes on T1-weighted
sequences. An earlier detection of such
mechanisms could prove crucial for
identifying the early presence of select
biochemical changes in spinal cord metab-
olism with the attendant later changes
in muscle physiology and the develop-
ment of chronic pain and disability.

Fat/water separation

Several approaches are possible to
measure the water and fat composition
of a voxel. These include a dual acquisi-
tion method, where one image is fat
suppressed [19] (water image) and a stan-
dard image is collected (fat and water
image). The difficulty of this type of acqui-
sition is that it relies on the uniform fre-
quency difference between water and
fat across the whole volume of excitation,
which is often difficult to obtain espe-
cially at high magnetic fields. A fat sup-
pressed acquisition using a short-tau
inversion recovery (STIR) sequence is pos-
sible, but the T1 of fat has to be assumed,
which may vary depending on the sub-
ject or the evolution of the infiltration of
the muscle [8]. An alternative is the
Dixon method [10], where one collects
data at an echo time when water and
fat are in-phase and at an echo time
when water and fat are out of phase. The
data can be combined in such a way
that they generate a fat and water image.
This method works well when there are
no field inhomogeneities, which is often
not the case. Current methods collect
multiple echo time data to improve the
estimation of the fat and water images.

This method has been applied success-
fully in the liver and musculoskeletal
application using an iterative least squares
solution called IDEAL [41, 42]. The
method we have used in the study of
whiplash subjects collects 8 different
echo times sufficiently spaced on the unit
circle to provide adequate phase infor-
mation for the variable projection
(VARPRO) algorithm*, generating a glob-
ally optimal solution for the water/fat
decomposition [21].

Saurabh Shah implemented the VARPRO
algorithm and acquisition sequence in
the Cardiovascular R&D team located at
Northwestern University, Chicago, IL,
USA. Currently this feature is a WIP at
syngo MR B17 software (Fig. 4A, B).

A three-dimension 230 mm field-of-view
(FOV) axial gradient echo acquisition
was used to collect the data required for
the VARPRO algorithm. The sequence
parameters are TR 23.81 ms, 8 echo times
with a spacing of 1.78 ms starting at
1.36 ms. A single slab is placed over the
cervical spine with 36 partitions and a
partition thickness of 3 mm and slab
oversampling of 22% to prevent aliasing
in the 3D direction. The in-plane resolu-
tion is 1.4 mm using a rectangular

FOV of 75% resulting in an acquisition
time of 2:06 minutes.

*Work in progress. This information about this product
is preliminary. The product is under development and
not commercially available in the U.S., and its future
availability cannot be ensured.

Conclusions

The observed alterations in spinal cord
biochemistry, muscle water diffusion,
and fatty infiltration in chronic whiplash
[16] provides preliminary evidence for
the early detection and classification of
the patient with a whiplash injury. Cur-
rent studies indicate that the physiologic
measures assessed with the multi-dimen-
sional imaging protocol outlined above
show promise for detecting which patients
may be at risk for transitioning from
acute to persistent pain following a low-
velocity traumatic event involving the
head and neck.

B ROIs in (4A) fat (VARPRO* based) and (4B)
water for the right cervical multifidus muscle.
The ROIs are automatically copied to the same
location for both images and relative differences
(signal loss) between the fat and water images
can be calculated.
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Case Report:

Neurology Clinical

Cervical Spine 3D Double Inversion Recovery

(DIR) in Demyelination

David Shipp

Monash Medical Centre, Clayton, Australia

SPACE DIR (1A) and corresponding sagittal T1w image (1B), FLAIR (1C), post contrast
T1w image (1D), coronal (1E) and transversal MPR of the SPACE DIR (1F).

Introduction

The Double Inversion Recovery (DIR)
sequence* is beginning to be widely
accepted in brain MRI examinations to
display multiple sclerosis (MS) plaques
[1]. DIR employs two inversion times
(TI); in our case the 3T MAGNETOM
Verio works in progress (WIP) sequence
uses one fixed Tl of 450 ms, and an
adjustable Tl of 3000 ms, resulting in
suppression of the signal from white
matter and cerebrospinal fluid (CSF)
leading to increased conspicuity for
white matter lesions. Thus far the
sequence has been essentially confined
to use in the brain. We recently investi-
gated extending the technique into the
cervical spine.

Patient history

Case 1

A 32-year-old male referred with possi-
ble MS underwent DIR of the brain
which included the upper cervical cord
within the field-of-view. An upper cervi-
cal cord lesion is well appreciated (Fig. 1).
Case 2

A 37-year-old female for an annual
review post immune therapy for optic
neuritis and MS. Dedicated cervical
spine DIR was performed (Fig. 2).

Sequence details

Images obtained utilizing a Siemens 3T
MAGNETOM Verio with the Head and

*WIP — Works in progress. This information about this
product is preliminary. The product is under develop-
ment and not commercially available in the U.S., and
its future availability cannot be ensured.
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Neck Matrix coil combination. Sequence
parameters for 3D sagittal DIR:

TR 7500 ms, TE 325 ms, 1.5 mm isotro-
pic voxel size, Tl of 3000 ms, iPAT factor
2, 100 % slice oversampling (to reduce
the likelihood of aliasing involving the
shoulders), scan time 7 min 39 sec. Axial
and coronal multiplanar reconstructions
(MPR) post processing.

Imaging findings

Case 1

The 3D sagittal DIR demonstrates a
lesion at the level of C2 consistent with
a demyelination plaque (Fig. 1A).
Comparing the lesion’s appearance on
the other sagittal sequences performed;
T1 (Fig. 1B), T2 FLAIR (Fig. 1C) and T1
SPACE post-contrast (Fig. 1D) the lesion
is most conspicuous on the sagittal DIR.
The DIR MPRs further increase diagnostic
confidence (Fig. 1E coronal 2 mm MPR,
Fig. 1F axial 2 mm MPR).

Case 2

3D sagittal DIR demonstrates a lesion at
the level of C5 on the left (Fig. 2A); a

new lesion from previous MR exams.
Comparison between the sagittal T2
(Fig. 2B) and the 3D sagittal DIR demon-
strates relative increased conspicuity on
the DIR sequence. MPRs were again
employed (Figs. 2C, D coronal and axial).

Discussion

Where the clinical query is MS and in the
monitoring of established MS cases the
sagittal 3D DIR WIP sequence has proven
helpful. Based on these experiences we
are sure that the sequence will find its
way into clinical routine for brain MR
exams.

Early promising results in the cervical
cord have been seen whether this has
been when combined with brain visual-
ization (e.g. case 1) or with dedicated
cervical cord imaging (e.g. case 2).
Demyelination plaques may be challeng-
ing to visualize on T2-weighted imaging
alone as the lesions are often adjacent
to CSF. The DIR sequence results in high
lesion to background signal in the cord,

CSF suppression and the ability to review
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H SPACE DIR (2A) and corresponding
T2w image (2B) in sagittal orientation.
Coronal (2C) and transversal (2D) MPR
of the SPACE DIR.

multiple planes resulting in apparent
more confident lesion detection in this
case series warranting further evalua-
tion. We are now progressing to a formal
pilot evaluation in a larger case series.

Reference

1 J.J.G. Geurts at al.,Consensus recommendations
for MS cortical lesion scoring using double inver-
sion recovery MRI. Neurology 76, February 2011.
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How-I-do-it

Introduction

Cerebral perfusion is defined as the
steady-state delivery of nutrients and
oxygen via blood to brain tissue paren-
chyma per unit volume and is typically
measured in milliliters per 100 g of

tissue per minute. In perfusion MR
imaging, however, the term ‘perfusion’
comprises several tissue hemodynamic
parameters (cerebral blood volume —
CBV, cerebral blood flow — CBF, and

mean transit time - MTT) that can

be derived from the acquired data. In
the evaluation of intracranial mass
lesions, however, CBV appears to be
the most useful parameter.

Slice positioning for the perfusion series (copied to the position of DarkFluid T2).
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Perfusion MR imaging methods take
advantage of signal changes that accom-
pany the passage of tracer (most com-
monly gadolinium based MR contrast
agents) through the cerebrovascular sys-
tem. Perfusion imaging can be performed
with techniques based on dynamic sus-
ceptibility contrast (DSC) or based on
vascular permeability. DSC imaging allows
approximately 10 MR sections every sec-
ond and is ideal for rapid dynamic imag-
ing. As the gadolinium contrast enters
the circulation, it induces susceptibility
changes by way of its paramagnetic
properties; this in turn results in shorter
T2* values and significant signal loss.
Curves showing intensity changes based
on the concentration of gadolinium over
time can be generated. The concentra-
tion of gadolinium is a direct representa-
tion of the capillary density. From this,
the relative cerebral blood volume (rCBV)
can be determined, which corresponds
to the volume of blood within brain tis-
sue. rCBV mirrors the neovascularization
associated with tumor angiogenesis; in
adults with glial tumors, angiogenesis is
highly correlated to tumor grade, and
the rCBV of most high-grade glial tumors
is greater than that of low grade tumors.
Perfusion MR imaging is increasingly
being used as a diagnostic and research
tool that provides maps of the regional
variations in cerebral microvasculature
of normal and diseased brains. With rel-
atively short imaging and data process-
ing times and the use of a standard dose
of contrast agent, perfusion MR imaging
is a promising tool that can easily be
incorporated as part of the routine clini-
cal evaluation of intracranial mass lesions.
Although still investigational, MR imag-
ing CBV measurements can be used as
an adjunct to conventional imaging to
help assess the degree of neovascular-
ization in brain tumors, evaluate tumor
grading and malignancy, identify tumor-
mimicking lesions (such as radiation
necrosis, cerebral abscess, and tumefac-
tive demyelinating lesion (TDL)) by dem-
onstrating their lack of angiogenesis,
and assess the status of viable tissue
surrounding an acute infarct. It must be
emphasized, however, that perfusion
MR imaging is a relatively new and prom-

ising imaging tool rather than a standard
proven technique for tumor grading and
staging. In the future, perfusion MR
imaging may become useful in the mon-
itoring of treatment, and its results may
also potentially serve as an arbiter when
determining the efficacy of novel thera-
peutic agents, especially antiangiogenic
therapy.
The DSC-MRI measurements can help
investigate hemodynamic abnormalities
associated with inflammation, lesion
reactivity and vascular compromises.
Even a non-enhancing lesion may show
high perfusion which suggests inflam-
matory reactivity that cannot be seen on
conventional MRI.
Although brain perfusion has been
around for while [2] and its uses and
advantages known for more than a
decade [2-4], it is not yet widely per-
formed. This could be due to the follow-
ing reasons:
1. The interpretation/quantification
is not well established (or accepted)
among radiologists.
2. The post-processing of the images
is not yet automated and still needs
someone with expertise to perform
all or part of the post-processing.
3. The technologists and radiologists
assume that it is hard to integrate into
the usual protocol.

Brain perfusion can easily be integrated
into any brain imaging routine with
contrast. Instead of hand injection the
contrast bolus should be delivered by

a power injector. However, it is at the
discretion of the physician to apply con-
trast media if need be. The perfusion
does not add any extra risk to a normal
brain MRI examination, as in all these
cases the patient would have been given
a contrast agent anyway. The perfusion
data is acquired during the injection
without increasing the amount of Gado-
linium contrast. The addition of the
perfusion adds about 2 minutes to the
examination time. Easy post-processing
may add informative maps aiding the
radiologists in their diagnoses of various
brain lesions.

We have worked on brain perfusion

in our clinical setting for the past three

How-I-do-it

years and have scanned, post-processed
and dictated more than 1000 cases.
Here we would like to present our method
of scanning and post-processing with

a few clinical examples to highlight the
importance of perfusion in the diagnosis
of the lesion in question.

Methodology

Scanning

All the brain perfusion studies have been
acquired on Siemens MRI scanners and
have been post-processed on a Siemens
Multi-Modality Work Place (MMWP),
with Siemens perfusion evaluation soft-
ware. The scanners used were:
MAGNETOM Symphony with Quantum
gradients (software version syngo MR
A25 and syngo MR A30),

MAGNETOM Symphony a Tim System
(syngo MR B15 and syngo MR B17),
MAGNETOM Sonata (syngo MR A25),
MAGNETOM Avanto (syngo MR B15 and
syngo MR B17), all 1.5T

and the 3T MAGNETOM Verio (syngo MR
B15 and syngo MR B17).

The perfusion was done as part of the
routine (with contrast) brain examination
for patients who were scheduled for sur-
gery or at the request of a radiologist.
Our routine brain exam consists of sagit-
tal T1 (TSE), axial T2 (TSE), axial FLAIR
(TSE), axial EPI diffusion and post-con-
trast axial MPRAGE T1. The perfusion
series uses the sequence ep2d_perf that
can be found in the Siemens protocol
tree under head-Advance-Diffusion & Per-
fusion. We modified the Siemens stan-
dard protocol slightly to suite the rest of
our protocols to match primarily the
slice thickness, slice gap and field-of-view
(FOV).

The following are the steps to perform

a brain perfusion study on a Siemens MR

scanner:
Make sure the patient has a good
intra-venous line (V) with a needle
gauge of 18 or 20. Use the antecubital
veins and avoid more peripheral
placement of the needle.
Hook the patient’s IV to an injector
and set the injection rate to 4 ml per
second. A normal contrast dose of
0.1 mM/kg should be used.
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Make sure the IV is good and shows
no resistance to flow.
Start the routine exam, and insert the
perfusion procedure just before the
post-contrast T1.
The perfusion imaging slices should
have the same positioning, thickness
and gap as the axial FLAIR or T2
sequences to facilitate a direct com-
parison of the perfusion results with
other pre- and post-contrast images
(Fig. 1).
Make sure that both the lesion and
cortical white matter are covered.
The phase encoding direction needs to
be anterior-posterior (A/P) to reduce
susceptibility artifacts.
After the pre-contrast portion of the
brain exam is done, be ready with the
injection: start the scan and inject the
contrast at the 8" measurement. The
scan has 50 time points (measurements)
of ~2 s each resulting in total time just
below 2 min.
Send the main series to the workstation
where you want to do the post-process-
ing of the images.

Post-Processing
On the Siemens workstation (MMWP
or Leonardo), open the perfusion
application (Application-Perfusion).
Open the Patient Browser and load the
main perfusion series into the Perfu-
sion Page (Fig. 2).
Click on the images and page through
to get to the slice where you can see
the area of interest (tumors etc.).
Identify an artery on the same slice.
Click on the small AIF icon:
@, A square appears on the image.
" Place the square on the artery
(Fig. 3).
On the right side of the screen (Fig. 3),
select AIF, by choosing the best time
graphs, the ones with significant signal
drop (highlighted squares). Do so for
4 or more time-points, hold the Contr.-
key while clicking with the left mouse-
button.

Opening page of the perfusion application. The perfusion series has been dropped and
can be seen in the first quadrant (top left).

The arterial input function (AIF) square is shown on a slice of the perfusion image data,
with the resulting 9x9 pixels time points on the right side. The highlighted region-of-inter-
est (ROI) is used to calculate the AIF from.
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When done, click on the second tab:
Step 2: Set Time Ranges (Fig. 4). Move
the three time-lines, so that the first
one is at the start of the baseline, the
second one at the beginning of the
drop (Gad entry) and the third one at
the peak of the recovery, as shown
in Figure 4. Then click the check box
‘Confirm Time Ranges’.
Make sure the selector at the lower-
right side of screen is on ‘All Maps'.
Click on the color calculator/brain icon
. at the bottom-right corner of the
screen. If the icon is dimmed
(grayed out) the time selection has not
been done yet. The calculation takes
about 20-30 seconds.

B The resulted AIF, with the three time points properly shown. The first one is at the baseline,
second at the start of the drop and the third at the end of the drop (peak of recovery).

Once the calculation is done, the rCBV
(relative cerebral blood volume) and
rCBF (relative cerebral blood flow) color
images are displayed in the 4" quadrant,
of the screen, as shown in figure 5

(A and B). Toggle between series using
the ‘4" and ‘5’ keys on the numerical key
pad (on right of keyboard). The third
quadrant shows the MTT (mean transit
time) and TTP (time-to-peak) maps. We
don't bother with these.

Figure shows the perfusion screen, after the calculation is done. (5A) The rCBF is
displayed in the fourth quadrant (lower right) and the TTP is displayed in 3 quadrant
(lower left).
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In the 4t quadrant, i.e. the bottom
right segment, select series (right
mouse button), adjust the windowing
(center mouse button) and save as
new series (from the top menu, File-
Save As... (e.g. call them CBV_color or
CBF_color depending on which one
was selected).

These are just the color maps but the

pixel values are arbitrary.

Normalization of pixel values

To normalize the values:
Go to the Viewing card (right side
tabs) and open the series ‘CBV_color".
Scroll to the top of the brain where
you can see the cortical white matter
without any distortions.

Using the free hand drawing (right
side panel), draw an enclosure (Fig. 6),
which only contains healthy white
matter, one on each side, if possible,
and on two slices, if possible.

Read the mean signal values and cal-
culate their average (avg) mean value
(adding all the values and divide by
the number of samples used).

Select the whole series (right mouse
button). From the top menu choose
‘Evaluation- Dynamic Analysis —
Divide...".

H3 The rCBV is displayed in the fourth quadrant (lower right) and the MTT is displayed in 3%
quadrant (lower left).

A Typical region selection for the cortical white matter tissue, to find the average
healthy white matter intensity.
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Kiide Image(s) by Constant x| In the new window (Fig. 7) enter

the mean value (avg from above) as
Operands:  Series Descri T the constant and rename the final

; ; series to CBV_normalized_avg
under ‘Result Series Description’.
Press ok.
Open the browser and select the
‘CBV_color’ series.
From the Application tab, choose:

@ constant Eichange | MR — DICOM - Save as RGB. This

, creates a series automatically
O acioss series named ‘CBV_color_RGB’, adding "
O withifseres RGB' to the original series name.

This makes the CBV_color series
RGB-color coded so that it can be
seen in color on PACS workstations.
Do the same for ‘CBF_color'.

Testimage: [14ima

count
1l

Result Series Description: |CBV_norma|ized220

Ready

The dialog box which opens for dividing the whole rCBV by a number
(average Cortical WM).
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Discussion

Following the above procedure we have
done many brain perfusion studies and
have used them to grade tumors. The
idea of having the color maps and the
normalized version is that the normalized
version appears only in gray scale on
PACS stations, but its pixel intensities

Case 1

A 64-year-old female with a history

of brain tumor received radiation and
chemotherapy treatment a few months
prior to our examination. The initial
MRI showed abnormal signal on FLAIR
(IRT2), but the T1w post-contrast

Axial FLAIR

have CBV values normalized to white
matter. By simultaneously displaying and
correlating the color CBV images with
the normalized ones, the radiologist is
able to see the tissues color coded and
can read the corresponding perfusion
values with respect to healthy white

showed no enhancement. This pointed
to a low grade tumor. A follow-up MRI
with perfusion was performed, which
again showed abnormal hyperintensity
on FLAIR (Fig. 8A) and no gadolinium
enhancement (Fig. 8B), but the perfu-

Axial post T1
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matter (normalized value). In the litera-
ture describing a few studies with an
aggressive tumor the perfusion ratio (with
respect to white matter) was above 2.5
[5]. By using this method a radiologist
can evaluate and grade a tumor more
quantitatively.

sion images (rCBV) (Fig. 8C) showed
highly perfused tissues pointing to
a high grade neoplasm, which was
subsequently resected. Histology
confirmed high grade astrocytoma.

Perfusion map CBV



Case 2

A 60-year-old female with history

of metastatic lung cancer, presented
with metastatic nodule in the left
occipital lobe. She underwent crani-
otomy followed by postoperative
radiotherapy to the surgical bed. The
one year follow-up brain MRI showed
minimal enhancement on post-con-
trast MRI. The two year follow-up
showed a nodular mass, which further
grew on short term follow-up. The
diagnosis could be either new tumor
growth or radiation necrosis. The low
signal of rCBV in her perfusion exam-
ination pointed toward radiation
necrosis rather than tumor re-growth.
The enhancing part was subsequently
excised and pathology confirmed
radiation necrosis.

Axial post T1 (two years post surgery)

How-I-do-it

Axial post T1 (pre-surgical) EE Axial post T1 (one year post surgery)

EB Axial post T1 Bl Axial perfusion map CBV
(2 years and 2 months post surgery) (2 years and 2 months post surgery)
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Case 3

The routine MRI of a 48-year-old right-
handed man showed a lesion at the
right thalamus suspected of low grade
glioma. Subsequent imaging showed
a lesion involving the right posterolat-
eral thalamus posterior to the periven-

Axial FLAIR

B Axial perfusion map CBV

tricular white matter, which had fea-
tures suggestive of tumoractive
multiple sclerosis (MS), but the possi-
bility of primary brain neoplasm could
not be excluded, especially as the MR
spectroscopy (MRS) showed elevated

10B

T Axial post T1

Follow-up axial FLAIR
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choline signal. The perfusion protocol

was performed and both the rCBV and
rCBF showed low values (close to those
of normal white matter). That pointed

to MS with a low possibility of an addi-
tional primary brain neoplasm.

L Model pusp
068 MANCT= 206

Rabios
108 ChoMaa=033

Single Voxel Spectroscopy

EI3 Follow-up axial post T1



Case 4

A 31-year-old HIV-positive male with
history of head trauma, and drug
abuse, was admitted to emergency
with chief complaint of right side
weakness and confusion. The initial CT
exam of the brain indicated findings
consistent with multiple, predomi-
nantly cortically based infarcts in the
bilateral frontal and temporal lobes.
No hemorrhage was seen. The follow-
ing MRI showed multiple areas of
abnormal T2 signal. The diffusion
images showed T2 shine through effect.
There was no significant mass effect
from these lesions. The findings were
suggestive of a diagnosis of acute dis-
seminating encephalomyelitis or tume-
factive MS. No sign of hemorrhage

was observed. On the CBV images
obtained from perfusion, the abnor-
mal areas appeared dark, indicating
low perfusion. In view of the immuno-
suppressed condition of the patient,
craniotomy and biopsy was performed
to exclude opportunistic infections
and neoplasms. Surgical pathology
confirmed the diagnosis of acute dis-
seminating encephalomyelitis. Follow-
up MRI demonstrated slight regression
of the lesions.
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Axial diffusion-weighted imaging (b=1000)

EEDB) Perfusion map CBV
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Product News

Imaging at 3 Tesla — luxury item or
standard clinical tool? First experiences
with MAGNETOM Spectra

Axel McKenna-Kiittner

Radiology and Nuclear Medicine, Sportklinik Bad Nauheim, Germany

El The Radiology Practice is located in the ‘Sportpark’ next to stables and open fields, creating
a vacation-like feel to a high tech radiology facility, thereby making the patient feel relaxed and

at ease.

Introduction

Background information on our
department

The ‘Gemeinschaftspraxis Radiologie
und Nuklearmedizin’ was founded by Dr.
A. Halbsguth and B. Lochner in Frankfurt
almost 30 years ago and has grown
continuously since then, now serving

10 facilities in the greater Rhein-Main-
Taunus area. Started as a classical out-
patient practice, it acquired the first

MRI scanner in Frankfurt in 1984. The
group’s 20 staff and partner radiologists
today perform around 150,000 exams
annually.

The opening of the latest facility in

Bad Nauheim in January 2011 reflects
a decades-long collaboration with the
Sportklink Bad Nauheim, a renowned
medical center for orthopedic and
trauma surgery, as well as cardiology
and rehabilitation under its founder
Dr. Johannes Peil. It creates a strong
demand for MR imaging, since sports
injuries are a major focus of its work.
The Sportklinik attracts world-class
athletes of many different disciplines,
including Michael Schumacher and Timo
Boll. Over the years, imaging was per-
formed in Frankfurt, just 30 km away.
However, with traffic situation worsen-
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ing and the imaging demand ever
increasing the decision was taken to
move to Bad Nauheim (Fig. 1).

Where do we stand and

what do we need?

The new practice next to Sportklinik was
opened with the 1.5T MAGNETOM Area
inJanuary 2011. It immediately became
fully booked and the need for increased
capacity was apparent within weeks.
The decision to go for a second magnet
was made by the never ending influx of
patients.

Pros and cons of investing in 3T

When deciding on the new magnet, a 3T
system was not a first line priority. Of
course 3T MR imaging is offered in many
radiological services and proved its
advantages, however there are some
drawbacks associated with it.

The higher magnetic field strength
changes a number of physical effects as
compared to 1.5T systems and, over the
years, ultra-high field magnetic reso-
nance tomography (3 Tesla) proved to
be especially advantageous for examina-
tions in the area of neuro-radiology or
orthopedics. While the signal-to-noise
ratio (SNR) increases with a higher
magnetic field resulting in better image
quality many other physical property

are changed, such as the resonance
frequency or the T1 and T2* relaxation
times. Similarly, the dielectric resonance
frequencies are changed and this may
have a negative effect on image quality
if not used properly. Another factor was
the considerably higher cost of both



procuring and operating the system due
to its higher energy and cooling require-
ments and higher servicing costs.

We concluded that a 3T magnet could
be a valuable addition for our patients

if the problems described could be
overcome.

Cost was a significant issue since the
reimbursement for medical imaging has
declined steadily over the past years.
With an average of 60 € per patient
reimbursed for an MRI examination with
statutory health care in Germany, the
investment in a 3T system seemed
impossible.

Installation of the
MAGNETOM Spectra

InJune 2011, only 5 months after the
opening of the facility in Bad Nauheim,
the team around the managing partner
Dr. Thomas Maier was asked by Siemens
Healthcare whether it would like to
become the first customer for the new
3T MAGNETOM Spectra*. The offer
almost seemed too good to be true: not
only did the technical advantages of the
system seem ideal for our patient base,
but the cost structure was such that an
investment in a 3T MRI system could be
feasible (Fig. 2). Soon it became clear
that given our organizational structure
we could also conduct the required
studies for clinical approval (CE labeling)
for the system.

After preparing the existing RF-room
("3T fits in the footprint of 1.5T"), the
system was delivered in the second half
of November 2011 and ready on Decem-
ber 6™. The installation time took only a
few days and went without a hitch. This
was especially surprising since it was the
first prototype to be installed worldwide.
The easy-to-use and cross-scanner avail-
able user platform syngo, together with
a very welcome multifaceted sequence
spectrum with its software preinstalled
by Siemens allowed direct system imple-
mentation without large changes to the
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Throughout the history of medical technology, our maxim has been further, better, higher
and — unfortunately — more expensive. Due to cost, many technological developments do not
reach the public, especially in the realm of statutory health care. The new MAGNETOM Spectra
manages to break that law by delivering high class 3T imaging quality at an affordable price.

*This product is still under development and not yet commercially available.
Its future availability cannot be ensured.
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El This lumbar spine comparative exam demonstrates how a high-quality 3T exam delivers a better image quality that does not necessarily
translate into better patient care. The gain in image quality makes no difference to clinical decision making. (3C-D) shows that the gain in SNR
can be used, however, to speed up exam time and thus make medical imaging more economical.

measurement sequences into a clinical
(testing) setting. The measurements cor-
responded in principle to the known
sequences of our 1.5T MAGNETOM Aera.
In parallel to the diagnostics, only the
protocols needed to be fine-tuned in the
coming weeks and months according to
the special requirements of our institute.

Technical advantages of 3T

MAGNETOM Spectra

MAGNETOM Spectra is a magnet with
zero helium boil-off, which reduces the

life-cycle costs. Given the ever increas-
ing helium shortage of the past years
and thus the rising price, this is almost a
conditio sine qua non.

The magnetic field strength of twice that
of 1.5T systems increases the signal,
essentially doubling the SNR. However,
the higher magnetic field strength
changes the relaxation times and makes
for stronger susceptibility effects so that,
depending on their influence, the real
signal gain does not correspond to 100%
for all measurements. The increase in
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SNR can be used to shorten the acquisi-
tion time as compared to 1.5T with the
same spatial resolution or vice versa, to
increase spatial resolution at the same
acquisition time, that is, to improve the
quality of the examination, for example,
through improved detail display, higher
resolution, thinner slices, or a higher
matrix. During routine examinations we
usually use both effects, i.e. sequence
protocols with higher resolution and
tolerable acquisition times when highest
image quality is needed. Another strat-
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B This shows the superior image quality in this dark fluid inversion recovery sequence. The liquorized zone of the left frontal lobe after a
serious road traffic accident is extremely clear. In the hemosusceptibility sequence the residual ferritin deposits are well assessed.

egy is to reduce the acquisition time
when imaging speed is required and
highest resolution is not a focus of the
exam, resulting in higher diagnostic
safety, higher patient comfort, and con-
sequently higher system acceptance in
combination with acceptable costs
under the given conditions of statutory
healthcare (Fig. 3).

The optimally linked magnet design,
the RF pulses, the gradients and the
examination sequences resulted in the
application of 3T technology and thus
MAGNETOM Spectra in clinical routine
diagnostics where it is readily tolerated
by patients. SAR warnings did not
appear at all in our examinations.
Another considerable advantage in
routine examination is the Tim 4G (Total
imaging matrix) technology which we
already use on our other 1.5T systems.
The multi-coil concept and parallel
imaging in combination with technical
improvements, such as ‘scan@center’,
‘AutoCoilSelect’, ‘Inline composing’ or
even ‘syngo Tim CT’, provide for consid-

erably easier examination planning with
almost no changes in patient positioning
and coils. In addition, any combination
of multi-station exam up to whole-body
examination is possible. Furthermore,
the workflow was largely improved by
facilitating planning of larger examina-
tion volumes or so-called multi-station
examinations in different table positions
as well as by providing easy to operate
‘'Set-and-Go' protocols.

Tim and syngo workflow

Technologists performing examinations
at the MAGNETOM Spectra find the
workflow largely simplified and
improved. Tim technology allows easy
planning, especially for whole-body
examinations, angiography or examina-
tions of the entire spine. For these multi-
station examinations, the localizers of
the different stations are already com-
bined via Inline composing. This means
that the technologists can use the com-
posed localizers and plan as well as per-
form the remaining course of the exami-

nation, making patient repositioning or
coil changes unnecessary. To ensure

the best possible magnetic field homo-
geneity, the existing 'scan@center’ tech-
nology guarantees that the measure-
ment volume to be examined is always
positioned in the magnet’s isocenter.

At the same time, the necessary coils are
detected and selected with ‘AutoCoilSelect
which avoids any kind of error. To make
things even better, the new dedicated
hand coil can be even used out of iso-
center, making uncomfortable patient
positioning unnecessary. The workflow
is further improved by the ease of use of
the “Set-and-Go” protocols, also leading
to shorter examination times.

7

The Dot engine concept

Our practice employs over 60 radiogra-
phers and technicians to work in various
facilities in rotation. While this concept
assures that every radiographer sees

all various different examination tech-
niques and stays on top, this concept
may be challenging when introducing
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H One of the biggest advantages of 3T in clinical routine is the time-of-flight angi-
ography since no contrast medium is needed and even the smallest aneurysms can
be detected with ease using either MIP imaging or a conventional 2D imaging plane.

new scanners, especially when 3T imag-
ing was not part of the daily routine.
This is where the Dot concept assures a
constant high quality. In this examina-
tion strategy the workflow is preset and
the radiographers only have to tell the
system which examination is required,
e.g. left knee. The software then auto-
matically performs all necessary tasks on
its own. Even the localizers and the scan
range are automatically detected. All
scanning sequences are pre-pro-
grammed, so that not even the examina-
tion sequence for each individual exam
has to be selected. Also no adaptation to
a chosen sequence is necessary. This
means that radiographers with little or
almost no MRI experience can perform
exams of high quality standard without
mistakes.

Neuro imaging

All neuro applications used with 1.5T
systems can be implemented using the
3T MAGNETOM Spectra leading to signif-
icant quality improvements because

the improved SNR which can be usefully
applied in a variety of ways (Fig. 4).

The extension of the longitudinal relax-
ation rate of static tissue as compared

to blood is advantageous for MR angiog-

raphy at 3T. Due to saturation effects,
greater suppression of the static tissue is
obtained, thus Time-of-flight (TOF) angi-
ographies can be performed with much
higher resolutions, using the same or
reduced examination times. As a result,
intracranial arteries can be evaluated far
into the periphery. A dramatic effect

can be seen in the detection or exclusion
of small intracranial aneurysms. The
detailed image quality allows for 3D
interpretation of images. Sometimes
small aberrant vessels suggest the pres-
ence of a possible aneurysm which can
be better visualized at 3T than at 1.5T.
For patients this is of utmost clinical
importance since a suspected aneurysm
in an MRI exam has to be excluded via
conventional intracerebral angiography,
an exam that carries a non-negligible
procedural risk (Figs. 5, 6).

Furthermore, the syngo SWI sequences
(susceptibility-weighted imaging) imple-
mented with, e.g., blood diagnostics are
more sensitive with MAGNETOM Spectra
than with 1.5T systems due to higher
susceptibility sensitivities that help
detect the smallest blood deposits or
calcifications.

The quality of the syngo SPACE sequence
was also greatly improved for our profile
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by using 3T technology in clinically fea-
sible examination times. Examinations
with isotropic voxels, even in the sub-
millimeter range, are possible, resulting
in largely improved reconstructions in all
planes. This facilitates a more rapid and
more confident assessment of small
intracerebral lesions such as MS plaques.
While for the primary diagnosis the pres-
ence of the typical lesions is enough to
establish the differential diagnosis of a
possible neurodegenerative disorder, the
follow-up is often a chore. All lesions
have to be compared to the previous
exam, so that the application of 3D
sequences helps to assure that all the
lesions are compared to the correspond-
ing ones in the previous exam.

Tim Planning Suite allows, for example,
the examination of the entire spine in a
simple workflow. The individually
acquired images in the different stages
are automatically combined via Inline
composing.

Another advantage of the higher spec-
tral resolution of 3T imaging vs. 1.5T
imaging is the application of sequences
such as the Dixon fat saturation tech-
nique. Not only is the Dixon sequence
less susceptible for artifacts when com-
pared to STIR or TIRM sequences, but it
also allows for reduced examination
times. In spine imaging usually a T2 and
T1-weighted sequence in sagittal orien-
tation is used as base sequence. To rule
out fresh fractures, spondylodiscites or
activated osteochondrosis, an additional
inversion recovery such as STIR or TIRM
is used to visualize bone edema. Due to
imaging properties of the Dixon
sequence a single acquisition allows the
read out of a fat image and a water
image. These images correspond very
well to a conventional STIR sequence
(water image) as well as to the T1
sequence (fat image), thus a single
acquisition sequence can replace two
individual imaging sequences and thus
save time (Fig. 7).

Orthopedic imaging

Compared to examinations with systems
of lower field strengths, the improved
quality of examinations with a 3T system
is undisputed. In contrast to 1.5T sys-
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A Figures 6A and 6B display a suspected aneurysm at 1.5T. Figures 6C and 6D show the same patient at 3T. One can clearly see that the suspected aneu-
rysm is an aberrant vessel, giving the impression of a pseudo aneurysm. The 3D double oblique angulated MPR image (6D) displays the vessel nicely.

tems, spatial resolution can be increased
at comparable examination times, allow-
ing for examinations with unseen reso-
lution at 1.5T whereas images with an
examination quality comparable to a
1.5T system are generated at consider-
ably shorter acquisition times. A routine
knee examination can be performed in
8 minutes. We usually combine the
increase in resolution and the time sav-
ings according to the purpose of the
examination or the patient. Special coils,
such as the 18-channel knee coil (Fig. 8)
or the 16-channel hand/wrist coil (Fig. 9)
enable the use of parallel imaging with

higher PAT factors. Again, these result in
shorter measurement times and higher
resolution (Fig. 10).

In the Bad Nauheim facility high-quality
orthopedic imaging is of particularly
vital importance since about 60% are
MSK exams.

The advantage of high-quality cartilage
imaging is evident. Many of our patients
suffer from sports-induced injuries and
require surgical treatment and follow-up
exams. The exquisite detail of cartilage
injury allows for dedicated treatment
decisions that simply cannot be achieved
using 1.5T imaging.

Also the use of the dedicated whole-
hand/wrist coil allows for unprecedented
image quality. The new coil allows for

a comfortable hand positioning next to
the body, making the ‘superman’ posi-
tion in isocenter unnecessary. Motion
artifacts related to an uncomfortable
position during a lengthy exam are
readily less frequent.
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Using the 3T advantage to better differentiate between the spectral resonance frequen-
cies of fat and water, the Dixon sequence not only delivers superior image quality (left
images 3T, right images same patient at 1.5T), but also help to save acquisition time. While
at 1.5T both a T1-weighted and a STIR sequence were necessary, at 3T a single Dixon
T2-weighted sequence is sufficient to produce a dual read out of the fat image and the
water image and to obtain the same medical information.
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Cardiac imaging

In the last decade MR imaging of the
heart has been introduced to clinical
routine. However, the widespread use of
this formidable examination technique
outside dedicated cardiac centers was
hampered by the inadequate reimburse-
ment of the statutory health system as
well as the fact that only highly-trained
and skilled technologists were able to
perform a cardiac exam with sufficient
image quality. In our institution there
are only 5 technologists out of 60 that
are experienced enough to carry out an
exam without the radiologist’s constant
presence. While a general examination
strategy can be preset, finding the cor-
rect standard cardiac angulations such
as the short axis or the 2, 3, and
4-chamber view can be challenging for
non-experts. Also due to physical condi-
tions, the sequences have to be in part
adjusted to avoid 3T-specific artifacts.
These include susceptibility effects that
increase at 3T, or off-resonance artifacts
that reduce image quality as low-signal
bands or ghosting artifacts. For fre-
quency adjustments, an additional ‘fre-
quency scout’ has to be measured to
determine the frequency where banding
artifacts are not present. In the subse-
quent function measurement, the fre-
quency determined is changed automat-
ically, reducing the artifacts. The cardiac
Dot engine is able to fully automatically
find all cardiac axes and carry out the
exam with minimal user interaction
including the suppression of 3T specific
artifacts. A complete cardiac study
including late enhancement is now pos-
sible under 30 minutes even for a non-
experienced technologist.

Another advantage is the integrated,
fully automated Inline left ventricular
function assessment. In the past, the
dataset had to be transferred to specific
post processing consoles and semi-auto-
matically evaluated by either a technolo-
gist or a radiologist. Although this pro-
cess took only 10 or 15 minutes per
case, this was too long considering that
a new patient is usually scheduled every
20-30 minutes. With the new Dot
engine the evaluation of the left ventric-



ular function occurs instantaneously at
the end of the data acquisition without
any user interaction at all on the image
acquisition console and is automatically
transferred to the PACS, so that image
reading can be done like any other

exam. The Dot engine allows for the first

time cardiac examination with reliable
image quality under the condition of
statutory healthcare in a general outpa-
tient practice (Fig. 11).

Abdominal imaging

Whilst there is no dispute that 3T imag-
ing delivers superior image quality in
MSK and neuro imaging the advantages
of abdominal imaging are less apparent.
As in cardio-vascular diagnostics,
abdominal imaging is negatively
affected by the physiological respiratory
motion and pulsation artifacts of
abdominal vessels. Added to these are
motion artifacts caused by gut mobility
and increased susceptibility effects
resulting from air in intestinal loops. To
date, implementation of 3T systems for
routine abdominal imaging has been
limited due to B; inhomogeneities
caused by dielectric effects. Additionally,
the specific absorption rate (SAR) limits
were reached early on, especially in the
first days of 3T imaging — often exami-
nations had to be performed by increas-
ing slice thickness or reducing the num-
ber of slices, thus loosing spatial
resolution. These limited the implemen-
tation of routine diagnostics.
MAGNETOM Spectra has a 60 cm bore
and concern was raised whether
patients with normal western European
body habitus or overweight patients
could be examined. We were also
unclear at this time-point whether a
‘budget’ magnet would deliver all physi-
cal properties needed to acquire high
quality exams.

Exceeding our expectations, the opti-
mally linked magnet design, the RF
pulses, the gradients, and the examina-
tion sequences resulted in more than
acceptable image quality. Even at the
off-center regions of the magnetic field,
a fully diagnostic image quality even in
heavier patients could be acquired. Fat-
suppressed sequences often stricken by
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H Advantages of cartilage knee imaging at 3T: 3T imaging (left side) compared to 1.5T imaging
(right side). While the 4" grade cartilage injury of the medial condyle is apparent in both
sequences, the cartilage damage of the lateral condyle is much more subtle. 3T images the
damage much more realistically and enables a better assessment. The PD fat sat sequence

at 1.5T exaggerates the damage and indicates a 4" grade damage, while in reality there is
only a 3 grade injury.
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El The new 16-channel whole-hand coil delivers extraordinary image quality that clearly surpasses that of 1.5T.

The SNR gain is dramatically seen in small volume imaging such as finger imaging. The comparative study of this cartilagenous exostosis
demonstrates the higher detail resolution and the superior diagnostic information.
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artifacts resulting from field inhomoge-
neity were of full diagnostic image qual-
ity. Small structures, vital for a full
assessment of the abdomen such as the
pancreatic duct, could be visualized with

such detail that even smaller side ducts
were assessable. Of all body regions the
abdomen was certainly the one where
our initial expectations based on the

known challenges were exceeded by far.

MAGNETOM Flash
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In our experience 3T abdominal imaging
is absolutely possible in a clinical routine
workflow with the implemented
technologies in the MAGNETOM Spectra
(Fig. 12).
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Accessible Innovations

Across the globe, economic pressure
on healthcare systems and its provid-
ers is eminent. Industrialized coun-
tries are challenged with an aging
population and growing demand for
healthcare services. Emerging mar-
kets and their growing healthcare
systems are increasingly in demand
of access to premium patient care
and imaging capabilities. As a result,
reimbursement policies across the
globe are being adapted towards
increasing accountability for quality
and cost across the entire care con-
tinuum. Providers must demonstrate
lower hospital re-admissions, high-
quality outcomes, and low opera-
tional costs to stay competitive.

With Accessible Innovations Siemens
offers sensible solutions to meet
these demands in the field of medi-
cal imaging.

Emerging countries are dedicated to
building accessible healthcare sys-
tems that ensure high quality patient
care. At the same time, developed
countries are driving towards making
healthcare more efficient, more
applicable and more personalized for
all parties involved. All across the
globe, the amount of people in need
for health services is rising and the
financial range has limits.

It is no surprise that Total Cost of
Ownership (TCO) is an important fac-
tor influencing the international

healthcare environment. Determining
the economic value of an investment is
important for all healthcare providers —
regardless of their circumstances.
Assessing total cost of acquisition, oper-
ating costs and investment protection
highly contributes to profitability over
time. Profitability may by no means be
confused with our responsibility to pro-
vide high level imaging standards that
benefit the patient in the end.

Within this context and to serve com-
mon goals among the global healthcare
landscape, Siemens is introducing a new
range of imaging systems. With Acces-
sible Innovations we are equally improv-
ing the availability, quality and efficiency

MAGNETOM Spectra (left)
is the newest addition to
the Siemens 3T imaging
portfolio. The system is the
key to a new level of usabil-
ity and diagnostic confi-
dence. And it provides
access to a new realm of
opportunities - regarding
patient care and business.
The ACUSON S1000 ultra-
sound system is a new
member of the ACUSON S
Family of premium solu-
tions. This entry-level sys-
tem encompasses state-of-
the-art ultrasound
technology, stellar imaging
performance, and versatile
applications at an excep-
tional cost of ownership.

of healthcare by combining state-of-the-art
diagnostic capabilities with a highly sensi-
ble TCO argumentation for our customers.
Quantifying the financial impact of deploy-
ing a healthcare product over its lifecycle
goes hand in hand with making healthcare
more accessible for more people all over
the world. SOMATOM Perspective, ACUSON
S1000 and MAGNETOM Spectra are the
first products that prove we are taking our
responsibility seriously — the responsibility
to innovate and invest in cost-efficient,
premium imaging standards.

www.siemens.com/the-key-to-3T
www.siemens.com/somatom-perspective
www.siemens.com/S1000

SOMATOM Perspective is the first high-end CT scanner to facilitate CT business without compromising
clinical results. The business class scanner can help manage financial performance while focusing on

patient needs and easing your daily routine.
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EHF Although 3T is not considered to be the best imaging modality for the abdomen,
MAGNETOM Spectra delivers undisputable image quality. The example here is of a patient
with multiple enlarged side ducts of the pancreas, a typical condition of suspected IPMN.
The cross-sectional image using a fat saturation technique proves that larger patients can
also be imaged and that the MAGNETOM Spectra magnet delivers a very homogenous B,
and B, filed for uncompromised abdominal image quality.
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Summary

After only a short experience with the
3T MAGNETOM Spectra, we can already
recommend the system for routine per-
formance for all organs. This especially
applies to the user interface and system
operation which is largely the same as
that for 1.5 Tesla systems and indeed
considerably easier when using Dot
engines. The sequence spectrum already
included in the delivered software allows
MAGNETOM Spectra to be immediately
put into clinical operation. The benefit of
the higher signal-to-noise ratio available
by doubling the field strength also allows
for a considerably improved image qual-
ity even when comparing it to high-end
1.5 T systems. This applies in particular
to neurological examinations as well as
joint diagnostics. The higher signal can
be used to increase spatial resolution or
to accelerate the examination as such (a
combination of both under ideal circum-
stances).

In conclusion, MAGNETOM Spectra is an
MR system that has the potential of a
workhorse in the private radiology prac-
tice especially under the harsh economic
conditions of statutory healthcare. As a
result, 3T technology is no longer
reserved just for scientific or university
based centers. For us the upcoming chal-
lenge will be to explain to patients and
referring physicians why not every
medical question needs to be answered
by a 3T MRI.

Contact

Axel McKenna-Kiittner, M.D.
Gemeinschaftspraxis Radiologie
und Nuklearmedizin

In der Aue 30-32

61231 Bad Nauheim

Germany

Phone: +49 (0) 60 32-14 54

Fax: +49 (0) 60 32-92 73 78
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TimTX TrueShape and syngo ZOOMit
Technical and Practical Aspects

Mathias Blasche, MSc'; Philipp Riffel, M.D.%; Matthias Lichy, M.D.’

'Siemens AG, Healthcare Sector, Erlangen, Germany
?Institute of Clinical Radiology and Nuclear Medicine, University Medical Center Mannheim,

University of Heidelberg, Germany

B, homogeneity with circular polarization (left) and with TimTX TrueForm (right) for a typical anatomical region (pelvis) where B, inhomo-
geneity can occur at 3T. Note the blue-colored areas with the conventional CP excitation. The dielectric shading effects are practically eliminated
on the right side, while the example shown on the left would have been of non-diagnostic quality at least for these specific anatomical regions

because of potential contrast variations.

At the RSNA 2011, Siemens was the first
to introduce sequence techniques for
clinical MR systems that take full advan-
tage of parallel transmission: zooming
without aliasing. This application, called
syngo ZOOMit*, is enabled by the tech-
nology platform TimTX TrueShape.
TimTX TrueShape is the first platform in
the MR industry to make full use of the
dynamic capabilities of a transmit array
system. And syngo ZOOMit is the first
fully dynamic application based on
TimTX TrueShape.

The purpose of this article is to provide
some background information about
the new dynamic parallel transmission
techniques (pTX), compare them to the
existing static B, shimming, and point
out potential applications based on
dynamic pTX.

Background - from parallel
receive to parallel transmit

The implementation of multi-channel
radio frequency (RF) receive systems and
receive array coils in the early 1990s
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marked a revolution in MR imaging. This
technology offered the very attractive
combination of high signal-to-noise ratio
(SNR) from small coil elements with the
large coverage of large coils. Starting
with 2 and 4 RF channels in the 90s,
systems with up to 8 RF channels were
available around the year 2000.
Multi-channel RF received a further boost
with the advent of parallel acquisition
techniques (PAT) at this time. A variety
of parallel acquisition techniques were
developed, such as SMASH [1], SENSE [2],
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Conventional

transmit Same
amplitude
Phase = 90°

Circulary polarized e
can occur

TimTX
TrueForm Different

amplitudes

Phase = 90°

- 4 Shading effects
B, Shimming reduced

TimTX
TrueShape Totally

free
waveforms

Fully parallel
transmit

Excitation of zoomed FOV e and.dlstor-tlons
reduced, no infolding

(Top) Conventional transmit (circular polarization) with severe shading effect due to B, inhomogeneities; (Middle) B; Shimming with TimTX
TrueForm (different amplitude/phase settings on the two channels of the RF body coil), eliminating the B, shading and resulting in homogeneous

image contrast; (Bottom) Fully dynamic pTX with TimTX TrueShape (arbitrary waveforms of the two RF channels as well as the gradients),
resulting in a zoomed image with higher image quality and shorter scan time.

*This product is still under development and not yet commercially available. Its future availability cannot be ensured.
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and GRAPPA [3]. PAT on the receive side
offers shorter scan times, higher tempo-
ral and/or spatial resolution as well as
reduced blurring and distortion artifacts
in single-shot imaging. PAT is an integral
part of many exams today. Applications
like contrast-enhanced 3D liver dynamics,
MR angiography or diffusion-weighted
imaging (DWI), to name just a few, would
not be possible in a clinical setting with-
out PAT. In addition, with the availability
of flexible scalable coil technology, PAT
can be applied in any body region, rang-
ing from a dedicated brain scan to a
whole-body examination.

Tim (Total imaging matrix) was the first
RF system that was specifically designed
for maximizing the benefits from PAT.
Introduced in 2003, the MAGNETOM
Avanto, the first MR system which enabled
high-quality whole-body scanning in a
clinical setting, offered up to 32 RF chan-
nels. Today, up to 128 RF channels are
available as a product.

In parallel to the development of these
new receive technologies (multi-channel
coils, Tim, PAT), further efforts were
undertaken over the last decade to
increase the field strength beyond 1.5
Tesla, in order to gain even higher SNR —
which could be invested in, for example,
higher spatial resolution or even faster
imaging with PAT. But 3 Tesla field
strength, besides the obvious advantage
of higher SNR, also showed the disad-
vantage of a lower B; homogeneity in
some body regions. This is where the so-
called B, shimming, based on multi-
channel transmit technology, came in,
as a remedy to B, inhomogeneities.

From circular polarization to B,
shimming

Ideally, circular polarization is the best
way to perform conventional slice-selec-
tive imaging. The benefit of circular
polarization (CP) over linear polarization
(LP) manifests itself in a more homoge-

syngo ZOOMit: Zooming the FOV in the phase-encoding direction.

neous B; distribution over the object, a
lower specific absorption rate (SAR), and
higher SNR in the receive path. Technically,
the circular polarization is achieved by
feeding two ports of the transmit coil
with identical amplitudes and a phase
shift of 90 degrees (Fig. 2, top).

It turns out that at high field strengths,
such as 3T, the ‘ideal’ circular polariza-
tion is not necessarily the optimum any-
more. The reason is that at such high
frequencies, the wavelength of the MR
signal approaches the dimensions of the
object. At 3T, the wavelength is approxi-
mately 26 cm. It is therefore smaller
than, for example, the dimensions of the
abdomen. This can result in interferences
of the B, field and signal shading. The
critical point here is that not only the
signal intensity is altered (which can be
corrected for with post-processing), but,
most critically, also the contrast behav-
ior can be altered.

A remedy to this RF shading effect is B,
Shimming. The two ports of the transmit
coil are fed with different amplitudes
and a phase shift = 90 degrees (see Fig. 2,
middle). With a 2-channel transmit sys-
tem, this results in an ‘elliptical’ excita-
tion. This can potentially, including the
interaction with tissue characteristics,
result in a more homogeneous B, distri-
bution than the conventional circular
polarization (Fig. 1). At 3T, mainly abdom-
inal and pelvic imaging is critical, the
head is still smaller than the MR wave-
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length. At ultra-high field strength such
as 7T, B, shading is also very severe in
the head region as a consequence of
even shorter wavelengths.

From a clinical perspective, dielectric
shading can negate the advantage of a
3T system and there was intense debate
in the first years of 3T MRI as to whether
such a scanner would ever be fully oper-
ational as a clinical whole-body system.
If a robust and homogeneous image
quality could not be assured in the abdo-
men, what would be the clinical use of
such a scanner? A solution was therefore
urgently needed to take advantage of
the higher field strength, without negat-
ing the MR scanner’s daily clinical usabil-
ity. In the first days, clinicians tried to
manipulate the B, distribution by applying
heavy dielectric cushions on the patients
— with limited success and practicability.
So, B; shimming became a key to the
further success of 3T MRI.

In 2007, Siemens pioneered B, shimming
with the TimTX TrueForm technology
(TrueForm RF design). This technology
was first implemented in the MAGNETOM
Verio, which also happened to be the
first open-bore system available at 3
Tesla (Tim coil technology had already
been introduced at this time point also
for 3T). TimTX TrueForm offers 2-chan-
nel transmit array functionality for B,



shimming. It works with anatomy-spe-
cific settings, optimized for improved B,
homogeneity [4]. This approach has the
advantage that no time is required, for
example, for patient-specific B; mapping
and adjustments (which can easily
require 1 minute for each body region to
be examined). And, more importantly,
the workflow of an MRl exam compared
to a 1.5T scanner is completely
unchanged. Routine one-station exams
(also with small table movements due to
automatic table positioning to isocenter),
multi-region exams, breath-hold versus
gated sequences, especially TimCT
(scanning during continuous table
move) — all this is not affected. TimTX
TrueForm is virtually invisible for the
user — apart from the improvement in
image quality.

As important as B, Shimming is at 3T
and above - this type of B; Shimming is
still a conventional approach with ‘static’
excitation pulses, i.e. the combination of
a sinc (sin(x)/x) RF pulse with a static
slice-select gradient to excite a slice,
which works irrespective of how one
determines the required settings (anat-
omy-specific or based on previous B,
mapping). In fact, it is ‘only’ a repair
mechanism to counteract the effects of
the shorter wavelength at high field and
to compensate for effects introduced by
the human body itself.

But it was soon realized that parallel
transmission technology (pTX) can offer
a much greater potential than only B,
shimming. Dynamic pTX can be used to
enable new applications.

Beyond simple B, shimming:
dynamic parallel transmission
with TimTX TrueShape

TimTX TrueShape is a new transmit plat-
form introduced for the MAGNETOM
Skyra. It features a new RF body coil and
two independent transmitters that are
fully integrated into the Tim 4G DirectRF

architecture, i.e. both transmitters are
situated in the TX-Box at the magnet
side, directly adjacent to the receivers.
While it is also possible to perform
patient-specific B; Shimming for dedi-
cated examinations, extensive testing
has shown that the anatomy-specific B,
Shimming (already introduced in 2007)
shows comparable results to patient-
specific B, shimming for clinical applica-
tions. The potential of this technology
platform lies elsewhere — in enabling
entirely new applications.

With TimTX TrueShape equipment, “fully
dynamic’ parallel transmission is made
available for a clinical whole-body system.
It enables the fully flexible and indepen-
dent switching of arbitrary RF waveforms
on the two RF channels, simultaneously
with arbitrary gradient shapeson 1, 2 or
all 3 gradient channels (Fig. 2, bottom).
By this means, it is possible to excite
arbitrarily shaped volumes (instead of a
‘simple slice”), or, more generally, to spa-
tially control the magnitude as well as
the phase of the excitation. The first
clinical application to take advantage of
this technology is ‘zoomed’ imaging.

syngo ZOOMit: The ‘Optical
Zoom’ in MR imaging

It is a well-known phenomenon in MR
imaging that if the field-of-view (FOV) is
smaller than the object, aliasing (fold-
over artifacts) will occur. This is not an
issue in the readout direction, since it
can be overcome by frequency oversam-
pling ‘for free’, i.e. without an increase
in scan time, nor a penalty in SNR. But
oversampling in the phase-encoding
direction comes at a cost: more phase-
encoding steps directly result in longer
scan times, longer echo trains, etc.
These disadvantages make the use of
phase oversampling unfavorable in
many cases. And if phase oversampling
is not possible at all (e.g. because of too-
long scan times or echo trains), the only
way to zoom into an image is a simple
magnification — the analogy to a digital
zoom of a camera that does not really
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syngo ZOOMit offers
distinct advantages:

Higher image quality:

m Less distortion and blurring
artifacts
For the zoomed FOV, the
same spatial resolution can
be achieved with shorter
echo trains. This is a similar
effect as (and can addition-
ally be combined with) the
echo train shortening with
iPAT (then called ZOOPPA). It
is especially valid for zoomed
echo-planar-imaging (EPI;
used for DWI and functional
MRI), or similar for single
shot TSE (HASTE).

® Less motion and flow
artifacts
Regions outside the FOV
(with organs that may be
moving, or vessel pulsation)
are not excited, do not con-
tribute to the MR signal, and
hence reduce artifacts.

® Increased spatial resolution
in region of interest
Only the reduced FOV
(zoomed) needs to be
encoded.

Higher speed:

m Faster scan times
For the zoomed FOV, the
same spatial resolution can
be achieved with fewer
phase-encoding lines. This is
a similar effect as (and can
be combined with) the scan
time reduction with iPAT. It is
especially valid for zoomed
3D TSE (syngo SPACE).
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increase spatial resolution. For many
imaging techniques, e.g. DWI or 3D data
sets, one would therefore like to simply
‘zoom’ into the object in the phase-
encoding direction (the one that is criti-
cal). It can be seen as the MR analogy to
the optical zoom of a camera. A smaller
quadratic FOV or only a reduced FOV in
phase-encoding direction (‘stripe’) is
excited (Fig. 3). Consequently, there will
be no signal from the non-excited
regions and only the small stripe needs
to be encoded. The encoding time can
be decreased while maintaining spatial
resolution, or the spatial resolution can
be increased - or a combination thereof.

The Details: How does syngo
ZOOMit work?

In conventional imaging, a slice is excited
by playing out a sinc (sin(x)/x)-shaped
RF pulse in the presence of a static gra-
dient plateau. The reason for the sinc
shape of the RF pulse is the fact that the
Fourier transform of a sinc is a rectangle.
By this means we achieve a rectangular
slice profile of a defined slice thickness.
For further explanation it is useful to
introduce the concept of the ‘excitation
k-space’ [5]. Analogous to the receive
k-space, ‘movement’ on a k-space trajec-
tory is done with the gradients - the gra-
dient amplitude defines the ‘speed’ in
k-space, while the gradient slew rate
defines the ‘acceleration’ in k-space. In a
similar way as the signal is read out in
receive k-space on the trajectory defined
by the gradients (with multiple RF receive
channels), the RF pulse is modulated
during the trajectory (possibly with
multiple TX channels).

For a conventional slice excitation (in
z-direction), we first ‘move’ to +z with
the z-gradient (Fig. 4, bottom left). During
the plateau of the z-gradient (Fig. 4, bot-
tom right) which ‘moves’ us from +z to
-z, we play out the RF pulse - which con-
sequently looks like one ‘spoke” in excita-
tion k-space, positioned at x =y = 0 (since
no x- or y-gradient was used), ranging
from +z to -z (due to the z-gradient pla-
teau). This RF pulse is amplitude-modu-
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lated with a sinc function. The result of
this excitation is a slice with defined thick-
ness in z-direction and ‘infinite’ extension
inxandy.

In order to ‘zoom’, i.e. to reduce the
extension of the slice in one direction in-
plane, we need to implement an encod-
ing in, for example, y-direction. This
combination is achieved by using multi-
ple slice-selective spokes (each of them
similar to conventional slice selection).
The different spokes are aligned along
y-direction (the ‘zoom direction’) at x=0
(x being the readout direction that is not
affected). The spokes are modulated in
amplitude and phase in a way that a FOV
selection in y is realized. The trajectory
in excitation k-space is similar to an EPI
readout in receive k-space. In the anal-
ogy, the RX readout gradient pulses cor-
respond to the TX slice-select gradients,
the RX phase-encode blips correspond to
the TX 'zooming’ blips along y-direction,
while the RX echoes correspond to the
TX sinc pulses.

Figure 5 shows the ‘EPI trajectory’ of
syngo ZOOMit in the excitation k-space.
For the complete transmission diagram
(RF and gradients, including additional
pTX mechanisms), see Figure 6.

The benefits of Tim 4G for
dynamic pTX

The accurate excitation of arbitrarily
shaped objects places high demands on
the system hardware. It is imperative
that the gradients have highest fidelity
for an exact definition of the excitation
k-space trajectory.

Tim 4G's DirectRF offers full ‘digital in /
digital out’ of the transmitter and the
receiver. Both the TX-Box and the receivers
are situated directly at the magnet, as
close as possible to the RF body coil and
the local RX coils, but far enough from
the bore in order to reduce any risk of RF
interferences and to minimize the bulk
and weight of the coils on the patient.

A major benefit of the integration of the
TX-Box and receivers are the short cables
with defined cable lengths. This makes
the whole architecture installation-inde-
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pTX pulse shape (2 channels)

RF g
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GPE

GSS

time

A Typical sequence diagram of syngo ZOOMit. Excitation RF pulses with free modulation of
amplitudes and phases on 2 TX channels, simultaneous use of two gradient channels.

pendent (everything can be pre-tuned in
the factory) and reduces potential phase
shifts between the signals of the differ-
ent components that might be the con-
sequence of varying siting conditions
with potentially different cable lengths.
The Real-time Feedback Loop for the
RF data and the Real-time Data Trans-
fer between the components offers sev-
eral advantages, e.g. high stability of the
B, field and very tight control between
transmitter, receiver and the RF body
coil. The architecture guarantees highest

accuracy, synchronicity, stability and
signal purity in the complete chain.

Software and sequences for
dynamic pTX

TimTX TrueShape incorporates new
software, setting the stage for fully
dynamic pTX. This includes the user
interface (e.g. for graphic positioning of
the zoomed FOV), new sequence param-
eters, and the underlying architecture
and algorithms for the inline waveform
calculations as well as SAR monitoring.
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syngo ZOOMit is the first product appli-
cation, but the TimTX TrueShape archi-
tecture is prepared for extended pTX
applications in the future like variable
pTX acceleration with 8+ channels or
arbitrarily shaped excitation. It is also
open for researchers who want to
develop their own applications.

Pulse sequences allowing for zooming
are (currently) derived from the EPIl and
the SPACE sequences. The option is
completed by optimized protocols for
body, cardiac, neuro and MSK imaging.

Potential advantages of dy-
namic pTX for zoomed imaging
While zoomed imaging can in principle
also be performed with conventional
scanners [6, 7], the following unique
‘treasures’ can utilize the benefits of
dynamic parallel transmission for

syngo ZOOMit:

Focused B; Shimming

With the current product implementa-

tions in the market, a global B; Shim-
ming of the whole imaging volume is
performed.

syngo ZOOMit offers a local B; Shim-
ming, focused on the zoomed FOV.
‘Concentrating’ the B; shim optimization
on a small volume increases the accu-
racy of the local shim and increases B,
homogeneity.

B, mitigation

In conventional imaging, the flip angle is
proportional to the B, field. With B,
Shimming, a higher B, homogeneity
and, consequently, higher flip angle
homogeneity can be achieved.

However, even after (‘static’) B; Shim-
ming, B, homogeneity might not be per-
fect. B; mitigation is a ‘dynamic’ applica-
tion to improve flip angle homogeneity
beyond what can be achieved with B,
Shimming alone. This is achieved with
sophisticated excitation pulses, typically
multiple excitation ‘spokes’ in the excita-
tion k-space [8, 9].

Since syngo ZOOMit incorporates multi-
ple spokes (Fig. 5). These spokes can

be modified to achieve — simultaneously
to the zooming — a B; Mitigation in the
zoom direction (in addition to focused B,
Shimming), for higher flip angle homo-
geneity.

B, compensation

The main magnetic field B, has imper-
fections/inhomogeneities. Furthermore,
local magnetic field inhomogeneities
are induced by the patient (susceptibility
effects). B, homogeneity can be
improved with conventional (high-order)
B, Shimming.

B, compensation with dynamic pTX
pulses is an additional means to com-
pensate for remnant B,inhomogeneities
relevant for the RF excitation. With sophis-
ticated excitation pulses, the phase of
the spins can locally be altered to coun-
teract and compensate the phase shift
due to B, inhomogeneities [9]. This will
improve the accuracy of the zoomed FOV

Comparison of a conventional SPACE acquisition (7A) (sagittal orientation and coronal MPR shown) with a zoomed SPACE (7B) in the same
volunteer at same resolution. By simply zooming the FOV, a reduction of scan time of one third was achieved.
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(exact shape, profile steepness) and can
potentially also improve fat suppression.
Transmit SENSE (TX-SENSE)

In general, the more advanced the exci-
tation is, the more time it can take for
the excitation pulse. A zoomed image
(restriction in 2 dimensions, y, z) is more
‘complex’ than the excitation of a slice
(restriction in only 1 dimension, z).
Transmit SENSE, possible with multi-
channel TX systems, is a remedy against
too-long excitation pulses. The duration
of the excitation pulse can be shortened
and thus also concurrent B, effects (that
scale with the pulse duration).

There is some similarity between Trans-
mit SENSE and parallel imaging on the
receive side. While the latter results in
fewer phase-encoding steps for the
same spatial resolution and, conse-
quently, shorter scan times, Transmit
SENSE results in a reduction of the
length of the excitation pulse to achieve
the same ‘excitation quality’, e.g. the

steepness of the excitation profile.
Figure 6 shows the complete transmit
diagram for syngo ZOOMit, incorporat-
ing all the ‘treasures’ mentioned above:
RF amplitude of 2 TX channels (row 1),
RF phase of 2 TX channels (row 2), read-
out gradient (row 3, not active during
excitation), phase-encoding gradient
with blips in the zoom direction (row 4),
slice-select gradient (row 5). Each short
RF pulse is a slice-selective sinc pulse.
The envelope of all these pulses define
the zoomed FOV. The envelope of the RF
amplitude (row 1) would again look
similar to a ‘long sinc’, but is modified by
the effects of the said ‘treasures’.

First results with syngo ZOOMit

At this time-point, two sequence tech-
niques are available for syngo ZOOMit —
EPI based imaging for DWI and fMRI,
together with SPACE as a 3D TSE imag-
ing technique.
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m In clinical routine, the main challenge
of 3D imaging is acquisition time
because of the large volume which
has to be scanned to avoid aliasing.
Figure 7 shows a simple comparison
between a conventional and a zoomed
SPACE scan. In this example the scan
time was reduced by 33% from
approx. 6 to 4 mins — maintaining the
same excellent image quality.

m Quality of DWI is especially crucial
when this technique is used for the
detection of potentially smallest
changes, (e.g. tumor staging in the
oral cavity), in areas with high differ-
ences of susceptibility, (e.g. the spine
or abdomen — bowel, pancreas, stom-
ach), or when quantification of diffu-
sion restriction is required. Figure 8
demonstrates the development of DWI
during the past years in one of the
most challenging areas — the oral
cavity and neck.

HE DWI has seen tremendous evolution during the past years. To visualize this and the potential of zoomed DWI, an ADC map acquired with a
standard DWI sequence and conventional parameters, as still often used in clinical routine, is compared with the corresponding ADC maps
acquired with syngo ZOOMit DWI in the same volunteer. In addition to reduced distortion, the zoomed DWI is characterized by a higher SNR and
spatial resolution as a consequence of the TE shortening enabled by parallel transmission. (8A) Morphology (T2w TSE) (8B) ADC map without
optimization (8C) ADC maps derived from a zoomed DWI exam with parallel transmission.
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El Even compared to optimized conventional DWI protocols, zoomed imaging can be used to improve SNR and geometrical accuracy as shown in
this example of the tongue base. (9A) T2w TSE, (9B) original b-value image derived from an optimized (magnified image; fusion with morphology
shown in (9D)) (9C) same volunteer and comparable sequence parameters (TE, b-value) examined with zoomed DWI (fusion shown in (9E)).

High-resolution
DWI of a small
lymph node in the
same volunteer
(1.0 x 1.0 mm?2
in-plane resolution)
Upper row: conven-
tional DWI, lower
row: zoomed DWI.
Note the precise
match between
original b-value
image (left) and
anatomy (middle,
right fusion) for
the zoomed exam.
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Conventional DWI has seen a lot of
improvements and the latest develop-
ments include read-out segmented EPI
(syngo RESOLVE). But also by comparing
optimized protocols, further improve-
ments can be achieved with zoomed
imaging. Figures 9—-11 show some fur-
ther potential advantages.

Future developments

Zoomed imaging offers a high potential

to significantly increase image quality

and decrease scan times, as shown in
the examples above. However, dynamic
parallel transmission (TimTX TrueShape)
offers a wide field of additional potential
applications. Some examples:

m Creation of curved saturation pulses
(e.g. along the spine) for optimal sup-
pression of motion and flow artifacts.
Such a saturation pulse would be
achieved with a 2D spiral excitation.

m 3D-selective excitation, for example a
cuboid or a sphere or even the exact
shape of the object. This might be

interesting for e.g. 3D CSI of the pros-
tate.
Figure 7 shows what a 3D-selective
excitation with a 3D spiral looks like in
excitation k-space. This does not bear
much resemblance anymore to the con-
ventional slice excitation from Figure 4.
m Vessel-selective excitation, e.g. for ASL
(selective Arterial Spin Labeling).
Besides new applications, also going to a
higher number of transmit channels is
an interesting option, with the potential
to go to higher TX-SENSE factors and
shorter excitation pulses. This might be
useful for multi-channel B; Shimming
and B, Mitigation, especially at ultra-high
field strength. Multiple channels would
also facilitate the excitation of complex
multi-dimensional excitation shapes.
The 1980s were the decade of the mag-
nets, the 1990s saw a vast increase of
gradient performance. While the 2000s
can be seen as the decade of RF receive
technology with multi-channel array
coils and Parallel Imaging, the 2010s
might well become the decade of RF
transmit. TimTX TrueShape sets the
stage for a new act in MRI.
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Distortion-free imaging with syngo ZOOMit of the prostate. Anatomy and high-resolution DWI show an excellent match of the outlined
prostate. In contrast, conventional DWI shows distortion especially in the area of the peripheral gland — the main area for prostate cancer.
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Disclaimer:

TimTX TrueShape (with syngo ZOOMit) is Works in
Progress. The information about this product is prelimi-
nary. The product is under development and is not
commercially available in the U.S., and its future avail-
ability cannot be ensured.
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Clinical Orthopedic Imaging

Case Report: Distal Medial
Collateral Ligament Tear

of the Knee

Eric K. Fitzcharles, M.D.; Charles P. Ho, Ph.D., M.D.

Steadman Philippon Research Institute Vail, CO, USA

Coronal fat suppressed proton density-weighted image (19/36) showing diffuse

soft tissue edema and fluid about the medial knee. There is partial tearing and strip-

ping of the proximal MCL attachment (curved arrow). There is undulating, stretched
ligament contour (arrow head). Retracted distal ligament fibers (medium arrow) are
superior and superficial to the intact pes anserinus tendon (long arrow).
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History of present illness

New patient evaluation for right knee
pain. Patient is a professional ski patrol-
ler. He was out skiing for fun, landed
and felt a pop in his knee. He was able
to ski down to the base area, but felt like
his knee was unstable and he was
unable to continue to ski. He had knee
pain and feelings of instability since
then. He has not been able to return to
his athletics. He states that his pain at
restisa 1/10 and at its worse, it is 4/10.
It is improving and occasional. He also
experiences giving away and popping in
his knee. He has never had a knee injury
before. He has tried bracing, ice and
decreased activity to treat it. No history
of knee surgery.

Musculoskeletal examination

The patient is tender to palpation over
the right knee medial collateral liga-
ment. Otherwise, he is nontender to pal-
pation throughout his bilateral knees.
His range of motion today is -5 to 135
on the right, and -5 to 150 on the left.
He is stable to Lachman, anterior and
posterior drawer, and varus stress. He
opens significantly to valgus stress on
the right knee, but not on the left knee.
He has normal patellar motion and glide.
He has no crepitus. His light touch is
intact in all dermatomes distally. His
motor strength is 4+/5 on the right and
5/5 on the left in all myotomes.

X-rays show that he has no bony abnor-
malities, but he does have opening to
valgus stress on the right knee.



Table 1: MRI technique.

Weighting and planes Field-
of-view
T2-weighted
axial 115
Proton Density-weighted
axial 150
fat suppressed
Proton Dens!ty—welghted 140
sagittal
Proton Density-weighted
sagittal 150
fat suppressed
Proton Density-weighted 120
coronal
Proton Density-weighted
coronal 160

fat suppressed

Clinical assessment

High-grade Medial Collateral Ligament
(MCL) disruption.

MRI (Table 1, Figs. 1-4): High-grade
complete tear and stripping and retrac-
tion of the distal medial collateral liga-
ment from its tibial insertion site, with
possibly a few residual continuous but

TR TE Sequence
5320 100 Turbo Spin Echo
Turbo Spin Echo
1200 45 fat suppressed
2570 41 Turbo Spin Echo
Turbo Spin Echo
1200 45 fat suppressed
2770 31 Turbo Spin Echo
Turbo Spin Echo
6040 41 fat suppressed

elongated and stretched fibers, which
may be from interstitial tearing. The
majority of ligament fibers appear
retracted to a level 4.5 cm below the
joint line, proximal to pes anserinus and
superficial to the distal pes tendons.
There also appears to be partial tear
involving the proximal medial collateral

Orthopedic Imaging Clinical

Slice Gap Matrix size
thickness
3.2 mm 0.3 mm 512 x 512
2 mm 0.0 mm 256 x 256
2 mm 0.0 mm 256 x 256
2 mm 0.0 mm 256 x 256
3 mm 0.3 mm 640 x 640
2 mm 0.3 mm 512x512

ligament, with adjacent edema and evi-
dence of stretching. Osteochondral
impaction fracture injury of the postero-
lateral femoral condyle with mild cortical
flattening and underlying osseous edema,
as well as some overlying chondral thin-
ning. Small joint effusion is noted.
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Discussion

Anatomy

There are three tissue layers in the
medial knee [1]. The superficial crural
and sartorial fascia form the outer layer.
The superficial and deep medial collat-
eral ligament forms the middle and deep
layers [1]. The superficial MCL proximal
attachment site is the posterior aspect
of medial femoral condyle, proximal and
posterior to the medial epicondyle.
There are two distal attachments:

1. The anterior arm of the semimembra-
nosus tendon.

2. A broad insertion just anterior to the
posteromedial crest of the tibia.

The broad tibial insertion of the superfi-
cial medial collateral ligament is located
deep and posterior to the pes tendons [2].
The superficial ligament can also be
divided into anterior and posterior por-
tions. Anterior fibers tighten with knee
flexion. Posterior fibers form the poste-
rior oblique ligament (POL). The POL
extends distally from adductor tubercle
with three arms [3]:

1. Tibial arm to the posterior tibia.

2. Capsular arm blends into the capsule
and the proximal oblique popliteal liga-
ment.

3. Inferior arm to the semimembranosus
tendon sheath, and inserts just distal to
the semimembranosus.

The superficial layer of the MCL provides
restraint to valgus stress at knee, provid-
ing from > 60-70% of restraining force
depending on knee flexion angle. At 25°
of flexion, the MCL provides 78% of the
support to valgus stress. At 5° of flexion,
it contributes 57% of the support against
valgus stress [1]. The semimembrano-
sus, pes anserinus, and quadriceps ten-
dons also provide medial stability [3].
The deep MCL is divided into menisco-
femoral and meniscotibial ligaments. It
inserts directly onto the edge of tibial
plateau and medial meniscus. Unlike the
superficial MCL, it does not provide sig-
nificant resistance to valgus force [1].

Clinical history and examination
findings

The overall cause of MCL injury is valgus
stress across the knee joint. There are
several mechanisms of injury. The most
common is a direct blow to the lateral
side of the knee while the foot is planted
on the ground and the knee is partially
flexed, exemplified by the common foot-
ball ‘clipping” injury. MCL injury may also
occur without ground contact, by a
forced external rotation of the tibia, as is
often seen in skiers. A valgus force to
the knee with the foot in unloaded
external rotation may also act as a
mechanism.

MCL sprains can and often do occur
along with other injuries, such as Ante-
rior Cruciate Ligament (ACL) / Posterior
Cruciate Ligament (PCL) tears and
meniscal injuries.

2]

Exam findings may be subtle, even with
complete MCL rupture. Comparison to
the opposite knee is essential. It is very
important to assess for valgus laxity,
with or without an endpoint, and to
determine the point of maximal tender-
ness.

In mild flexion, such as 30 degrees, val-
gus stress testing is specific for just the
MCL [1]. In extension, the examiner is
testing the posterior portion of the MCL,
the posterior oblique ligament, the ACL,
medial portion of posterior capsule, and
possibly also the PCL.

If the ligament is torn from medial epi-
condyle, it may avulse or elevate a small
bony fragment, causing focal tenderness
to palpation. This is the classic Pellegrini-
Stieda phenomenon, showing calcifica-
tion or a bone fragment at origin of MCL
on X-ray.

Axial T2-weighted image (27/40) showing retracted distal MCL fibers (arrow
head) superficial to the intact pes tendons including most anterior, the sartorius

tendon (long arrows).
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If there is a mid-MCL tear, the overlying
tendons may also be torn. There can be
a palpable defect with focal tenderness
at the level of the medial joint line.

With a distal tibial tear, tenderness may
be felt 6—-8 cm down medial tibial shaft,
along length of the ligament insertion.
A ‘Stener-like” injury (see below) should
be suspected in the presence of remark-
able, abnormally tender swelling and
ecchymosis over the medial joint line
and proximal tibia [4]. Valgus laxity test-
ing is not necessarily conclusive.
Associated knee injuries, most com-
monly ACL and meniscal tears, will obvi-
ously exhibit additional exam findings.

MRI

The vertical and posterior oblique com-
ponents of the MCL are depicted consis-
tently on coronal MRI sequences. The

MCL appears as a thin, taut, well-
defined, low signal linear structure run-
ning from the medial femoral epicon-
dyle to the medial tibial metaphysis [5].
The MCL runs parallel and adjacent to
the medial femoral epicondyle and
medial tibial metaphysis. The grading
system for MCL and other ligament tears
[5]is:

Grade [: Sprain

Grade Il: Partial tear

Grade Ill: Complete tear

Calcification in and near the proximal
MCL can be seen radiographically in the
setting of chronic MCL tear, or acute
avulsion fracture.

Acute MCL tear appearance depends on
severity. Grade | sprains of the MCL are
the most frequent ligamentous injury of
the knee [4]. Sprains exhibit an intact

El Axial T2-weighted image (28/40) distal to Figure 2 showing retracted distal MCL fibers
(arrow head) superficial to the intact pes anserinus tendons (long arrows).

Orthopedic Imaging Clinical

ligament of normal thickness, sur-
rounded to a variable degree by soft tis-
sue edema.

Grade Il tears show thickening and/or
partial disruption of MCL fibers, with
surrounding soft tissue edema and pos-
sibly hemorrhage. There are residual
intact ligament fibers visible.

Grade Il MCL tears show complete dis-
ruption of the ligament with correspond-
ing surrounding hemorrhage and
edema. There may be avulsion of either
attachment site, and there is often an
undulating, stretched appearance to the
ligament. Proximal tears are more com-
mon than distal tears. If there is com-
plete ACL tear, complete disruption of
the MCL is more likely.

A chronic MCL tear is seen as an ill-
defined, thickened ligament with low T1
and T2 signal. The MCL can partially
ossify in a chronic setting, and normal
bone marrow signal may be seen
proximally.

‘Stener-like’ MCL tear

In the thumb, disruption of the distal
insertion site of the ulnar collateral liga-
ment of the first metacarpophalangeal
(MCP) joint and displacement over the
adductor aponeurosis were described by
Stener [6] in 1962. A similar ‘Stener-like’
tear of the MCL is uncommon, but war-
rants special consideration due to its
unique features and treatment [4]. Val-
gus laxity testing is not always conclu-
sive, but MRI will show MCL fibers
retracted from their normal position
deep to the pes tendons [2]. Similar to a
Stener lesion of the thumb, if these
stripped or torn MCL fibers are displaced
superficial to the pes tendons, direct
healing is not possible, resulting in
persistent valgus laxity and instability.
Surgical repair should be considered in
these cases.

Bone contusions

With a classic clip injury, bone marrow
edema is most prominent in the lateral
femoral condyle, due to the direct blow.
There is often a second smaller area of
edema in the medial femoral condyle or
medial tibial plateau, from avulsive MCL
stress [7].
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[4]

4] Sagittal fat suppressed proton density-weighted image (44/59) showing
edematous impaction fracture of the posterior lateral femoral condyle (arrow).

MCL tears are not usually isolated. Aside
from bone contusions, other injuries
such as ACL tears and medial meniscal
tears (O’'Donoghue’s triad) are often
seen [5]. 73% of complete MCL tears are
associated with other knee injuries,
most commonly ACL tear [5].

Compared to the Lateral Collateral Liga-
ment (LCL) injuries, the sensitivity, spec-
ificity, and accuracy of MRI for MCL inju-
ries are less well established due to their
nonsurgical nature, but they may be

assumed to be similar to those of the LCL.

High T1-weighted fatty tissue interposed
between the layers of the MCL is a nor-
mal finding that may mimic an MCL tear.

Non operative treatment
MCL tear healing potential is directly
related to size of the gap between the

torn ends. Optimal healing occurs when
the ends are directly opposed. MCL

fibers heal much better than the ACL [3].

Maturation of scar tissue occurs from 6
weeks to one year. The ligament reaches
approximately 50% of its original
strength at 12 months. Mature scar tis-
sue is about 60% as strong as a normal
MCL, but the total load necessary for
failure can be about the same as that of
an uninjured MCL, since the thickness of
scar tissue is usually greater than that of
the original ligament.

Operative treatment

Surgery is obviously tailored to the loca-
tion of the tear. If there is femoral avul-
sion, the location of the reattachment is
very important. Reattachment anterior
to its original location may limit knee
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flexion, where as posterior reattachment
may cause laxity. The knee should

be held in 30 degrees flexion during
reattachment.

Surgical repair or at least relocation of
Stener-like MCL tears should be consid-
ered [4]. This consists of refixation to the
tibial insertion site. The surgeon may
restore normal tension by securing the
retracted ligament to an area of roughed
up bone, and secure with sutures or a
staple.

iy

N

w

(%,

(=)}

~N

References

Wheeless, CR (original text). Medial Collateral
Ligament. Wheeless Textbook of Orthopedics
Web site. http://lwww.wheelessonline.com/ortho/
medial_collateral_ligament. Updated August 30,
2011. Accessed November 4, 2011.

De Maeseneer M, et al. Sonography of the Medial
and Lateral Tendons and Ligaments of the Knee:
The Use of Bony Landmarks as an Easy Method
for Identification. AJR 2002; 178(6): 1437-1444.
Phisitkul P, et al. MCL Injuries of the Knee: Cur-
rent Concepts Review. lowa Orthopaedic Journal
2006; 26:77-90.

Corten K, et al. Case Reports: A Stener-like Lesion
of the Medial Collateral Ligament of the Knee.
Clin Orthop Relat Res 2010; 468(1):289-293.
Freitas A, et al. Collateral Ligament Injury MRI.
Medscape Reference Web site. http://lemedicine.
medscape.com/article/401472-overview. Updat-
ed May 25, 2011. Accessed November 7, 2011.
Stener B. Displacement of the ruptured ulnar
collateral ligament of the metacarpo-phalangeal
joint of the thumb: a clinical and anatomical
study. J Bone Joint Surg Br. 1962;44:869-879.
Sanders TG, et al. Bone Contusion Patterns of the
Knee at MR Imaging: Footprint of the Mechanism
of Injury. RadioGraphics 2000; 20:5135-S151.

Contact

Charles P. Ho, Ph.D., M.D.

Steadman Philippon Research Institute
181 W. Meadow Dr. Suite 1000

Vail, CO 81657

USA

Karen.briggs@sprivail.org



Case Report: Posterior

Glenoid Labral Tear

Eric K. Fitzcharles, M.D.; Charles P. Ho, Ph.D., M.D.

Steadman Philippon Research Institute, Vail, CO, USA

History of the present illness

The patient plays running back on the
football team, and he comes for com-
plaints of left shoulder pain. He states
that he was running in camp a few
weeks ago where he was hit with the
ball and felt like his arm pushed superi-
orly and inferiorly. Since that time, he
has not played. He is having continued
symptoms. The patient has a past his-
tory of right shoulder Latarjet procedure
in 2007, and an arthroscopy performed
a year before consisting of Bankart
repair. The patient now states that he is
unable to play and practice football and
wishes to have this addressed. He
describes his discomfort as pain and
instability when playing. The patient
states the pain is 2/10 at rest and 9/10 at
its worst. The patient states that the
pain does not wake him up from sleep.
Rest alleviates his symptoms.

Musculoskeletal examination

Examination of bilateral upper extremi-
ties shows full strength 5/5 muscle
strength in his rotator cuff as well as
biceps and triceps bilaterally. More spe-
cific exam of his left shoulder shows
patient has pain with anterior apprehen-
sion test and posteriorly. He has no real
feeling of apprehension as it does not
feel like it is dislocating in the front. He
has positive O'Brien’s. He has negative
Speed’s and Yergason'’s. He has a mildly
positive jerk test mostly with just dis-
comfort. On load and shift, he has some
discomfort when attempting to shift him
posteriorly, however, no gross laxity is

felt anteriorly. There is some mild sub-
luxation posteriorly.

X-rays showed no fracture or dislocation
and good maintenance of joint space.
The left shoulder was imaged using a 3T
Siemens MAGNETOM Verio MRI scanner.
Details of the technique are shown in
Table 1. MRI images (Figures 1-4) show
a posterior labral tear extending through
the articular and capsular margins and
periosteum, with possible small reverse
bony Bankart lesion as well. There is
osseous edema in the anterior humeral
head suggesting contusion or possible
small shallow reverse Hill-Sachs impac-
tion lesion. The overall appearance sug-
gests acute on chronic findings.

Operative findings
The patient had a posterior labral tear
with detachment with a flap and a loose

Orthopedic Imaging Clinical

Axial fat suppressed
proton density-weighted
image (19/29) showing a
tear through the posterior
labrum (arrow head) which
extends through the peri-
osteum. There is mild
edema of the anterior
humeral head (medium
arrow) suggesting contu-
sion or possible small
shallow reverse Hill Sachs
lesion. There is irregularity
and truncation of the pos-
terior osseous glenoid with
small ossicle (long arrow),
suggestive of reverse bony

Bankart lesion.

body within the joint. The remainder of
the shoulder had some anterior labral
fraying and some synovitis. Otherwise,
there was no Hill-Sachs or reverse Hill-
Sachs and no bone loss.

Biceps and biceps anchor were intact.

Procedures performed

1. Left shoulder arthroscopy with exten-
sive glenohumeral debridement.

2. Arthroscopic removal of loose body.
3. Arthroscopic posterior labral repair
with capsular shift.

Discussion

Background

The shoulder is the most unstable joint
in the animal kingdom, and has the
greatest range of motion of any joint in
the human body [1]. The humeral head
and glenoid are by themselves inher-
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ently unstable, and require the labrum,
capsule, ligaments and tendons to help
stabilize the joint. Injury to any of these
structures can increase the stress on the
surrounding normal structures, causing
pain and instability.

Glenohumeral joint instability extends
over a spectrum of severity, ranging
from dislocation to transient sublux-
ation. Instability may occur in any direc-
tion, or it may be multidirectional.
Posterior instability can result from
repeated microtrauma. Abduction, flex-
ion, and internal rotation (including
throwing) may be the mechanism of
injury. Most of these patients will
respond to conservative therapy, which
includes strengthening of the posterior
stabilizing muscles [2].

Posterior dislocation may result from a
fall on an outstretched hand, direct trau-
matic injury, or muscle contraction in
the case of seizure. Acute dislocation
may lead to instability, and surgery may
be necessary. Acute posterior dislocation
can be missed clinically, and lead to a
later presentation of frozen shoulder.
Anterior dislocation patients may
develop Bankhart and Hill-Sachs lesions
[3, 4]. The classic Bankart lesion is an
anterior labral tear/detachment which
extends through periosteum, and may
involve the bony glenoid or just the
labrum. The classic Hill-Sachs lesion is
an impaction injury of the posterolateral
humeral head, caused by contact of the

Axial
T2-weighted gradi-
ent echo image
(18/29) showing a
tear through the
posterior labrum
which extends
through the peri-
osteum (arrow
head). There is
irregularity and
truncation of the
posterior osseous
glenoid (long
arrow) with small
ossicle, suggestive
of reverse bony
Bankart lesion.

humerus against the anterior rim of the
bony glenoid. Posterior dislocation
patients, as discussed below, may suffer
similar injuries, but in opposite locations
due to opposite dislocation direction.
This has given rise to lesions named
‘reverse Bankhart’ and ‘reverse Hill-
Sachs'.

Clinical presentation

Symptoms of a labral tear depend on

where the tear is located, but may

include:

m Nonlocalized pain

m Catching sensation with movement

m Popping and clicking

m Pain with specific activities

m Pain with overhead activities or when
the arm is held behind the back.

m Weakness

m Joint instability

m Pain with flexion of the biceps

Posterior labral injuries are much more

common with football players than in

the general population [5]. In addition,

similar injuries occur in non-football

players whose shoulders are likely sub-

jected to a similar posteriorly directed

force leading to posterior translation of

the humeral head relative to the gle-

noid. Many posterior labral tears result

from multiple episodes of microtrauma,

and weight training such as bench

pressing may be an important causative

factor.
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Imaging

Non-contrast MRI has historically been
considered less accurate than MR
arthrography for depiction of small
labroligamentous lesions associated
with shoulder dislocation [6]. Early in
development and experience of shoul-
der MRI and understanding of shoulder
MRI anatomy on low to high field
strength scanners, noncontrast MRI has
been reported to have sensitivities of
67-86% and specificities of 44-95% in
the diagnosis of glenoid labral tears,
while MR arthrography has been
reported to have sensitivities of 90-95%
and specificities of 67-86%. However
with increased understanding and expe-
rience with shoulder MRI anatomy and
pathology, and improved MRI sequences
and shoulder coils, current high field
1.5T and newer 3T noncontrast MRI
techniques are highly accurate. MR
arthrography, with its risk and discom-
fort, is no longer necessary for most
shoulder MR imagers and patients.

MRI findings

Using MRI, findings related to posterior
instability are typically the reverse of
those for anterior instability. Tearing or
detachment of the posterior glenoid
labrum is common [2]. Capsular detach-
ment or stripping may also be seen, as
evidenced by disruption or stretching/
laxity of the normal, well defined contin-
uous low signal capsule line connecting
the glenoid and labral margin to the
humeral neck. There may be bony
impaction or fragmentation of the pos-
terior glenoid rim and the anterior
humeral head, which are the character-
istic reverse Bankhart and reverse Hill-
Sachs lesions. There may be a tear of the
posterior band of the inferior glenohu-
meral ligament. There is also an associa-
tion with teres minor tears (may tear
along with the posterior band of the
IGHL), and internal bodies in the gleno-
humeral joint.

There may also be associated rotator
cuff injury. Glenoid erosive changes,
sclerosis, or heterotopic bone formation
may be seen chronically. There may be
soft-tissue findings of associated edema,
hematoma, or extravasated joint fluid.



The humeral head may be posteriorly
subluxed in relation to the glenoid. In
chronic cases, there may be bone loss
and remodeling with retroversion of the
glenoid, although there is a reported
wide normal range of glenoid inclination
from 25° retroversion to 8° anteversion.
Age-related changes are frequently
found in the glenoid labrum, and labral
tears are not uncommon in cadavers and
older patients. Senescent changes on MRI
may be diffusely increased labral signal
and fraying. Location, patient age, and
clinical presentation should always be
part of surgical decision-making.
Paralabral cysts can be classified as
synovial cysts, ganglion cysts, or pseu-
docysts [7]. They may be unilocular or
multilocular, and are nearly always
related to a nearby labral tear, although

Table 1: MRI technique

Weighting and planes Field-
of-view
T2-weighted
axial 120
Proton Density-weighted
axial 120
fat suppressed
Proton Density-weighted
. 120
sagittal
Proton Density-weighted
sagittal 120
fat suppressed
Proton Density-weighted
120
coronal
Proton Density-weighted
coronal 120

fat suppressed

the tear may not always be seen. Paral-
abral cysts extending into the suprascap-
ular notch or spinoglenoid notch may
cause entrapment of the suprascapular
nerve, which may lead to supraspinatus
and infraspinatus muscle denervation
atrophy for more proximal entrapment
(suprascapular notch lesions or proximal
spinoglenoid notch lesions extending
along the supraspinatus fossa of the
scapula). Isolated infraspinatus atrophy
may occur for more distal lesions (infe-
rior aspect of spinoglenoid notch
extending into the infraspinatus fossa of
the scapula). Rarely, a large inferior cyst
extending into the quadrilateral space
may impinge on the axillary nerve and
cause teres minor atrophy and deltoid
atrophy. In the absence of pain, paral-
abral cysts are be treated conservatively.

Orthopedic Imaging Clinical

Labral abnormalities associated with
posterior shoulder joint instability

Bennett lesion

The Bennett lesion represents an enthe-
sophyte arising from the posterior por-
tion of the glenoid rim, which is com-
monly seen in baseball pitchers.

POLPSA lesion

The posterior labrocapsular periosteal
sleeve avulsion (POLPSA) lesion is the
posterior analogue of the anterior labro-
ligamentous periosteal sleep avulsion
(ALPSA). It is associated with posterior
instability. Wherein the reverse Bankart
lesion the periosteum is torn, the perios-
teum is stripped but intact in a POLPSA
lesion.

TR TE Sequence Slice Gap Matrix size
thickness

650 7.5 Gradient Echo 3 mm 0.3 mm 512x512
Turbo Spin Echo

3350 46 fat suppressed 3mm 0.3 mm 512 x512

4000 93 Turbo Spin Echo 2 mm 0.3 mm 640 x 640
Turbo Spin Echo

3000 46 fat suppressed 2mm 0.3 mm 512 x512

2510 34 Turbo Spin Echo 3 mm 0.3 mm 768 x 768
Turbo Spin Echo

3000 46 fat suppressed 2mm 0.3 mm 512 x512
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Sagittal
T2-weighted
image (20/25)
showing a tear
through the
posterior
labrum (short
arrows).

Sagittal
T2-weighted
image
(21125)
showing trun-
cation of the
posterior gle-
noid margin
(short
arrows), and
adjacent
capsulolabral
avulsion
(long arrow).

B Coronal fat sup-
pressed proton
density-weighted
image (13/25)
showing sparing of
the superior
labrum (arrow).

Limitations of MRI

Variable labral shape can cause false
diagnosis of labral tear. Glenohumeral
ligaments can be confused with torn or
detached labrum. Articular cartilage at
the base of the labral attachment, can
exhibit intermediate to high T2 signal,
and occasionally be mistaken for labral
tear or detachment.
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Myocardial T1-Mapping: Techniques
and Clinical Applications
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Introduction

Cardiovascular magnetic resonance
(CMR) has been an increasingly used
imaging modality which has experi-
enced significant advancements in the
last years [1]. One of the most used

techniques that have made CMR so
important is late gadolinium enhance-
ment (LGE) and the demonstration of
localized areas of infarct and scar tissue
[2-4]. However, despite being very sen-

sitive to small areas of regional fibrosis,
LGE techniques are mostly dependent on
the comparison to supposedly normal ref-
erence areas of myocardium, thus not
being able to depict more diffuse disease.

MOLLI images (1A) with respective signal-time curves (1B) and reconstructed T1 map (1C) at 3T. The mean T1 time for this patient was

1152 ms (pre-contrast).
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Sequence Original MOLLI T1 Optimized MOLLI Shortened MOLLI
sequence [15] sequence [17] sequence [18]
T
Bandwidth 1090 Hz/px 1090 Hz/px 1090 Hz/px
_
Base matrix
R
FOV x % phase 380 x 342 256 x 100 340x 75

Slice thickness

Trigger delay 300 ms 300 ms 500 ms

Acquisition heartbeats

Tl increment 100-150 ms 80 ms 80 ms
Spatial resolution 2.26 x 1.58 x 8 mm 2.1x1.8x8mm 1.8x1.8x8 mm
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MOLLI (2A) versus ShMOLLI (2B) in a single patient at 3T post-contrast. The calculated values for the 11 MOLLI images were 551 ms versus
544 ms for the 8 images of the sShMOLLI set. The time to acquire the MOLLI images were 21 seconds versus 14 seconds for the shMOLLI sequence
(with a patient heart rate of 61 bpm).

Myocardial interstitial fibrosis, with a
diffuse increase in collagen content in
myocardial volume, develops as a result
of many different stimuli including pres-
sure overload, volume overload, aging,
oxidative stress and activation of the
sympathetic and renin-angiotensin-aldo-
sterone system [5]. Different from
replacement fibrosis, where regional col-
lagen deposits appear in areas of myo-
cyte injury, LGE has a limited sensitivity
for interstitial diffuse fibrosis [6]. There-
fore, if one wants to image diffuse inter-
stitial fibrosis within the myocardium
other techniques might be more suitable.
While echocardiogram backscatter and
nuclear imaging techniques may be
applied for that purpose [7, 8], myocar-
dial tissue characterization is definitely
an area where CMR plays a large role.
While equilibrium contrast CMR and
myocardial tagging have been shown to
reflect diffuse myocardial fibrosis,

T1-mapping techniques have been most
widely used. In the following, we
describe the developments in T1-map-
ping as well as their possible current and
future uses.

T1-mapping

By directly quantifying T1 values for
each voxel in the myocardium, a para-
metric map can be generated represent-
ing the T1 relaxation times of any region
of the heart without the need to com-
pare it to a normal reference standard
before or after the use of a contrast
agent. The first attempts to measure T1
times in the myocardium used the origi-
nal Look-Locker sequence and were
done using free breathing with acquisi-
tion times of over 1 minute per image
[9, 10], not allowing for pixel-based-
mapping but only for regions-of-interest
analysis. Another implementation of
T1-mapping used variable sampling of
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the k-space in time (VAST), acquiring
images in three to four breath-holds and
correlating that data to invasive biopsy
[11]. Other sequences have been used
for quantification of T1 as well using
inversion recovery TrueFISP [12, 13] or
multishot saturation recovery images
[14] but their reproducibility and accu-
racy have not been extensively
validated.

The most widely used T1-mapping
sequence is based on the Modified Look-
Locker Inversion-recovery (MOLLI) tech-
nique. Described originally by Mess-
roghli et al. [15] it consists of a single
shot TrueFISP image with acquisitions
over different inversion time readouts
allowing for magnetization recovery of a
few seconds after 3 to 5 readouts. The
parameters for the original MOLLI
sequence are described in Table 1. The
advantages of this sequence over previ-
ous methods are its acquisition in only
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El An example of an automated T1-map generated on the fly with inline processing after acquisition of a MOLLI sequence at 3T.
In (3A) the original images acquired and in (3B) the inline map. The T1 for this patient was calculated at 525 ms post-contrast.

one relatively short breath-hold, the
higher spatial resolution (1.6 x 2.3 x

8 mm) and increased dynamic signal.
Reproducibility studies using this
sequence have shown that the method
is very accurate with a coefficient of
variation of 5.4% [16] although an
underestimation of 8% should be
expected based on phantom data. An
example of MOLLI images and its respec-
tive signal-time curves and map are
shown in Figure 1. One disadvantage of
this implementation of MOLLI is its
dependence on heart rate, mostly true
for T1 values less than 200 msec or
greater than 750 msec. However,
because the deviation is systematic, raw
values can be corrected using the for-
mula T1omected = T1raw — (2.7 X [heart rate
-70]), bringing the coefficient of varia-
tion down to 4.6% after applying the
correction. An optimized MOLLI
sequence was subsequently described

where heart rate correction might not
be even necessary [17]. In the optimized
sequence, the authors tested variations
in readout flip angle, minimum inversion
time, inversion time increments and
number of pauses between each read-
out sequence. The conclusion from
these experiments showed that a flip
angle of 35°, a minimum inversion time
of 100 msec, increments of 80 msec and
three heart cycle pauses allowed for the
most accurate measurement of myocar-
dial T1 (Table 1). Because T1 assessment
may be sensitive to motion artifacts and
not all patients might be able to hold
their breaths throughout all the neces-
sary cardiac cycles used in MOLLI's
sequence implementation, more
recently a shortened version sequence
(ShMOLLI) using only 9 heart beats was
presented to account for those limita-
tions [18]. Using incomplete recovery of
the longitudinal magnetization that is

corrected directly in the scanner by con-
ditional interpretation, ShAMOLLI was
directly compared to MOLLI in patients
over a wide range of T1 times and heart
rates both at 1.5 and 3T. The results
showed that despite an increase in noise
and slight increase in the coefficient of
variation (especially at 1.5T), T1 times
were not significantly different using
ShMOLLI with the advantage of much
shorter acquisition times (9.0 = 1.1 sec
versus 17.6 + 2.9 sec). An example of
MOLLI and ShMOLLI images from the
same patient is presented in Figure 2.
Up to now, after acquiring images for
T1-mapping, one had to analyze them
using in-house developed software,
dedicated commercial programs or
open-source solutions [19], not always a
simple and routine task, leading to diffi-
culty in post-processing the data and
generating T1 values. Recent advances
have provided new inline processing
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techniques that will generate the
T1-maps automatically after image
acquisition with MOLLI, without the
need for further post-processing, accel-
erating the whole process. An example
of such automated T1-map is presented
in Figure 3. At the same time, inline
application of motion correction permits
more accurate pixel-wise maps, avoiding
errors due to respiratory deviations.

An example of an image with and with-
out motion correction is presented in
Figure 4.

Clinical applications

Potentially, T1-mapping can be used to
assess any disease that affects the myo-
cardium promoting diffuse fibrosis. How-
ever, because of its recent development,
the technique has only been evaluated
on a small number of patients although
the clinical scenarios are varied.

The first clinical description of direct
T1-mapping in pathological situations
was done in patients with acute myocar-
dial infarction [20]. While the authors
did not use the described MOLLI
sequence, they did note that pre-con-
trast infarct areas had an 18 + 7%
increase in T1 times compared to normal
myocardium and that after contrast the
same areas showed a 27 + 4% reduction
compared to non-infarcted areas (P <
0.05 for both). In chronic myocardial

infarction, where LGE has proven so use-
ful, these changes were also observed
although differences were not as pro-
nounced as in the acute setting [21].

In amyloidosis, post-contrast T1 times
were also detected to be shorter in the
subendocardial regions compared to
other myocardium areas [22]. The com-
bination of both LGE identification and
T1 times < 191 msec in the subendocar-
dium at 4 minutes provided a 97% con-
cordance in diagnosis of cardiac amyloi-
dosis and T1 values significantly
correlated to markers of amyloid load
such as left ventricular mass, wall thick-
ness, interatrial thickness and diastolic
function.

In valve disease, an attempt to show dif-
ferences in T1 values in patients with
chronic aortic regurgitation using MOLLI
sequence did not find any changes in
the overall group before or after contrast
[23]. However, the authors did notice
that differences were observed region-
ally in segments that demonstrated
impaired wall motion in cine images.
The small number of patients (n = 8) in
the study might have affected the con-
clusions and further evaluation of simi-
lar data might yield other conclusions.
A more recent study showed that, using
equilibrium contrast CMR, diffuse fibro-
sis measured in aortic stenosis patients
provided significant correlations to
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quantification on histology [24].

In heart failure, the use of T1-mapping
has been more widely studied and
directly correlated to histology evalua-
tion [11]. In this paper, the authors eval-
uated patients with ischemic, idiopathic
and restrictive cardiomyopathies show-
ing that post-contrast T1 times at 1.5T
were significantly shorter than controls
even after exclusion of areas of LGE (429
+ 22 versus 564 = 23 msec, P < 0.0001).
We have investigated a similar group of
patients on a 3T MAGNETOM Verio scan-
ner and have found that both dilated
and hypertrophic cardiomyopathy
patients have lower post-contrast T1
times compared to controls, but non-
infarcted areas from ischemic cardiomy-
opathy patients do not show significant
differences (unpublished data). Exam-
ples of a myocardial T1-map at 3T from a
patient with dilated cardiomyopathy and
suspected hypertrophic cardiomyopathy
are seen in Figure 5 and 6 respectively.
Finally, in patients with both type 1 and
2 diabetes melitus, T1-mapping using
CMR was able to show that these
patients may have increased interstitial
fibrosis compared to controls as T1 times
were significantly shorter (425 = 72 msec
versus 504 + 34 msec, P <0.001) and
correlated to global longitudinal strain
by echocardiography, demonstrating
impaired myocardial systolic function.



Future directions

Certainly with the research of T1-map-
ping in different clinical scenarios the
applicability of the method will increase
substantially. In the meantime, more
effort has been made to further stan-
dardize values across different patients
and time points. As T1 time, especially
after injection of contrast, depends on
both physiologic and scan acquisitions,
methods have been described to
account for these factors, with normal-
ization of T1 values [25]. More than
that, standardization of normal values
across a larger number of normal indi-
viduals is also necessary since most
papers provide data on much reduced
cohorts, mostly limited to single center
data. In that regard, a large multicenter
registry is already collecting data at 3T
in patients from 20 to 80 years of age in
Latin America [Fernandes JL et al. —
www.clinicaltrials.gov — NCT01030549].
Besides that, other techniques are under
development that might allow T1 mea-
surement with larger coverage of the
heart using 3D methods [26].
Nevertheless, with the current tech-
niques available there are already much
more clinical applications to explore and
certainly quantitative T1-mapping will
become one of the key applications in
CMR in the near future.
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B Example of a
MOLLI sequence
obtained without
(4A) and with
(4B) motion cor-
rection. Notice
the deviation
from baseline of
the left ventricle
during the image
acquisition cycle,
fully corrected in
(4B).
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High Acceleration Quiescent-Interval
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Healthy volunteer: Comparison across field strength and PAT factor

1,5T PAT 2 1,5T PAT 4 3T PAT 2 3T PAT 4 CE-MRA 3T

El QISS maintains excellent image quality with PAT 4 acquisition. 3T imaging demonstrates higher SNR and potentially better results at high PAT
factors. All protocols have high correlation to CE-MRA (right).

*This product is still under development and not yet commercially available. Its future availability cannot be ensured.
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Background

Contrast-enhanced MR angiography (CE-
MRA) is routinely used for the evaluation
of peripheral arterial disease (PAD). How-
ever, due to the increased concern of
nephrogenic systemic fibrosis (NSF) asso-
ciated with gadolinium administration in
patients with impaired renal function,
there has been increased interest in the
development of non-contrast MRA (NC-
MRA) techniques. Quiescent-interval sin-
gle-shot (QISS) imaging* has recently
been described as an NC-MRA technique
for assessment of the lower extremity
vasculature [1] with proven clinical util-
ity at 1.5T [2, 3]. These studies have
demonstrated that QISS is easy to use,
does not require patient-specific imaging
parameters, has minimal flow dependence
and is less sensitive to motion than sub-
tractive techniques. Increased SNR at 3T
potentially provides improved image
quality and enable higher parallel imag-
ing acceleration (PAT) factors. Increasing
the PAT factor can be critical to maintain-
ing an acquisition rate of one slice per
heartbeat in patients with fast heart rates.
In order to evaluate these aspects of
QISS NC-MRA, the purpose of our study
was to determine
1. the effect of field strength on QISS
image quality,
2. the potential to accelerate imaging at
3T using higher PAT factors and
3. to compare NC-MRA QISS at 3T to a
conventional CE-MRA protocol.
In addition, the diagnostic quality of
QISS at 3T in patients with PAD was
evaluated.

3T QISS in a patient shows segmental occlusion in the adductor canal with recon-
stitution in the profunda femoral collateral for patient with low GFR (no CE-MRA ref-
erence). Standard PAT factor 2 (left), as well as higher PAT factors 3 (center) and 4
(right) clearly depict disease, enabling shorter single shot acquisition capabilities for
patients with fast heart rates.
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Methods

QISS is a two-dimensional electrocardio-
graphically gated single-shot balanced
steady-state free precession acquisition
of one axial slice per heartbeat. Image
contrast is generated using in-plane sat-
uration to suppress background tissue
and a tracking saturation pulse to sup-
press venous signal prior to a quiescent
inflow period. ECG gating ensures that
the quiescent inflow period coincides with
rapid systolic flow to maximize inflow of
unsaturated spins into the imaging slice;
since only a 2D slice is saturated, only
minimal inflow is required. Images are
acquired with a series of imaging stations,
each with 70 slices around the magnet
isocenter. Stations in the pelvis and
abdomen typically use a series of breath-
hold concatenations to minimize respira-
tory motion.

To validate QISS at 3T, twelve healthy
volunteers (9 males age 22-49, 3
females age 26-43) were scanned at 1.5
and 3T within one week using a dedi-
cated 36-channel peripheral vascular coil
and an 18-channel body array coil (1.5T
MAGNETOM Aera and 3T MAGNETOM
Skyra, Siemens Healthcare, Erlangen,
Germany). In addition, CE-MRA was per-
formed at 3T (8.4-10 ml at 2 ml/sec,
Ablavar, Lantheus Medical Imaging, N.
Billerica, MA, USA). Additionally, 3
patients with lower extremity PAD were
scanned using 3T QISS NC-MRA and CE-
MRA as the reference standard if glomer-
ular filtration rate (GFR) was sufficient.
Imaging parameters are provided in
Table 1. For each scan session, three
QISS run-off scans were acquired in ran-
domized order with GRAPPA PAT factors
2, 3 and 4. The total acquisition and
shim time for each QISS NC-MRA run-off
was approximately 10 minutes depend-
ing on the heart rate. Two blinded radi-
ologists scored image quality for venous
contamination, arterial conspicuity and
arterial artifacts using a 4-point scale (0O
= poor, 1 = fair, 2 = good, 3 = excellent)
and inter-observer reliability was measured
using the kappa statistic.

Validation results

QISS image quality was consistent for
both field strengths. 3T results were par-
ticularly robust, even with high PAT fac-
tors and showed higher signal-to-noise
ratio (SNR) relative to 1.5T (representa-
tive volunteer in Fig. 1). Arterial conspi-
cuity and artifact scores were compara-
ble to CE-MRA, and slightly higher for 3T
(2.8 £0.1) relative to 1.5T (2.5 + 0.2).
Venous suppression was superior at
1.5T; venous signal did not impact arte-
rial assessment at 3T, however. QISS at
3T also had higher inter-observer agree-
ment (k = 0.759) than at 1.5T (k = 0.426)
for image quality scoring. Overall, QISS
performed comparably to CE-MRA at
both field strengths, even with a high
PAT factor of 4 [4]. Despite the presence
of respiratory or bowel motion in some
volunteers, QISS with concatenated
breath-holding performed consistently
in the abdomen and pelvis. Moreover,
one always has the option to repeat all
or part of the data acquisition in case of
technical difficulty or macroscopic
patient motion - an option that is not
afforded by CE-MRA.

Clinical results

Based on impressive results in volunteers,
several patients were scanned at 3T to
demonstrate clinical utility. Initial results
suggest that QISS is effective at 3T and
has high correlation with CE-MRA.

Clinical case 1

42-year-old male with longstanding his-
tory of type | diabetes complicated by
renal failure presents with left diabetic
foot requiring transmetatarsal amputa-
tion. He subsequently received a kidney
transplant and now presents to vascular
surgery clinic with non-healing wounds
of the right 3" and 4 toes. The patient’s
renal function is poor, with a Creatinine
of 2.35 mg/dl and an eGFR of 31 ml/
min/1.73 m2. The patient was referred
for QISS NC-MRA at 3T to assess options
for right lower extremity revascularization
(Fig. 2). NC-MRA demonstrated segmen-
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tal occlusion of the distal left superficial
femoral artery at the adductor canal over
a distance of approximately 3 cm with
reconstitution via branches of the pro-
funda femoris artery (Fig. 2). Small col-
lateral vessels are clearly depicted for
PAT factors 2, 3, and 4 (suitable for 738,
660 and 619 ms R-R intervals, respec-
tively) suggesting that high PAT factors
can be used to maintain acquisition of
one slice per heartbeat for patients with
high heart rates. The QISS NC-MRA images
of the calves clearly depict the arterial
run-off beyond the level of occlusion. No
significant arterial stenoses were appar-
ent in the right lower extremity and the
patient was diagnosed with microvascu-
lar disease. The patient continued wound
care, with plans for transmetatarsal
amputation if conservative therapy was
unsuccessful.

Clinical case 2

64-year-old male with a history of hyper-
tension, chronic back pain, and tobacco
abuse presents with diminished exercise
tolerance. The patient reports that these
symptoms have been slowly progressive
over two years such that he is only able
to walk half a block, limited by fatigue
and left leg weakness of the hip and but-
tock. Lower extremity arterial flow stud-
ies demonstrated an ankle brachial index
of 0.69 with duplex findings suggestive
of inflow disease. The patient was referred
for CE-MRA at 1.5T and underwent QISS
NC-MRA at 3T for research purposes
(Fig. 3). CE-MRA with a single dose of
gadobenate dimeglumine (Multihance,
Bracco Diagnostics Inc., Princeton, NJ,
USA) demonstrated long segment occlu-
sion of the left external iliac artery, with
reconstitution of the common femoral
artery. There was no significant left lower
extremity outflow disease; three-vessel
runoff was noted to the left foot. QISS
NC-MRA demonstrated similar findings,
with segmental occlusion of the external
iliac artery, with the common femoral
artery reconstituted by the inferior epi-
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gastric and deep circumflex iliac arteries.

The patient will undergo revasculariza-
tion with left iliac stent placement at a
later date.

Clinical case 3

56-year-old female with a history of
hypertension, type Il diabetes, and lum-
ber radiculopathy presents with inter-
mittent left lower extremity claudication
gradually increasing in severity over the

Both QISS and CE-MRA depict long segment occlusion of the left
external iliac artery, with reconstitution of the common femoral artery.
QISS PAT 3 acquisition (left) maximizes SNR while still maintaining
single shot acquisition every heartbeat.

course of a year, now limiting her walk-
ing to a half block. The patient describes
increased sensitivity to her left foot and
pain in the anterior left thigh, which keeps
her awake at night. She notes improved
pain with Vicodin. The patient was referred
for CE-MRA and underwent QISS NC-
MRA at 3T for research purposes (Fig. 4).
CE-MRA was performed at 1.5T following
a double-dose of gadopentetate dime-
glumine (Magnevist, Bayer Healthcare

Pharmaceuticals, Inc, Wayne, NJ, USA)
demonstrating long segment occlusion
of the left mid to distal superficial femo-
ral artery, with reconstitution of the
popliteal artery via branches of the
hypertrophied profunda femoris artery.
These findings are well seen using QISS
NC-MRA, which delineates the length of
the occlusion and the run-off vessels
without contrast media. Mild venous sig-
nal contamination is noted on QISS NC-

Bl QISS and CE-MRA demonstrate long segment occlusion of the
left mid to distal superficial femoral artery, with reconstitution of
the popliteal artery via branches of the hypertrophied profunda

femoris artery. For this patient, QISS PAT 4 acquisition (left) main-
tained single shot acquisition every heart beat.
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MRA without impacting diagnostic yield
of the maximum intensity projection
(MIP) images. The patient underwent
successful endovascular recanalization
of the left superficial femoral artery with
stent placement with resolution of her
claudication symptoms.

Cardiovascular Imaging Clinical

Table 1: Quiescent-interval single-shot (QISS) sequence details.

QISS sequence details

Conclusion TR (ms) | TE (ms) / flip angle (deg.) 3.2/1.7/190
QISS NC-MRA is promising at 3T and

demonstrates comparable image quality In-plane resolution Tx1mm
to CE-MRA in depicting the peripheral

arFeries in both volunteers and patients Partial Fourier 5/8
with PAD. Improved SNR at 3T enables

higher PAT factors to reduce image acqui-

sition time while maintaining image Slice thickness 3 mm
quality in patients with faster heart rates.

While QISS at 1.5T has shown excellent ) ) )
clinical utility, our results suggest that Orientation axial
imaging at 3T may provide further clinical

benefit. QISS NC-MRA at 3T demonstrated No. of slices per group 70
arterial vessels with slightly greater con-

spicuity and lower arterial artifacts com-

pared to QISS NC-MRA at 1.5T. Although No. of slice groups 7

venous signal contamination is greater
at 3T, the increased arterial signal enables
ready differentiation on MIP imaging and
does not impact diagnostic utility. Volun-

Acquisition time / slice group

~55 s (heart rate dependent)

teer and patient data demonstrate that Parallel imaging GRAPPA x 2—-4
the QISS acquisition can be accelerated

up to four fold without significant image .

quality degradation, suitable for heart ECG gating ves

rates approaching 100 beats per minute.

At both field strengths, the QISS technique Inversion time 345 ms

is a valuable alternative to CE-MRA espe-
cially in patients with renal insufficiency.
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Introduction

Hepatic cirrhosis is an increasing compli-
cation of cystic fibrosis (CF). Liver biopsy
remains the gold standard for diagnosis
and detection of CF, but unfortunately is
prone to sampling errors. A non-invasive
test that assesses the entire liver would
be beneficial for both patient manage-
ment and therapeutic trials. Hepatic
stiffness measured with magnetic reso-
nance elastography® (MRE) has shown
potential as a surrogate for detecting
liver disease and hepatic fibrosis [1-4].
MRE is quantifiable and can be used in
patients with obesity or ascites. In con-
junction with other MR scans, MRE can
help differentiate fat from fibrosis.
Application of MRE also spares the dis-
comfort and risk associated with liver
biopsy; it allows assessment of a large
volume of the liver, decreasing sampling
errors associated with sonography; and,
it allows for multiple follow-up studies
without risk of radiation exposure.

MRE generates images depicting the rel-
ative stiffness of liver tissue by imaging
the shear wave propagation generated
by an external wave generator or active
acoustic driver. The mechanical excita-
tion is conducted to the patient in the
magnet pneumatically, by means of a
long hose terminated with a drum-like
passive driver. The driver waveform is
synchronized to motion encoding gradi-
ents in the MR imaging sequence to
encode tissue displacement as phase in
the reconstructed images. The strength
of the wave propagation in the tissue is
controlled by the amplitude of the driver

The Resoundant acoustic driver system.

MR Elastography setup.

*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.

*Under development. Not for sale in the U.S.
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waveform and the quality of the cou-
pling between the passive driver and
the liver.

In this study we use MRE and other MR
techniques to simultaneously measure
hepatic stiffness and steatosis in healthy
pediatric* subjects and CF patients with
cirrhosis to assess the potential value of
MRE for detection of chronic liver dis-
ease. Special emphasis was placed on
evaluating the methods for use on pedi-
atric subjects where smaller body habi-
tus markedly increases the coupling
between the driver and the patient’s
liver. For pediatric patients it is critical to
adjust the amplitude or the strength of
the wave generated by the driver for
both patient comfort and size, while
simultaneously providing good elasto-
graphy data.

Methods

The MRE data were collected on a con-
ventional 1.5T MAGNETOM Avanto sys-
tem using the MRE research application
package. The MRE examination was
added to a conventional MR examina-
tion of the upper abdomen and requires
less than one minute of additional imag-
ing time. After collecting T2-weighted
localizer images, ten subjects with a
mean age of 18.6 years (range 7-44
years) were studied. Four subjects were
healthy and six of them had CF and cir-
rhosis documented by conventional MRI
methods. Patients were imaged in the
supine position with a passive pneu-
matic driver placed on the abdomen
overlying the liver to generate mechani-
cal waves.

MRE acquisitions were performed using
a gradient-recalled echo based MR elas-
tography sequence. A six element body
matrix coil was placed anterior to the
liver while six to nine elements of a
spine matrix coil were positioned poste-

riorly. A transverse slice orientation was
used with elastography motion encod-
ing through each slice. Four acquisitions
were performed per slice, each with a
different phase offset between the
driver and the scanner. GRAPPA parallel
imaging was applied with an accelera-
tion factor of 2, allowing data to be
acquired in a single 20 second breath-
hold per slice. Imaging parameters were:
256 x 64 acquisition matrix, TE/TR 22/50
ms, FOV 340 or 380 mm, slice thickness
5 mm, read bandwidth 260 Hz/pixel and
flip angle 25°. A 60 Hz mechanical wave
was generated by the active acoustic
driver (Resoundant, Mayo Clinic, Roches-
ter, MN, USA) shown in Figure 1. The
applicator of the MRE device was placed
over the anterior wall of the chest adja-
cent to the liver as shown schematically
in Figure 2. The amplitude of the driver
was adjusted for pediatric patients
between 10%-20% of the maximum
amplitude, as opposed to the 40%—-60%
amplitude that was used for adult
patients.

The MR wave images were generated
using an offline inversion algorithm
(Mayo Clinic, Rochester, MN, USA), and
used to calculate elastographic images
(or elastograms) that depict liver stiff-
ness. Mean elasticity values are reported
in kilopascal (kPa) by manually placing
regions of interest in four regions on
each cross sectional image. All patients
also had intrahepatic triglyceride (IHTG)
content quantified with MR spectros-
copy using a Double PRESS sequence
(TE1 =23 ms, TE 2 =53 ms). Statistical
analyses were performed using non-
paired t-tests.

Results

MRE was successfully accomplished in
all subjects. Representative wave and
MRE images of the liver from subjects
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with or without cirrhosis are depicted in
Figure 3. The mean hepatic shear stiff-
ness was significantly higher in subjects
with cirrhosis (mean 4.84 kPa, range
4.02-6.21 kPa) than those without cir-
rhosis (mean 2.99 kPa, range 2.70—
3.38 kPa) (P = 0.0026). Receiver opera-
tor characteristic analysis identified a
cutoff of > 3.38 kPa as both 100% sensi-
tive and specific for discriminating cir-
rhosis in this patient population.

We adjusted driver amplitude down-
wards roughly based on the body weight
of the pediatric patients in order to avoid
image artifacts due to excessive vibra-
tion amplitude. Driver amplitudes
between 10%-20% provided good qual-
ity MRE data in patients ranging from
15 to 35 kg in weight. Figure 4 shows a
representative case of elastograms
acquired with low driver amplitudes on a
10-year-old patient. As seen in this fig-
ure, the elastograms show similar qual-
ity for both 10% and 15% amplitude.

To determine whether steatosis influ-
enced detection of cirrhosis in CF liver
disease, the IHTG content was assessed
and found to be normal in four (mean
2.3%, range 1.12%-3%) and increased
in six subjects (mean 6.6%, range
4.97%-8.25%) and was no different in
patients with or without cirrhosis
(P=0.27).

Discussion and conclusions

MRE can show increased liver stiffness in
patients with liver disease and can be
used to identify hepatic cirrhosis. Use of
MRE may lead to a new quantitative
method for evaluating cirrhosis in
patients with CF and other chronic liver
diseases. This technique has the advan-
tages of being non-invasive, allowing
assessment of a large liver area, and
allowing for multiple follow up studies
without risk of radiation exposure.
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4
Shear Stiffness (kPA)

El Representative wave images and elastograms in a healthy subject (left column) and a CF patient with cirrhosis (right column). In the healthy
subject, the wave image (top left) shows short wavelengths consistent with normally soft liver, and the elastogram (bottom left) reveals stiff-

ness values ranging from 0 to 3 kPa, mean 2.1 kPa. In the CF patient, the wave image (top right) shows shear waves with longer wave lengths
and the elastogram (bottom right) depicts stiffness values of 4-8 kPa, mean value of 7.2 kPa.
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In this study we have shown that MRE is
safe and feasible when applied to a pedi-
atric population and that it can identify
increased liver stiffness in CF patients
with hepatic cirrhosis. To avoid excessive
signal loss due to phase dispersion, the
driver amplitudes used for pediatric sub-
jects were well below those that are
used for typical adults and yet we were
able to obtain good quality elastograms
and wave images. Since the vibrations
were well tolerated in the pediatric pop-
ulation, these findings provide a good
starting point for future pediatric exami-
nations.

We have demonstrated that a shear stiff-
ness cutoff value of 3.38 kPa separates
healthy patients from those with cirrho-
sis. Our results are similar to those in
adults showing that a shear stiffness
cutoff value of 2.93 kPa discriminates
between healthy patients and those
with chronic liver disease [1]. We also
show that the presence of hepatic
steatosis had no apparent effect on the
liver stiffness measurements.
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B Elastograms acquired on a 10-year-old patient with (4A)
a 10% amplitude, and (4B) a 15% amplitude.
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Abstract

Fetal biometry measurements using
ultrasound have been the standard for
assessment of fetal development and
gestational age, however, no similar
standards exist for fetal* MR imaging
(MRI). Rapid high-resolution MRI evalua-
tion of 110 fetuses with a gestational
age = 27 + 9 weeks was performed and
the bi-parietal-diameter (BPD), occipital-
frontal-diameter (OFD), head-circumfer-

ence (HC), femur-length (FL), humerus-
length (HL), and abdominal-circumference
(AC) were determined and correlated
with the ultrasound measurement. The
results demonstrate an excellent correla-
tion with ultrasound with insignificant
differences between reported biometrics
and gestational age. All of the MR bio-
metric measurements correlated well
with the ultrasound measurements

Table 1: Fetal MR imaging sequences and parameters:

(slope=0.97 £ 0.03 and an R?=0.91 =
0.03). Gestational ages computed from
the MR biometrics, also correlated well
with the ultrasound ages (slope = 0.97 =
0.04; R2=0.90 = 0.02).There was no
significant difference between the bio-
metrics (p-value =0.13 + 0.07) and the
gestational ages (p-value = 0.58 + 0.25)
obtained from either of the imaging
modalities. The mean gestational age

T2 HASTE TrueFISP 3D VIBE (In/Out phase) FLASH DWI
Sequence type HASTE TrueFISP VIBE GRE EPI
Breath-hold Yes Yes No Yes No
Concatenations 2 2 1 1 1
FOV (mm) 290 350 320 350 300
Slices (brain/body) 20/32 30/37 22136 25/30 30/30
Slice thickness (mm) 5) 4 5! 7 5
Slice gap (mm) 0/0 0.6 0 1.4 1
TR (ms) 1200 8 113 5000
TE (ms) 85 2 4 4.6 85
Averages 1 1 1 1
PAT Off Off 2 Off
Flip angle 180 70 10 25 -
Fat suppression No No Yes No Yes
Base resolution 256 256 256 256 156
Phase resolution 216 220 192 180 156
Receiver bandwidth 195 558 320 260 1282
Acquisition time (sec) 46 45 13 40 22

*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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obtained from MR was in excellent corre-
lation with the ultrasound mean gesta-
tional age (slope =0.99, R?=0.92,
p-value = 0.52). In addition, MRI was able
to provide more anatomical and struc-
tural information regarding complex fetal
anomalies. MR biometry can be used as
an appropriate modality to accurately
assess fetal gestational age, fetal devel-
opment, and fetal growth proportions.

Introduction

Assessment of fetal biometry is of vital
importance in prenatal diagnosis and is
an established way of assuring appropri-
ate brain development. Ultrasound is
considered to be a screening modality of
choice for biometric assessment and is
performed in great numbers everyday
on very large populations of pregnant
women and has established biometric
reference standards in various cohorts of
human fetuses. MRI, in contrast, is a
complementary tool and is usually per-
formed following detection of abnormal-
ities with ultrasound, especially in cases
where sonographic findings are equivo-
cal. There have been significant
advances in fetal MR imaging, with the
advent of multiple new MR imaging
techniques resulting in the increased uti-
lization of MRI for fetal evaluation, espe-
cially in known cases of congenital fetal
anomalies [1-3]. In addition, MR imag-

BPD

OFD

ing provides greater detail, improved
spatial resolution and soft-tissue con-
trast than routine ultrasound imaging.
Hence, it is now more feasible to deter-
mine normal biometric data for fetuses
from just a few MRI sequences.

The use of MRI as an adjunct to ultra-
sound in fetal imaging is becoming
widespread in clinical practice and in the
literature. Fast MR imaging sequences
have been helpful in eliminating fetal
motion artifacts while providing superior
resolution and anatomic detail of the
fetal brain [4-9]. A potential advantage
of the improved high contrast resolution
is to accurately acquire and measure fetal
biometric values, which can be used as a
screening tool to identify fetuses that fall
outside the normal range of measure-
ments and thus are at increased risk of
morphologic abnormalities.
Comparisons of MRI and ultrasound in
the measurement of fetal biometric val-
ues and organ size have been shown in
some reports with limited number of
fetuses [10-11]. As expected, a good
agreement between the two methods
exists with a slight advantage to MRl in
certain cases, such as fetal weight esti-
mation and measurement of the poste-
rior fossa [12]. Since we already obtain
ultrasound and MR whole-body images
of high-risk fetuses, a decision was
made to analyze MR fetal biometry mea-

HC
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surements of fetal head, abdomen, and
extremities from a large cohort of MR
fetal images and compare to ultrasound
values. Our aim was to perform multi-
parameter assessment of bi-parietal
diameter (BPD), occipital frontal diame-
ter (OFD), head circumference (HC),
femur length (FL), humerus length (HL)
and abdominal circumference (AC) and
the gestational ages determined from
these measurements and correlate these
findings with ultrasound. We hope that
the findings from this study could add a
crucial dimension to fast imaging MRI for
reliable normal fetal biometric evaluation.

Methods

a) Study population

A retrospective review of the MRI data-
base for fetal MRl examinations was per-
formed. Once the study protocol was
reviewed and approved by the institu-
tional review board (University of Missis-
sippi Medical Center, Jackson, MS, USA),
a retrospective measurement analysis
for fetal biometrics of high-risk fetal MR
images (n =110, gestational age = 27 =
9 weeks) was done with images
acquired using conventional MR tech-
niques. Pregnant women with high-risk
fetuses were referred for an MRI scan by
the ultrasound, obstetric, maternal fetal
medicine or pediatric surgery depart-
ments. An ultrasound report was avail-

TCD

MR images showing multi-parameter assessment of gestational age with fetal head measurements: (1A) bi-parietal diameter (BPD) and occipital
frontal diameter (OFD), (1B) trans-cerebellar diameter (TCD) and (1C) head circumference (HC).
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able for each fetus with the respective
reported fetal biometrics and corre-
sponding gestational ages.
The inclusion criteria were:
Fetal ultrasound reports with all fetal
biometrics (BPD, OFD, HC, FL, HL and
AC), except TCD, should be included in
the chart.
Fetal ultrasound report must have
estimated gestational ages from each
biometrics (except OFD) reported in
the chart.
Fetal ultrasound report must have the
average composite gestational age
reported.
Ultrasound and MRI scans of the fetus
must have been done on the same day
or within =3 days for correlation pur-
poses.
Absence of movement artifacts which
would render the measurements inac-
curate.
Absence of significant intracranial
abnormalities and/or absence of sig-
nificant body abnormalities which
may affect head or abdominal size and
measurements.
Absence of skeletal dysplasia.

MRI examinations for these high-risk
fetuses were performed because of
increased risk and/or positive family his-
tory of cranial pathology (including sus-
picion of infectious fetopathy, suspicion
of cerebral abnormality, absent septum
pellucidum, giant cisterna magna,
Dandy Walker variants, cerebral biome-
try at the lower limit of the normal on
ultrasound), cleft lip and/or palate, spina
bifida, club foot, polyhydramnios, sus-
pected esophageal or duodenal atresia,
lung lesions like sequestration, CCAM,
maternal disease (with possible conse-
quences for fetal cerebral development),
congenital heart defects, incidental
mass lesions detected on ultrasound like
lymphangioma, teratoma and placental
abnormalities. The cases with intracra-
nial abnormalities causing hydrocepha-
lus from aqueductal stenosis, Arnold
Chiari malformation, intracranial hemor-
rhage, obstructive mass lesions and
microcephaly, which may and/or would
affect head size and measurements,
were excluded. The cases with signifi-

cant body wall and diaphragmatic
abnormalities like gastroschisis, ompha-
locele, diaphragmatic hernias, ectopia
vesicae, which may affect abdominal
size and measurements were also
excluded. The cases with severe oligohy-
dramnios were excluded, due to diffi-
culty in obtaining the measurements.

b) Non-contrast image acquisition on
MR scanner

Fetal MRl was performed on 1.5T MR
scanners (MAGNETOM Espree and
MAGNETOM Symphony a Tim System,
Siemens Healthcare, Erlangen, Ger-
many) with optimized fetal MR protocols
to image fetuses and pregnant women in
an effective and timely manner. The sub-
jects were positioned supine with the coil
placed on their torso. The coil was posi-
tioned in such a way that the liver was in
the centre of the coil. No respiratory or
cardiac gating was used. Proton images
were acquired with the 6-channel Body
Matrix coil anterior coupled with 6 chan-
nels of the Spine Matrix coil posterior for
a total of a 12-channel array.

Fast imaging MR sequences such as Half-
fourier-Acquisition-Single-shot-Turbo-
spin-Echo (HASTE), True-Fast-Imaging-
with-Steady-state-Precession (TrueFISP),
Fast-Low-Angle-Shot (FLASH), Volumet-
ric-Interpolated-Breath-hold-Examina-
tion (VIBE), T1 Gradient-Recalled-Echo
(GRE) and Diffusion-Weighted (DW)
images were included in the fetal MR
scans. Imaging parameters used for
these sequences are reported in Table 1.
These sequences were used to acquire
high-resolution whole-body images of
the fetus in different orientations (sagit-
tal, coronal and axial planes). The fetal
images were then sent to a reporting
database for review by radiologists.

c) Fetal biometric measurements

Two expert radiologists (M.K. and M.R.)
in neuro imaging and body imaging
reviewed all the fetal MR images and
performed the biometric measurements
independently. The appropriate and spe-
cific planes and slices for reporting the
fetal head, abdomen, and extremity
measurements were chosen from the
MR images presented to them.
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Head measurements
BPD, HC, OFD and TCD were measured
as part of the head measurements,
shown in Figure 1. The BPD and OFD
were measured on a transverse axial
section of the fetal head which included
the falx cerebri anteriorly and posteri-
orly, the cavum septum pellucidum ante-
riorly in the midline and the thalami.
The BPD was measured from the outer
edge of the nearer parietal bone to the
inner edge of the more distant parietal
bone in relation the anterior abdominal
wall so as to match with the ultrasound
technique. The OFD was measured per-
pendicular to the BPD from the outer
edge to the outer edge of the bones.
The longest transverse width of the cer-
ebellum, either on axial or coronal
plane, was measured in the posterior
fossa views to obtain TCD measurement.

Abdomen measurements
The abdominal circumference was mea-
sured at the level of the liver and stom-
ach of the fetus, including the left portal
vein at the umbilical region, shown in
Figure 2A. This measurement was used
in the assessment of gestational age and
fetal growth, particularly in the second
half of the pregnancy to demonstrate
normal fetal proportions.

Extremities measurements
The long bones were measured along
their true longest axis. The visualization
of femoral or humeral shaft and the
visualization of both cartilaginous ends
indicated that the image plane was on
the longest axis and is the optimal mea-
surement plane, shown in Figures 2B
and C. The calipers were placed along
the diaphyseal shaft excluding the
epiphysis.
Both the radiologists were completely
blinded to the ultrasound measurements
and gestational ages reported from the
ultrasound scan for each of these fetuses.
Once the MRI measurements were
reported, corresponding gestational ages
were tabulated from the same reference
charts as used in ultrasound.
d) Statistical correlation
MR fetal biometrics reported by the radi-
ologists was correlated using linear
squares regression (slope, R?) analysis
and Pearson’s bivariate parametric corre-



lations coefficients, R, (p-value (Ppearson)
< 0.05 level) with the ultrasound mea-
surements. Student’s t-test was per-
formed to determine any significant dif-
ferences between the biometric
measurements and gestational ages
obtained from the two imaging modali-
ties (p-value (Piws) < 0.05). All statistical
analyses were done in Microsoft Excel®
or IBM SPSS Statistics 19.

Results

Results showed an excellent correlation
with insignificant differences between
ultrasound and MRI reported biometrics
and gestational ages. All the MR biomet-
ric measurements correlated well with
the ultrasound measurements (slope =
0.97 +0.03and an R2=0.91 + 0.03) as
shown in Figure 3. Gestational ages
computed from the MR biometrics, also
correlated well with the ultrasound ages
(slope =0.97 £ 0.04; R2=0.91 £ 0.02)
as shown in Figure 4. There was no sig-
nificant difference between the biomet-
rics (Prwest = 0.13 £ 0.07) and the gesta-
tional ages (Pt = 0.58 + 0.25) obtained
from both the imaging modalities. Mean
gestational age from MR was in excel-
lent correlation with ultrasound mean

AC

gestational age (slope = 0.99, R =0.96,
Prearson < 0.01, Poiest = 0.52) as shown in
Figure 5.

A strong correlation was also observed
for each of the fetal head and body bio-
metric measurements and gestational
ages between MRI with ultrasound. This
was also confirmed to be significant by
Pearson’s parametric correlations done
at 0.01 levels. For HC, measurement and
age correlation between the two imag-
ing modalities was with a slope = 0.99
and 0.99, R=0.97 and 0.96 Ppesrs0n< 0.01
for both and P...s = 0.34 and 0.32. For
BPD, measurement and age correlation
was with a slope = 0.95 and 0.96,
R=0.95 and 0.98 Ppeareon < 0.01 for both,
and Peest = 0.38 and 0.34. For OFD, the
measurement correlation was with a
slope =0.95, R=0.9, Ppearson < 0.01 and
Piwest = 0.34. Gestational age estimated
from OFD was not reported in the ultra-
sound report for comparison purposes
with MRI. For AC, measurement and age
correlation was with a slope = 1.02 and
0.98, R=0.96 and 0.96, Ppesrson< 0.01
and P = 0.51 and 0.46. For FL, mea-
surement and age correlation was with a
slope =0.95and 1.00, R=0.91 and
0.91, Prearson< 0.01 for both and P =

FL
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0.50 and 0.44. For HL, measurement
and age correlation was with a slope =
0.99 and 1.0, R=0.86 and 0.88, Prearson
< 0.01 for both and Py = 0.43 and
0.40.

The analysis from various biometric
measurements from MRI vs. the respec-
tive MR gestational ages yielded very
interesting results. It was observed that
some head and body measurements
increased in a linear fashion with gesta-
tional age but some of the fetal biomet-
ric measurements increased more rap-
idly than others as gestational age
increased as exposed by the slope of the
correlation charts. HC and AC measure-
ments had an almost perfect linear
increase with age (slope = 1.02 and
0.91, R2=0.97 and 0.93 respectively)
where as BPD had a slope =3.61(R? =
0.98), OFD had a slope =2.91 (R? =
0.91), FL had a slope = 4.07 (R*=0.97)
and HL had a slope =4.71 (R2=0.95).
Results also showed that HL and FL
developed at a much faster rate than
other measurements with gestational
age. This was in concordance with the
ultrasound measurement correlations
with their respective gestational ages. In
addition to using MRI for deriving accu-

HL

MR images showing multi-parameter assessment of gestational age with fetal body measurements: (2A) abdominal circumference (AC),
(2B) femur length (FL) and (2C) humerus length (HL).
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Biometrics correlation chart
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Biometric correlation chart showing strong correlation (slope = 0.98 + 0.03 and R? = 0.91 +
0.03) between measurements obtained from MRI and ultrasound.

rate fetal biometrics, MRI was also able
to provide additional information regard-
ing the fetal anomalies.

Discussion

In this study, non-invasive MRI has been
used to perform fetal biometry measure-
ments and to determine gestational
ages based on the measurements from a
reasonably large cohort of patients with
a large gestational age range (n =110,
gestational age = 27+9 weeks) with high
accuracy and good correlation with
ultrasound measurements throughout
the gestational age range. In this proj-
ect, various biometric measurements
were performed in the fetal images and
compared to ultrasound to establish the
reliability and accuracy of MRI in provid-
ing biometric values as well as gesta-
tional ages. Biometric measurements
were derived from MRI and ultrasound
for BPD, OFD, HC, FL, HL and AC and
additional values such as TCD obtained
from MR images. TCD is not routinely

reported on ultrasound in our institu-
tion. Biometrics was done on high-risk
fetuses without any significant intracra-
nial abnormalities which could affect the
head measurements and/or without any
significant body abnormalities which
could affect the body measurements.
Fetal biometry and gestational age
determination using ultrasound is con-
sidered the gold standard and is appro-
priate for screening purposes. This has
resulted in various accurate fetal growth
charts [13] that are used for age deter-
mination and validation of MRI measure-
ments since there have been no charts
developed yet based on MRI measure-
ments. But, MRI of the fetuses is gaining
widespread acceptance due to its
improved spatial resolution and soft-
tissue contrast as compared to ultra-
sound [14-15]. But in current clinical
practice, MRl is still not the foremost
choice of modality for screening fetuses
for normality or abnormalities.
Ultrasound is definitely the primary
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choice for fetal imaging. Ultrasound
being widely available, easy to use and
less expensive than other imaging
modalities makes it a convenient modal-
ity of choice for fetal imaging. Ultra-
sound imaging does give a clear image
of the soft tissues but is not capable of
identifying all fetal anomalies as on an
MRI scan due to the lack of spatial reso-
lution and visual clarity. Ultrasound
images are highly dependent on the
operator and are interpreter dependent,
too. The ultrasound images are also
highly influenced by fetal positioning,
for instance if the fetal head is low in
the pelvis, it is highly challenging to
acquire clear ultrasound images. Addi-
tionally, fetal ultrasound can often be
suboptimal due to beam limitations
enforced by maternal body habitus.
However, the peripheral skeletal evalua-
tion is better on ultrasound due to real
time cine imaging.

MRI is normally a complementary tech-
nique to ultrasound for evaluation of
fetus and fetal anomalies. MRI visualiza-
tion of the fetus is not limited by fetal
position and provides a superior soft-tis-
sue contrast, spatial resolution and has
superior abilities to distinguish internal
structures such as gray and white matter
in the brain, neck, spine, lungs, medias-
tinum, liver, kidneys and wall of the
abdomen. Multiple views obtained using
MRI with an adjustable FOV allows for
visualization of the whole fetus in rela-
tion to the gravid uterus. MRI also makes
it possible to acquire true cerebral and
abdomen biometric measurements
rather than measurements of the skull
vault [16].

One of the limitations MRI faces is its rel-
atively high motion sensitivity. Fetal
motion causes artifacts that deteriorate
image quality and can render the scan
non-diagnostic for measurement pur-
poses. Due to the selection of fast imag-
ing sequences, we were nevertheless
able to produce images with high quality
and high signal-to-noise ratio (SNR)
within 15-20 s. The fast imaging
sequences used for the study included
breath-hold T2 HASTE, steady-state —
free-precession TrueFISP, 3D VIBE, and
DW images in all 3 planes — axial, coro-



nal and sagittal. All sequences had rela-
tively low SAR characteristics. To
enhance SNR and the speed of the
scans, an iPAT factor of 2 (GRAPPA 2)
was enabled. The FOV was adjusted to
the body part of interest. For example,
FOV was reduced in the case of the fetal
brain such that reading would be similar
to that in adults. Sufficient phase overs-
ampling was provided to avoid phase
wrap artifacts from the mother’s body.
Breath-hold times were carefully cali-
brated to avoid any breathing artifacts
while maintaining a scan time of ~20's
per breath-hold.

The radiologists chose the appropriate
sequence for evaluation and measure-
ment of the head and various body
parts. It was noted that most of the head
measurements were done by drawing
appropriate regions-of-interest (ROI) on
the axial or coronal T2 HASTE images
where as the head and the abdominal
circumferences were done on the axial
TrueFISP images due to high SNR and
high T1/T2 contrast enabling visualiza-
tion of the structures more clearly. FL
and HL measurements were mostly done
on sagittal T1-weighted GRE sequences
such as 3D FLASH or VIBE due to
enhanced contrast of bones versus sur-
rounding tissues. DWI and apparent dif-
fusion coefficient computed maps also
helped visualize the bones very clearly
due to hypointense signal.

Correlation charts between head and
body MRI and ultrasound biometric mea-
surements and gestational ages (start-
ing from 18 weeks) showed that there
was a strong correlation between the
two modalities for the biometrics exam-
ined, though HL and FL showed a
slightly lower correlation (R? = 0.86)
compared to others. Reports exist that
document no measure of the HL and FL
from fetal MRI due to signal void of the
bony cortex on MRI [7, 17]. The orienta-
tion of the femur is much less predict-
able than those of the head and abdo-
men This leads to time consuming
post-processing technique and less accu-
rate results. Despite these challenges,
our results correlated well. The ultra-
sound surely has the added advantage
in evaluating peripheral skeletal evalua-

tion due to real time cine imaging.

TCD is a stable gestational age indepen-
dent parameter for early detection of
fetal growth abnormalities. TCD mea-
surements from MRI could not be com-
pared since the ultrasound reports did
not specify the respective measure-
ments. Similarly, the gestational age
based on OFD was not reported in the
ultrasound for comparison with MRI.

It was also very interesting to note that
not all the head and body biometric
measurements developed in a linear pat-
tern with increasing GA. Some of the
structures increased in size more rapidly
than others as gestational age went up,
as observed from the slopes of the cor-
relation charts. HC and AC measure-
ments had a near perfect linear increase
with GA where as BPD, OFD and FL and
HL measurements increased at much
faster rate than HC and AC. Among all

[4]
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the parameters, HL and FL had the maxi-
mum rate of growth than other mea-
surements.

One of our major limitations in this
study was the lack of follow-up of the
new borns to ascertain that they were
normal. This would be of particular
interest if there was no abnormality
detected during pregnancy on ultra-
sound or with MRI. The sample size was
also relatively small with only 110 sub-
jects. Intra-rater reliability of the mea-
surements and inter-observer error were
not quantified. However, both the ultra-
sound maternal-fetal medicine physi-
cians/technologists and the MRI opera-
tors/radiologist were highly experienced
in obtaining fetal scans/ biometric values
and most likely provided accurate and
reliable data.

Gestational age (from biometric measurements)
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Correlation chart showing strong relation between the gestational ages obtained from
various biometric measurements on MRI and ultrasound

(slope =0.97 + 0.04 and R?=0.91 + 0.02).

MAGNETOM Flash - 1/2012 - www.siemens.com/magnetom-world 117



Mean gestational age correlation chart

39
37
~~
v 35
(]
(]
2 33
N
=
s 31
€
S 29
.
&
9 27
=
m©
£ 25
=
o
o 23
()]
'—‘: 21 y=0,9974x+0,1139
e R2=0,92296
S
2 19
(0]
k]
o 17
G}
15

15 17 19 21 23 25

27 29 31 33 35 37 39

Gestational age estimated from ultrasound (weeks)

B Average fetal gestational age obtained from ultrasound and MRI shows

a strong correlation as indicated by the slope.

Conclusion

Fetal* MRl is a very useful diagnostic
tool to evaluate fetal anomalies and
could be a great adjunct to ultrasound
for determining the fetal biometrics and
gestational ages. A multi-parameter
assessment of fetal gestational ages was
possible with rapid high-resolution MRI
techniques. An excellent correlation was
observed with insignificant differences
between ultrasound and MRI reported
biometrics. In addition, MRI was able to
provide more information regarding
determination of other biometric mea-
surements, such as trans-cerebellar
diameter, and can also be very useful as
a problem solving tool in assessing com-
plex congenital anomalies. Our future
goal is to include new MR biomarkers to
demonstrate normal fetal growth pro-
portions and to be able to predict fetal
anomalies from biometric deviations at
various gestational ages. Developments
in MRI technology such as DWI and ten-
sor imaging will further expand the role
of fetal MRI to functionally map the
developing brain and make it an indis-
pensible tool in prenatal medicine.

*MR scanning has not been established as safe for imaging fetuses and infants under two years of age. The respon-
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Objective

The aim of this study is to illustrate and
to demonstrate fetal* abnormalities by
the reconstruction of three-dimensional
(3D) images obtained from magnetic
resonance imaging (MRI), correlating
such morphological alterations with
postnatal findings.

Introduction

Technological advances in image pro-
cessing have contributed a great deal to
medicine, being particularly useful in

the diagnosis of fetal anomalies [1].

The main techniques used in the acquisi-
tion of images for gestational studies
are ultrasound (US) and MRI. US is the
primary image modality. It allows us to
obtain immediate and reliable informa-
tion for clinical advice and treatment

[2, 3]. MRl is a non-invasive method that
offers high-resolution fetal images with
excellent contrast, enabling the visual-
ization of internal tissues [4]. When US
has dubious results, MRl is often used

because it provides information about
fetal abnormalities in conditions where
US can not provide images of high qual-
ity [5, 6]. With the advent of fast
sequences, software dedicated to 3D
reconstruction has enabled us to study
more complex anatomical fetal altera-
tions [1, 4, 7-9].

Methods

From February 2009 to June 2011,
42 fetuses between 16 and 38 weeks

30-year-old, 36 weeks of gestation. Craniosynostosis. (1A) reconstruction through US. (1B) Reconstruction through MR (1C) Picture of the newborn.

*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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(average of 27.2 weeks), and including
four twins, were selected from assessed
cases in the city of Rio de Janeiro, Brazil.
All pregnant women had previously
undergone US in the second trimester
and were then referred for MRl exami-
nation due to suspicion of fetal abnor-
malities. The case studies are listed in
Table 1, according to the diagnosis and
gestational age. The findings from the
related 3D reconstruction of images
obtained from MRI were compared and
related

to the postnatal diagnoses (Table 2).
MRI was performed using a 1.5T
MAGNETOM Avanto (Siemens, Erlangen,
Germany). The protocol used was a
T2-weighted TrueFISP sequence in the
sagittal plane (trufi, TRITE 3.02/1.34,
voxel size 1.6 x 1.6 x 1.6 mm?, FA 70°,
PAT 2, acquisition time 0.26 s). The
entire examination time did not exceed
40 minutes. All tests were started with-
out administration of sedatives. In 18
cases, the examination was interrupted
because of maternal anxiety and/or

severe fetal movements.
Benzodiazepine was administered orally
at a dose of 10 milligrams. About 20
minutes later, the sequences were
repeated and good quality images could
be obtained. The 3D reconstruction of
the structure of interest was manually
made from a 3D TrueFISP sequence using
an interactive pen tablet (syngo Multi-
modality 20098, Siemens, Germany),
which requires an average of 30 minutes
to be completed. The ethical issues asso-
ciated with this study were carefully
considered.

Results

In the study population, 38 cases were
evaluated pre and postnatally (Tables 1
and 2). 3D MRI reconstruction corrobo-
rated the alterations previously detected
by US.

In case 37, the 3D view of a 36 week
fetus obtained by MRI was similar to the
postnatal image (Fig. 1). In case 36, the
3D reconstruction by MRI of a fetus with
skeletal dysplasia showed the alterations

Pediatric Imaging Clinical

previously identified by US: shortening
of long bones and hypoplastic thorax.
However, this technique has a greater
visual field, allowing, as a result, the eval-
uation of the fetus as a whole (Fig. 2).

In case 26, the detection of the vestigial
tail was possible only in the 3D MRI

(Fig. 3).

Discussion

US still has some limitations, such as the
influence of fetal movements, the vol-
ume of amniotic fluid and the visual
field for orientation. Hellinger and Epel-
man [10] enumerated potential benefits
of using 3D MRI in fetuses, such as the
possibility of improving the visualization
and communication of key findings
(treatment planning and counseling of
parents), to improve the analysis and
interpretation of examinations, to reduce
the number of fast 2D sequences, and
to shorten examination time. Kubik-Huch
et al. [8] suggested that the use of 3D
images reconstructed from MRI can
increase life expectancy in the diagnosis

30-year-old, 35 weeks of gestation. Skeletal dysplasia. (2A) Reconstruction through US. (2B) Reconstruction through MR. Note facial profile
hypoplastic thorax and shortening of long bones. (2C) Picture of the newborn.
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El 26-year-old, 29 weeks of gestation. Syndromic aspects of facial alterations and vestigial tail. (3A) Reconstructions through MR.
(3B) Picture of the newborn. Note vestigial tail (arrows).

of fetal anomalies of the morphology
in the prenatal period in cases of intra-
uterine growth restriction and pre-oper-
ative simulation of fetal surgery. This
result may be promising to increase the
applicability of the method.

The multiplanar capability of MRI can
help determine the origin and extent of
the abnormality. MRI is not limited to
fetal position or maternal body type as
in US, particularly in the third trimester.

References

1 Frates M, Kumar AJ, Benson CB, Ward VL, Tempany
CM. Fetal anomalies: comparison of MR imaging
and US for diagnosis. Radiology 2004; 232: 398-
404.

2 Benacerraf BR, Benson CB, Abuhamad AZ, Copel
JA, Abramowicz JS, Devore GR, Doubilet PM, Lee
W, Lev-Toaff AS, Merz E, Nelson TR, O’Neill MJ,
Parsons AK, Platt LD, Pretorius DH, Timor-Tritsch
IE. Three- and 4-dimensional ultrasound in ob-
stetrics and gynecology: proceedings of the Amer-
ican Institute of Ultrasound in Medicine Consen-
sus Conference. J Ultrasound Med 2005; 24:
1587-1597.

3 Merz E. Current 3D/4D ultrasound technology in
prenatal diagnosis. Eur Clinics Obstet Gynaecol
2005; 1: 184-193.

4 Werner H, Dos Santos JRL; Fontes R, Daltro P,
Gasparetto E, Marchiori E, Campbell S. Additive
manufacturing models of fetuses built from

However, oligodramnios, fetal position
and artifacts produced by fetal move-
ments have proved to be limitations in
the image processing of 3D reconstruc-
tion from MRI. In some cases of severe
fetal movements, there was the need for
maternal sedation in order to reduce arti-
facts during the acquisition of volumet-
ric sequence. Although MRI provides
valuable information in cases of suspected
complex fetal anomalies or where US

three-dimensional ultrasound, magnetic reso-
nance imaging and computed tomography

scan data. Ultrasound Obstet Gynecol 2010; 36:
355-361.

5 Brugger PC, Stuhr F, Lindner C, Prayer D. Methods
of fetal MR: beyond T2-We ighted imaging. Eur J
Radiol 2006; 57: 172-181.

6 Prayer D, Brugger PC, Kasprian G, Witzani L,
Helmer H, Dietrich W, Eppel W, Langer M. MRI of
fetal acquired brain lesions. Eur J Radiol 2006;
57:233-249.

7 Campadelli P, Casiraghi E, Lombardi G, Serrao G.
3D volume reconstruction and biometric analysis
of fetal brain from MR images. In Computational
Intelligence Methods for Bioinformatics and Bio-
statistics, Masulli F, Tagliaferri R, Verkhivker GM
(eds). Springer-Verlag: Berlin and Heidelberg,
2009; 188-197.

122 MAGNETOM Flash - 1/2012 - www.siemens.com/magnetom-world

results might be misleading or incom-
plete, it should not replace US in the
routine screening of the fetus or in the
diagnosis of any fetal anomalies.

Conclusion

The study of fetal malformation through
3D reconstructions by MRI should be used
as a complementary tool since it adds
valuable information to the educational
training of specialists as well as to the
emotional control of parents.

8 Kubik-Huch RA, Wildermuth S, Cettuzzi L, Rake A,
Seifert B, Chaoui R, Marincek B. Fetus and utero-
placental unit: fast MR imaging with three-di-
mensional reconstruction and volumetry-
feasibility study. Radiology 2001; 219: 567-573.

9 Rubesova E, Vance CJ, Ringertz HG, Barth RA.
Three-dimensional MRI volumetric measure-
ments of the normal fetal colon. AJR Am J Roent-
genol 2009; 192: 761-765.

10 Hellinger JC, Epelman M. Fetal MRI in the third
Dimension. Applied Radiology 2010; 39: 8-22.

Contact

Heron Werner

Clinica de Diagnéstico por Imagem
Rio de Janeiro

Brazil

heron.werner@gmail.com



Pediatric Imaging Clinical

Table 1: Summary of the 38 cases with abnormalities: diagnostic correlation and gestational age.

Case studies*
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29 (8)
30
31
32
33
34
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36
37
38

Gestational age
at examination

(weeks)

16
20
20
22
22
23
24
24
24
25
25
25
26
26
26
26
26
27
27
27
27
27
28
28
28
29
29
29
30
30
31
31
32
33
35
35
36
38

Diagnoses

Acrania

Gastroschisis

Monochorionic- diamniotic twin pregnancy (acardiac fetus) (#)
Skeletal dysplasia (shortening of long bones and thoracic hypoplasia)
Occipital encephalocele, cervical and dorsal meningomyelocele
Parietal encephalocele

Isolated hypoplasia of the tibia and fibula

Chiari Il malformation

Patau syndrome (Trisomy 13)

Occipital parietal proeminence

Omphalocele and allantoic cyst

Isolated forearm amputation

Chiari Il malformation

Chiari Il malformation

Beckwith-Wiedemann syndrome

Chiari Il malformation associated with clubfeet

Edwards syndrome (Trisomy18)

Omphalocele

Cervical lymphangioma

Chiari Il malformation

Monochorionic- diamniotic twin pregnancy (Gastroschisis in one fetus) (#)
Imperfect twinning (conjoined abdominal and/or thoracic cavities) (§)
Edwards syndrome (Trisomy18)

Chiari Il malformation

Umbilical cord insertion in the fetal abdomen cyst

Cryptic chromosomal abnormality (apparent translocation 7;15)
Sacrococcygeal teratoma type Ill and clubfeet

Intrauterine growth restriction

Imperfect twinning (thoraco-omphalopagus) associated with clubfeet (§)
Cervical lymphangioma

Ulnar hypoplasia, radial agenesis and clubhands

Skeletal dysplasia (hyperlordosis, clubhands and clubfeet)
Gastroschisis

Skeletal dysplasia (shortening of long bones and thoracic hypoplasia)
Cervical lymphangioma

Skeletal dysplasia (shortening of long bones and thoracic hypoplasia)
Craniosynostosis

Cervical teratoma

*Thirty-eight cases are shown: cases 22 and 29 (§) included four fetuses with thoraco-omphalopagus and cases 3 and 21 (#) included twin pregnancy with one twin affected.
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Table 2: Abnormalities detected in the 3D reconstruction of MRI alongside
their postnatal confirmation.

Regions

Skull
and
Face

Neck
and
Thorax

Abdomen

Spine
and
Extremities

Total

Malformations

Acrania

Microcephaly

Brachycephaly

Increased longitudinal and lateral skull (skull in “clover”)
Encephalocele

Prominence of the forehead / occipital parietal proeminence
Microphthalmia

Exophthalmos

Hypotelorism

Hypertelorism

Nasal hypoplasia (saddle nose)

Cebocephalia

Cleft lip

Macroglossia

Micrognathia

Low-set ears

Tumor
Hypoplastic
Merged (imperfect twinning)

shapeless mass of tissue (acardiac fetus)

Omphalocele
Gastroschisis
Merged (imperfect twinning)

Umbilical cord insertion in the fetal abdomen cyst

Spina bifida

Hyperlordosis (concavity)
Shortening of long bones
Isolated forearm amputation
Clubfeet

Clubhands

Sacrococcygeal tumor

Vestigial tail
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Background

Time-of-flight (TOF) imaging is clinically
the most commonly used non-contrast
enhanced MR angiography (MRA) tech-
nique [1]. In 3D-TOF a slab selective 3D
steady state gradient echo sequence
with a TR much shorter than the T1

=
[a)]

relaxation time of static tissue, usually in
the order of 20-60 ms, is used in combi-
nation with a sufficiently large flip angle
of typically 20°-40°. Under this steady-
state regime, signal from static ‘back-
ground’ tissue is strongly reduced while
fully relaxed blood flowing into the excita-

El Maximum intensity projections (40 mm thickness) of a whole brain, multi-slab 3D-TOF
data set at 7T using a non-optimized protocol, with a resolution of 0.34 x 0.34 x 0.4 mm?.
Neither VERSE transformation, saturation pulse nor MT pulses were enabled. The importance
of removing the receive RF coil profile from TOF images can be appreciated by comparing
Fig. 1A (receive profile not removed) with Fig. 1B-D (receive profile removed).
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tion slab provides strong MR signal, result-
ing in a positive, suitable vessel contrast.
Since the initial demonstration at 1.5T
that TOF angiograms could be obtained
in a single gradient echo acquisition,
without image subtraction [2], allowing
for detecting occlusions and aneurisms
in the human brain, multiple sequence
developments have greatly improved
contrast and image quality in cerebral
TOF MRA. As a relatively large volume
coverage is sought with high spatial res-
olution, a multiple overlapping thin slab
approach [3] has become a standard in
order to limit, within each imaging slab,
the progressive attenuation of blood sig-
nal which inevitably occurs with short TR
repeated excitations. Substantial con-
trast enhancement between unwanted
static background signal and blood sig-
nal is obtained with magnetization
transfer (MT) contrast pulses, yielding a
significant suppression of static tissue
signal [4] with only a minor impact on
blood signal. Cerebral TOF imaging also
has the capability to selectively visualize
arterial blood vessels, which can be
achieved by positioning a travelling satu-
ration slab above the imaging slab to
saturate signal from venous blood flow-
ing in head-foot direction. Alternatively,
the same approach can be used to selec-
tively visualize venous signal by posi-
tioning the saturation slab below the
imaging slab.

High field benefits

An important characteristic of TOF imag-
ing sequences is that they directly bene-
fit from using MR scanners operating at
higher magnetic field. This positive



Data acquisition

Measurements were performed at the Center for Magnetic
Resonance Research, Minneapolis, on two whole body 7
Tesla scanners (Siemens Healthcare, Erlangen, Germany),
each being equipped with a 16-channel B;* shimming unit
with 16 x 1 kW RFAmps (CPC, Hauppauge, USA). One of
the two scanners was a prototype 16-channel pTX Siemens
system equipped with its own 16 x 1 kW RFAmps capable
of generating 16 independent RF pulse shapes to feed the
16-channel transceiver coil used in this study. Prior to TOF
acquisition, second order B, shimming was performed and
flip angle maps were acquired [32] to adjust RF frequency
and RF voltage references. TOF images were acquired
using 3 different parameter sets:

1) For contrast optimization based on VERSE excitation,
VERSE saturation and sparse MT pulses, the following

Technology

parameters were used: FOV 220 x 172 x 78 mm?, resolution
(0.5 mm)3, 4 slabs with 24 mm thickness each, 25% over-
lapp, o =24°, TR/ TE =33 ms /3 ms.

2) For B;* shimming and pTX, the following parameters
were altered: FOV 220 x 172 x 60 mm?, 3 slabs of 24 mm
thickness, a = 23°, TR/ TE=25ms /3 ms (25 / 3.6 ms for
pTX). In all B;* shimming acquisitions, venous saturation RF
pulses were applied with CP-mode phase setting, but no MT
pulses were used. In pTX acquisitions, only excitation
pulses were used (neither saturation nor MT pulses).

3) Additionally to these (0.5 mm)3 resolution protocols, a
non optimized (0.34 mm)3 resolution TOF data set was
acquired without VERSE, without saturation pulses and
without MT pulses for comparison. All reported SAR values
were measured by the console and are given in percent of
the SAR limit (SAR,..,) defined by the regulatory guidelines.

impact results from higher signal-to-
noise ratio (SNR) [5] and from longer T1
relaxation constant in cerebral tissues
[6] yielding further static tissue steady-
state saturation, thus higher contrast
between vessel and background signal.
These field dependent advantages,
already demonstrated in clinical practice
when moving from 1.5T to 3T [7], pro-
vide the opportunity to further enable
smaller vessels conspicuity and vascular
defects detection when moving up to 7T*
[8-10]. However, serious challenges
need to be addressed before the full ben-
efit of imaging at ultra high field (UHF)
can be realized, especially with regards to
SAR limits and B; inhomogeneity.

TOF image processing

Challenges and limits at UHF

SAR

The specific absorption rate (SAR) often
is a challenging constraint at UHF
because achieving a given excitation flip
angle at higher Larmor frequency
requires a substantial increase in RF
power for a fixed combination of RF
pulse shape and RF pulse duration, with
increased SAR. This SAR increase makes
it impossible, at 7T, to apply as-is some
efficient approaches utilized at 1.5T to
improve TOF angiogram quality, such as
saturation and MT pulses that require
high levels of RF power [8, 11-13];
running at 7T a standard TOF protocol
based on 3T parameters, including both

To better estimate the impact of each RF management component on TOF
angiograms, the RF coil receive (RX) profile was estimated and removed
from all native TOF images unless otherwise stated. To estimate the RX
profile, for each session a single slice small tip angle GRE image was
divided by the flip angle map and spatially smoothed. The resulting dataset
was then approximated by a 2D polynomial function to obtain a continu-
ous function and the TOF dataset was divided by this function. After RX
profile reduction, maximum intensity projections (MIP) were generated
with 50 mm thickness, unless otherwise stated.

*The product is still under development and not yet commercially available.

Its future availability cannot be ensured.

these pulses, would yield more than
300% of the maximum SAR limits
(SARuax). It should be noted that, even at
3T, MT pulses are not always applied
because, in some TOF protocols, the com-
bination of relatively high excitation flip
angle, short TR and saturation pulses may
already reach the maximum SAR limits.

B,* field inhomogeneity

At 7T, where RF wavelength is in the
order of human head dimensions, com-
plex transmit B, (B,*) field interferences
occur through the brain, resulting in
strongly inhomogeneous RF excitation
[14]. The typical pattern obtained with a
volume coverage transmit head coil con-
sists of strong B,* field amplitude in the
center of the brain and much weaker
amplitude in the periphery [15]. For TOF
imaging this spatial pattern tends to
result in stronger angiographic contrast
in the brain center and suboptimal con-
trast in the periphery, which can be del-
eterious especially for vessels in the
periphery, and for smaller vessels with
slow flow taking their origin in central
parts of the brain.

AB,, T>* and chemical shift

Additional to SAR and B;* inhomogeneity
issues, imaging at very high field also
requires dealing with increased suscepti-
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Comparison of MIP images generated from TOF images acquired: (2A) without VERSE,
without venous saturation and without MT pulses, and (2B) with VERSE applied on excita-
tion pulse and venous saturation pulse, together with MT pulse applied prior to the center-
most 10% of the k-space lines. Gray scale windowing was deliberately adjusted toward a
higher visibility of background signal to better appreciate the impact of using these RF pulse
strategies. The two bottom rows only differ in their post-processing status: the receive pro-
file of the RF coils was not removed in the lowest row for comparison purpose.

bly induced AB,, increased fat/water
chemical shift and shorter T,* relaxation
constants. As will be seen, these addi-
tional challenges have a direct impact on
methods aiming at mitigating B, heteroge-
neity and reducing SAR, although they
can, sometimes, be used as an advantage.

Solutions for reducing SAR
while optimizing TOF contrast
VERSE: SAR reduction for excitation

and saturation pulses
A common approach at UHF to reduce

RF power consists of extending RF pulse
duration while reducing RF amplitude,
resulting in final SAR proportional to the
inverse of the RF pulse duration. This
approach however can only be applied
up to a certain degree, since unwanted
T, relaxation effects may occur during
excessively long RF excitation and an
increase in minimum TE may yield unde-
sired T,* weight, especially at UHF
where T, and T,* relaxation constants
are shorter [16]. A well known, similar
and more efficient approach is the vari-
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able rate selective excitation (VERSE)
[17], which enjoys a regain of interest
with the fast development of 7T human
scanners. Here, based on the quadratic
dependence of RF power on RF pulse
amplitude, only segments of the pulse
with an amplitude exceeding a pre-
defined threshold are stretched in time
to keep RF amplitude below this thresh-
old, allowing for significant RF power
and SAR reduction with very limited
increase in pulse duration. Further, RF
pulse segments with RF amplitude
below the threshold may be compressed
to keep the RF pulse duration strictly
unchanged.

We implemented the VERSE transforma-
tion for both, TOF excitation and venous
saturation pulses, setting the excitation
amplitude threshold to 50%, and the sat-
uration amplitude threshold to 25% or
30%, of the peak amplitude of the initial
excitation and saturation RF pulses,
respectively. Because the VERSE trans-
formation intrinsically lowers the band-
width of some RF segments, the result-
ing profile is more susceptible to
chemical shift and susceptibility induced
AB, variations [10]. However, applying
VERSE on the selective venous satura-
tion RF pulse can have beneficial side
effects in the context of a large chemical
shift (~1 kHz) between fat and water
protons at 7T: with the VERSE venous
saturation profile centered on the cho-
sen venous saturation slab for water pro-
tons, the corresponding fat proton pro-
file gets shifted in space along the slice
selective direction. This shift can be
adjusted to coincide with the TOF imag-
ing slab, strongly attenuating fat signal
in angiograms [18].

Sparse MT pulses: reducing SAR while
preserving contrast enhancement

MT pulses are well known for their high
demand in RF power, which even at
lower field sometimes forbids their
inclusion in imaging protocols. In order
to drastically reduce MT induced SAR,
we implemented a sparse utilization of
MT pulses, applying them only prior to
the acquisition of k-space lines close to
the k-space center. At lower field this
approach already proved to be an effec-



tive tradeoff between power reduction
and contrast enhancement [19, 20].
Here, at 7T, we applied MT pulses to the
centermost 10% of the acquired k-space
lines, allowing for substantial gain in
vessel to tissue contrast while limiting
SAR increase to only about 20%.

B;* shimming: addressing heteroge-
neous transmit B, profile

Transmit B, (B;*) shimming (or RF shim-
ming) is an effective method to spatially
modify the B,* field amplitude (thus the
excitation flip angle profile) by modulat-
ing the amplitude and/or phase of the RF
input for each channel of a multi-ele-
ment transmit coil [21]. In the present
study, we used a 16-channel transceiver
coil similar to [22], powered by 16 x 1
kW amplifiers with a B; shimming unit
capable of channel-wise RF amplitude
and phase modulation (in this work we
only adjusted RF phase, not RF magni-
tude). When B, shimming was not used,
RF phases were set in a ‘circularly polar-
ized-like" (CP-like) mode, to approximate
a volume head coil profile (bright center,
weak periphery). When applying B,
shimming, we calculated a set of RF

B,* shimming: methods

phases generating a much more homo-
geneous excitation profile by minimiz-
ing, in regions-of-interest (ROIs) drawn
on 7 axial slices, the coefficient of varia-
tion (CV) of |B,*|, where CV = std(|B,*|)/
mean(|B,*]), to the cost however of a
lower RF efficiency with a reduced B,
Multi-Channel Interference Index (see
definition in B, shimming text box).

Parallel transmit spoke RF pulses:
shaping further the excitation profile
A noticeable advantage of ‘parallel trans-
mit’ (pTX) methods [23, 24] over B,
shimming is the capability to further
shape the final excitation pattern rather
than just altering a static transmit B;
profile. This is typically achieved by com-
bining, in different ways depending on
the chosen pTX approach, dynamic mod-
ulations of spatial encoding gradients
together with independent RF pulse
shapes one each transmit RF channel.
The so-called ‘selective pTX spoke RF
pulse design’ consists of applying several
slice or slab selective pTX sub-pulses
separated by spatial encoding gradient
blips. Although the same pulse shape is
typically used for all channels and all

Technology

sub-pulses, a different magnitude and
phase is applied for each transmit chan-
nel during each sub-pulse [25, 26].
Another advantage of pTX methods is
that AB, maps can often be included in
RF pulse calculations to avoid corre-
sponding deviations of the excitation
profile.

In order to demonstrate the use of
16-channel pTX spoke RF pulses for
improving contrast homogeneity in cere-
bral TOF at 7T, we implemented this
approach on a prototype 7T human sys-
tem equipped with 16 independent
transmit channels (Siemens Healthcare,
Erlangen, Germany). We utilized a
3-axial slab TOF protocol and we
designed, for each of these slabs, a
2-spoke pTX RF pulse, based on 16 com-
plex B;* maps and a AB, map measured
in 3 different axial slices (top, center and
bottom slices of the slab). The pTX RF
pulse optimization was performed based
on the magnitude least squares method
[27] using the spatial domain formalism
[28]. For comparison, a single spoke
acquisition (thus with a single B, shim-
ming setting) was obtained using a CP-
like B, setting.

We used a 16-channel stripline transceiver coil similar to
[22] powered by 16 x 1 kW amplifiers in combination
with a remotely operated phasel/gain control unit capable
of altering the phase and amplitude of the low voltage
input of each RF amplifier (CPC, Hauppauge, USA). In this
work, we only adjusted the phase ¢, (not the magnitude)
of each transmit (TX) channel k (with k:1>16). The 16
complex, spatial B;* profiles needed for B;* shimming

optimization were acquired using a hybrid approach [31].

Firstly, an absolute 3D |B;*| map was acquired using the
actual flip angle (AFI) mapping technique [32] with all
channels transmitting together. Secondly, 16 relative B;*
maps were acquired in the small flip angle regime in 7
axial gradient echo 2D images. By combining both datas-
ets, complex B;* maps were obtained for each of the 16
individual channels. When applying a set of transmit B;
phases, the final complex B;* field of the 16-channel
transmit coil is a linear superposition of the 16 complex
spatial profiles B,

N
(with k:1516): B (r)=a > B (r)-e where r represents
k=1

the spatial position [14]. B;* shimming phases were calcu-
lated to minimize the coefficient of variation of B;* through
ROIs drawn on the axial slices. For each set of transmit B,
phases, the resulting B;* efficiency was quantified with a B,
Multi-Channel Interference (B;MCI) Index obtained by divid-
ing the magnitude of the sum (MOS) of the complex B;,,*
field by the sum of the magnitude (SOM) of the same B, ,*
fields [14, 21, 30]. By definition, the B;MCl Index takes val-
ues between 0 (fully destructive interferences) and 1 (fully
constructive interferences):

N

>

k=1

B,MCI Index = | >, |Bi*, (1) - e = MOS/SOM.

N
E‘Bﬁk (7)) 2%

k=1

Overall, global SAR values are approximately proportional to
the inverse of the squared B;MCl Index. All computations were
using nonlinear optimization tools in Matlab (The Mathworks,
USA).
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pTX 2-spoke RF pulse design: methods

Parallel transmission (pTX) was performed with the 16-channel prototype
7T system. We designed 2-spoke slab selective RF pulses aiming at achiev-
ing uniform excitation flip angle through the ROIs drawn on 2D gradient
echo axial images. Different transmit B, settings were applied during each
of the two sub-pulses which where separated by a brief gradient encoding
blip [25]. During the optimization routine, a complex weighting factor
(amplitude and phase) was calculated for each channel and each spoke,
based on the spoke location in k-space, on the 16 complex B,* profiles and
on B, maps for each slice. For each of the three slabs in pTX TOF, three
slices (top, center and bottom) were used for optimizing the flip angle
inside ROIs drawn on the latter. The optimization was performed using the
magnitude least squares method [27] using 2 spokes of 1.5 ms duration
each. For comparison a single spoke acquisition using a CP-like phase set-
ting was also acquired.
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TOF contrast improvement obtained by applying saturation (SAT) and MT RF pulses,
quantified by measuring the arterial vessel to background signal ratio (aVBR) in 5 subjects.
The bottom grid indicates which RF strategies were applied in each case. As expected, no
noticeable difference was observed when only applying VERSE to the excitation pulse,

whereas clear contrast gain was obtained with either VERSE saturation or sparse MT pulses.

Note the synergy observed when both latter pulses are used.
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Results

Some of the main potential strengths
and limitations of TOF angiography at
UHF are illustrated in Fig. 1, showing a
0.34 x 0.34 x 0.4 mm? resolution 3D-TOF
acquired at 7 Tesla. The non-corrected
axial thick maximum intensity projection
(MIP) view shown in Fig. 1A is a
reminder of the large apparent signal
amplitude variation, in the form of a
positive centrifugal gradient, which
results from the root sum of square of
the sensitivity profiles with a coil array.
After removing this receive B, profile, in
Figs. 1B-D, a fairly sharp vessel to tissue
contrast can be appreciated, together
with intrinsically high SNR in some small
vessels, both effects being indicative of
direct imaging benefits at higher fields.
Some limitations, however, can also be
readily identified. Indeed, because of
SAR limitations, neither saturation nor
MT pulses could be used in this standard
TOF protocol, which resulted in strong
venous blood signal (see for example
the large posterior draining veins) as
well as limited background signal sup-
pression, and non-saturated subcutane-
ous fat signal. Another confounding fac-
tor, which may be less evidently
identified at first sight, is the fact that a
stronger angiographic contrast is
obtained in the center of the brain, with,
in average, more limited small vessel
conspicuity in the periphery.

In order to facilitate the comparison of
methodological components developed
to address these issues in our study, all
TOF experiments shown in the present
report (except for Fig. 1) were acquired
at the same isotropic resolution of 0.5 x
0.5x0.5 mm3.

VERSE and sparse MT pulses

Figure 2 demonstrates the dramatic
gains in vessel to tissue contrast that can
be obtained when including VERSE
venous saturation pulse and sparse MT
pulses in the TOF protocol, as shown in
Fig. 2B, to be compared with Fig. 2A
where neither standard saturation nor
standard MT pulses could have been
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B Top two rows: Estimated spatial B, maps obtained before B, shimming, applying a set of CP-like transmit phases (before), and after B,
shimming with a set of B, transmit phases computed to achieve a more homogeneous |B;*| pattern (after). Bottom two rows: Correspond-
ing By Multi-Channel Interference index maps, showing B;+efficiency with CP-like transmit phases (before) and with B, shimming (after).

included due to SAR limits. Note that the
gray scale in these images has been
deliberately adjusted to exaggerate the
visibility of residual background signal to
help identifying the discussed effects.
Beside the evident suppression of
venous blood signal and a strong attenu-
ation of residual background signal,
helping better visualizing smaller ves-
sels, it can be seen that the selective sat-
uration pulse also provides, within the
imaging slab, a significant reduction, up
to 90%, of the subcutaneous fat signal.
This effect, obtained by exploiting the
large water/fat chemical shift, is espe-
cially beneficial when generating maxi-

mum intensity projections. Noticeably,
the improvement in TOF contrast,
expressed as the arterial vessel to back-
ground signal ratio (aVBR), does not
result solely from sparse MT pulses, it
also results from MT effects induced by
VERSE saturation pulses [29]. This syn-
ergy is summarized for 5 subjects in Fig.
3: either VERSE saturation or sparse MT
pulse increases the contrast by about
20%, whereas applying both pulses
improves the contrast by about 50%. On
the other hand, as expected, applying
the VERSE transformation on the excita-
tion pulse does not affect the contrast.
Importantly, the optimized protocol

(with VERSE excitation, VERSE saturation
and sparse MT pulses) only generates
69% of SARwax, Whereas applying stan-
dard excitation, saturation and MT
pulses would generate about 320% of
SARuax-

Despite of these substantial improve-
ments in angiogram quality, one can
notice that TOF contrast still is inhomo-
geneous in Fig. 2B with, in average, a
stronger contrast with brighter vessels in
the center of the brain, and a reduced
visibility of smaller vessels in the periph-
ery, especially in the anterior and poste-
rior poles of the brain. These effects are
a direct consequence of the inhomoge-
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Y,

2

H 15 mm thin axial and 50 mm thick sagittal MIP images from multi-slab 3D TOF data sets
acquired with different B;* phase settings during the excitation RF pulse: (5A) CP-like trans-
mitter phase setting (no B, shimming) and (5B) after B, shimming with a set of B, transmit
phases computed to achieve a more homogeneous |B;*|. In both cases, saturation RF pulses
were applied using a CP-like transmit phase setting. MT was not used in any of the two data
sets. The green bars in the sagittal MIP images indicate the position of the axial MIP location.

neous CP-like transmit B, field profile,
and must be distinguished from the
receive B, profile bias which, for compar-
ison and demonstration purpose, has
not been removed from the images
shown in the lowest row of Fig. 2.

In the next two sections, we will demon-
strate the potential of applying recently
developed multi channel methods to
address B; inhomogeneity issues in TOF
at 7T.

B, shimming

A remarkable improvement in |B;*|
homogeneity was achieved with B,
shimming, as demonstrated in Fig. 4
where the two upper rows show, in 7
axial slices, the flip angle maps mea-
sured before (CP-like mode) and after
(homogeneous |B;*]) B; shimming (only
pixels in the ROIs are considered), with
the coefficient of variation of |B;*| drop-
ping from 35% to 14%.

One can appreciate in Fig. 5 the impact
of using a homogeneous (Fig. 5B, after

B, shimming) rather than an inhomoge-
neous (Fig. 5A, CP-like mode before B,
shimming) excitation profile with the
TOF sequence. When examining recon-
structions of an axial thin MIP (a thin
MIP was chosen to help focusing on a
few vessels within a slab) and of a sagit-
tal MIP (the green marks indicate the
axial thin MIP range), one can identify,
with the homogeneous excitation, a
fairly rich network of smaller vessels in
the periphery, and possibly smaller ves-
sels with slower flow in the center, that
were poorly or not visualized when the
excitation profile was stronger in the
center and weaker in the periphery.
(Note that, in Fig. 5, VERSE saturation
was applied using a CP-like mode B, pro-
file, and no MT pulse was used).

These fairly spectacular and promising
results, however, were obtained at the
cost of a significant loss in RF efficiency,
a well known phenomenon with B,
shimming in large ROIs at 7T due to
large destructive interferences between
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complex B,* fields [14]. The source of
this reduction in effective final |B,*|,
despite unchanged input RF power, can
be appreciated by looking at the corre-
sponding B, Multi-channel Interference
(B;MCl) index maps. This index is the
ratio of the effectively achieved |B;*|
(magnitude of the sum of the 16 com-
plex B;* maps) over the sum of the mag-
nitude of the 16 |B;*| maps and, by defi-
nition, ranges between 0% (fully
destructive B, interference) and 100%
(fully constructive B, interference) [14,
30]. In Fig. 4, the lower two rows show
the B;MCl index maps before and after
B, shimming, with an average value
dropping from 46% in CP-like mode
(with local values of about 90% in the
center and below 30% in the periphery)
down to 23% after B; shimming. As a
consequence, in order to achieve a given
nominal flip angle in the center of the
brain, assuming unchanged pulse dura-
tion, the voltage of the excitation RF
pulse has to be increased more than two
fold, which means a more than four fold
increase in RF power as well as in SAR.
This emphasizes the fact that applying
VERSE on the excitation pulse may
become critical, when applying a homo-
geneous B;* shimming solution, in order
to not exceed SARyax-

pTX spoke RF pulses

As can be seen in Fig. 6D, showing flip
angle maps measured in the center slice
of each of the three axial slabs, excellent
excitation flip angle homogeneity was
achieved with a 2-spoke pTX RF pulse
within the ROIs used for RF computa-
tion. For comparison (Fig. 6C), flip angle
maps are also shown using a single
spoke, with CP-like mode B, shimming,
with a traditional bright center and weak
periphery pattern.

This is a direct illustration of very satis-
factory results that can be obtained with
pTX RF pulse design, where the target is
defined as the final excitation flip angle
profile, different |B,*| profiles being
applied in each sub-pulse (whereas in
static B, shimming the target is
restricted to a single static |B,*| profile).
A substantial impact of these pTX
2-spoke RF pulses on TOF angiograms



can be seen on axial and sagittal MIP
reconstructions (Figs. 6A, B), with a
remarkably more uniform signal magni-
tude through vessels, especially in the
periphery (see the anterior and posterior
poles on the sagittal view). Even though
in this initial implementation neither
saturation pulse nor MT pulses were
enabled in our pTX TOF sequence (thus,
venous and fat signal were not sup-
pressed), a much more homogeneous
overall background signal suppression
was readily achieved, resulting from the
more uniform excitation pattern through
each slab. It is important to emphasize
that the design of the pTX RF pulses
explicitly includes AB, maps measured at
the beginning of the scanning session
and can counteract deleterious effects
of the latter. Based on these very prom-
ising pTX results, future work will be
pursued to further constraints RF pulse
design towards lower SAR and to intro-
duce, in the pTX version of the TOF
sequence, saturation and MT RF pulses.

Discussion

Thanks to higher SNR and longer T,
relaxation constants, TOF angiography
can greatly benefit from ultra high field
MR scanners, offering the potential for
higher spatial resolution imaging, stron-
ger contrast between static tissue and
vessels, which ultimately may result in
significantly improving diagnosis perfor-
mances.

It is well known that imaging at UHF is
hampered by serious obstacles, such as
high SAR level and excitation profile dis-
tortion, which are especially challenging
with imaging modalities, such as TOF
MRA, that are intrinsically both highly
sensitive to RF excitation inhomogeneity
and highly demanding in RF power. We
initially found that great contrast-
enhancement provided by saturation
and MT pulses could not be used at 7T
because SARyxx Would be exceeded.
However, high SAR levels induced by
sequence components demanding high
RF power can be greatly reduced by
using, when possible, VERSE pulse trans-
formation (excitation, saturation pulses)
or sparse application of preparation
pulses (MT), while preserving, or even
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A Top two rows: Multi-slab 3D-TOF acquired with standard RF excitation pulse with CP-like
transmit B; phases (6A) and with a pTx 2-spoke excitation RF pulse design (6B). Note the clear
improvement in angiographic contrast in (6B), with increased conspicuity of multiple small
vessels and more homogeneous vessel signal brightness through the slice. Note that neither
saturation pulse nor MT pulse were enables in the pTx version of the TOF sequence.

Bottom row: Corresponding measured flip angle maps with CP-like transmit B; phase (6C)
and using pTx 2-spoke excitation RF pulse (6D). Note the clear gain in B;* homogeneity within
the ROIs (black line) when applying the 2-spoke RF pulse.

increasing, vessel to background con-
trast in cerebral TOF at 7T.

Furthermore, recent advances in RF
engineering and corresponding MR
methods, especially multi-transmit tech-
nology, allow for dramatically improving
the uniformity of either transmit B, pro-
file (B; shimming) or excitation flip
angle profile (pTX). These are significant
improvements that may dramatically
reduce or eliminate the risk of overlook-

ing clinical lesions on UHF images due to
local defects or strong heterogeneity in
transmit B, distribution, especially in the
periphery of the brain.

Conclusion

Imaging at UHF holds promises for
higher spatial resolution and higher con-
trast TOF MRA, with the potential of clin-
ically relevant improved diagnosis per-
formance.
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Although serious and well known chal-
lenges at UHF include increased SAR and
image contrast inhomogeneity, our
results indicate that sequence optimiza-
tion and recent multi-transmit technol-
ogy provide the means to efficiently
address these handicaps, paving the
road towards gaining actual clinical ben-
efits from UHF TOF MRA. These positive
results have to be read in the context of
a growing number of studies from multi-
ple groups working at 7T [8, 9, 11-13],
including ours [10], that demonstrate
clinically relevant findings in MR neuro-
imaging at 7T.

Speed (fast B, calibration/computation
within the time window of a clinical
scan), SAR control, robustness and inte-
gration of these methods within a stan-
dard clinical interface will be critical to a
successful implementation of these
technological advances in the clinical
world.
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Introduction
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El Multi-slice excitation with alternating rf-pulses taken from (1A) a set of 4 rf-pulses with
different phase modulations (pulse 1 to 4) allows one to provide the individual slices with well
defined phase-cycles along the phase encoding direction. The real part (red) and imaginary
part (green) of the pulses are plotted. (1B) Using only one pulse (e.g. pulse 1) no phase-cycle
is provided (0°, 0°, 0°, 0°). (1C) Alternation between pulses 1 and 3 yield no phase-cycle for
slice 1 and 3 and an 180° phase cycle for slices 2 and 4 (0, 180°, 0, 180°). (1D) Alternation of
all 4 pulses allows one to provide all the individual slices with an individual phase-cycle

(0, 90°, 180°, 270°).

Image acquisition time is one of the
most important considerations for clini-
cal magnetic resonance imaging (MRI).
The development of multi-coil receiver
hardware as well as dedicated parallel
MRI (pMRI) reconstruction methods such
as SENSE [1] and GRAPPA [2] allowed for
significant decrease of acquisition times
in almost all clinical applications. Thus,
today, pMRI plays a substantial role in
everyday clinical routine.

pMRI operates by reducing the amount
of data necessary to form an image. In
the Cartesian case, this is usually accom-
plished by uniformly undersampling the
k-space (e.g. skipping every other phase-
encoding line) resulting in so-called
‘aliasing artifacts’ in the image domain.
pMRI reconstruction methods seek to
compensate the lack of spatial encoding
by taking into account the spatial sensi-
tivity information, provided by a multi-
coil receiver array. Unfortunately, the
PMRI concept is intrinsically associated
with a signal-to-noise (SNR) loss
compared to a fully encoded image.

The SNRis

a) reduced by the square root of the
acceleration factor, simply due to the
fact that less data is acquired, and

b) by the so-called g-factor, depending
strongly on the encoding capabilities of
the underlying receiver array.

Thus, pMRI is often limited to applications
with sufficiently high base SNR, such as
volumetric imaging methods. With the
newest generation of MR scanners
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(2A) Standard 4 times accelerated simultaneous 4-slice-experiment. The same pulse is applied for subsequent excitations (phase encoding
lines), resulting in all 4 slices projected onto each other. (2B) CAIPIRINHA 4-times accelerated simultaneous 4-slice-experiment alternating
between e.g. pulses 1 and 3 for subsequent excitations, thereby providing slice 2 and slice 4 with a 180° phase cycle. According to the Fourier
Shift Theorem, slices 2 and 4 appear shifted by half of the FOV with respect to slices 1 and 3 in the resulting folded image. (2C) CAIPIRINHA
4-times accelerated simultaneous 4-slice-experiment alternating between pulse 1, 2, 3 and 4 for subsequent excitations, thereby providing each
slice with a different phase-cycle (0°, 90°,180°, 270°). Each slice appears shifted by FOV/4 with respect to their adjacent slice in the folded image.

providing up to 128 independent
receiver channels, further scan time
reductions are potentially achievable.
However, in conventional 2D clinical
imaging, parallel imaging today is still
restricted to relatively moderate scan
time reductions (acceleration factors of
2 to 3) due to intrinsic limitations in the
coil sensitivity variations along one
phase encoding direction (1D parallel
imaging). In 3D and simultaneous multi-
slice imaging, parallel encoding can be
carried out in two encoding directions
(2D parallel imaging), thereby employ-
ing the sensitivity variations in both
directions, as has been demonstrated in,
for example, 2D SENSE [3] and MS
SENSE [4]. This concept has been shown

to significantly improve the reconstruc-
tion conditions, allowing for higher
accelerations of the acquisition (>3).
However, both techniques require suffi-
cient sensitivity variations in two encod-
ing directions for successful image
reconstruction and therefore strongly

depend on the underlying coil geometry.

As mentioned above, spatial encoding
with a receiver array is associated with a
certain noise amplification known as
‘g-factor noise’. Quantitative g-factor
estimation methods have been derived
for SENSE [1] and GRAPPA reconstruc-
tions [5] and serve as a quality metric
for pMRI reconstructions. One important
approach to reduce this g-factor noise
for a given application is the optimiza-
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tion of the receiver array geometry
(e.g. number of coils, coil arrangement)
towards the application at hand. How-
ever, hardware limitations, the diversity
of patient weight and size, the need for
flexibility regarding a wider range of
applications, as well as sequence or pro-
tocol specific considerations, hamper
the viability.

The CAIPRINHA concept (Controlled
Aliasing In Parallel Imaging Results IN
Higher Acceleration) allows one to par-
tially overcome these requirements and
limitations by modifying the aliasing
conditions in a well defined manner.
This is done already during the data
acquisition by modifying the rf-excita-
tion or gradient encoding scheme in
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In vivo brain example: 4 x accelerated simultaneous 4-slice experiment using no phase cycling (MS-Standard) results in superimposition of all
the slices directly on top of each other. Due to the lack of sufficient sensitivity variations along the slice direction strong noise amplifications can
be observed after GRAPPA reconstruction. Using MS-CAIPIRINHA, employing 2 alternating multi-band rf-pulses, slices 2 and 4 appear shifted with
respect to slices 1 and 3 in the folded image. In this way sensitivity variations in the phase encoding direction (LR) can be used in addition to the
sensitivity variations available in the slice direction. The concept results in significantly improved image quality after GRAPPA reconstruction.

Imaging parameters: 3T MAGNETOM Skyra, TE 3.4 ms, TR 100 ms, FA 50°, FOV 178 x 220 mm?, matrix 208 x 320, slice thickness 4 mm, distance

factor 300 %.

order to use the coil encoding power of
the underlying receiver array to full
capacity. The concept has been success-
fully applied so far to simultaneous
multi-slice imaging (MS-CAIPIRINHA) [6]
and 3D imaging where data reduction
can be carried out in two phase-encod-
ing directions (2D-CAIPIRINHA) [7]. In
addition, both strategies can be
extended to the third remaining direc-
tion, namely the read-out direction, by
utilizing e.g. zig-zag shaped read-out
trajectories [8]. The following provides a

brief overview of MS-CAIPIRINHA and
2D-CAIPIRINHA.

Improving parallel imaging
performance with CAIPIRINHA

MS-CAIPIRINHA

Simultaneous multi-slice imaging offers
an SNR benefit over standard single-slice
imaging and comprises rf-excitations
with specialized multi-band pulses as
displayed in Figure 1. After multi-band
excitation the received signals will
accrue from all the slices (bands) and

thus are subject to the subsequent gra-
dient encoding sequence. Simply replac-
ing the standard single-slice excitation
pulse with a multi-slice pulse in an MR
imaging sequence will therefore result
in an image with all the simultaneously
excited slices projected onto each other
(Fig. 2A). As mentioned above, the par-
allel imaging concept provides an ele-
gant way to separate multiple image
signals which are aliased into one image
pixel. Thus, sufficient sensitivity varia-
tions of the underlying receiver array
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B In vivo cardiac example: The MS-CAIPIRINHA approach enables the acquisition of up to 6
slices per cardiac cycle. Here, 12 slices are acquired within 2 cardiac cycles (8 slices in short
axis view and 4 in the long axis). Imaging parameters: 1.5T MAGNETOM Avanto, 32-channel
cardiac array (Rapid Biomedical, Wiirzburg, Germany); Sequence: SR-TrueFISP, CAIPIRINHA
phase cycle +90°/-90°; FOV 320 x 260 mm?, matrix 128 x 77, resolution 2.5 x 3.4 mm?, slice
thickness 10 mm, distance factor (two-slice pulse) of short/long axis: 200%/100%; partial
Fourier 6/8, measurements: 20, TR 2.8 ms, TI 120 ms, TE 1.4 ms, FA 50°, reconstruction algo-
rithm GRAPPA (R=3). Images courtesy of Daniel Stdb.

along the slice direction will then allow
for separation of the slices using
adapted standard pMRI reconstruction
algorithms [4, 9]. However, in cases
where the sensitivity variations along
the slice direction are not sufficient e.g.
as a result of small slice distances or
suboptimal coil geometry, the pMRI
reconstruction will fail and result in
large noise amplification. Sensitivity
variations, potentially available along
the other spatial directions, here the
phase-encoding direction, are not
employed.

It has been demonstrated that increas-
ing the field-of-view (FOV) by the num-
ber of simultaneously excited slices
allows the individual slices to be shifted
with respect to each other in an
extended FOV (along the phase-encod-
ing) [10, 11] such that the slices show
no superposition. A similar concept is
Hadamard aided rf-encoding [12]. The
required shifts mentioned above can be
accomplished by employing dedicated
alternating multi-band rf-pulses provid-
ing the individual bands with well-
defined phase-cycles along the phase-
encoding direction (e.g using the set of
rf-pulses displayed in Fig. 1). Due to the
volumetric excitation this approach
offers a benefit in SNR efficiency of
square root of the number of simultane-
ously excited slices compared to single
slice acquisitions, however at the cost of
increased pulse energy deposition.
Using this concept in combination with
image acceleration (fewer phase-encod-

ing steps) superimposed slices with indi-
vidual shifts along the phase-encoding
direction can be realized by employing
alternation of rf-pulses taken e.g. from
the set of pulses given in Fig. 1. A four-
slice excitation at an acceleration of af = 4
using only rf-pulse 1 yields a superimpo-
sition of 4 image pixels originating from
all the 4 slices at the same location in
the phase-encoding direction (Fig. 2A).
Employing an alternation of rf-pulses
(e.g. pulse 1 and pulse 3, or pulses 1, 2,
3 and 4) the individual slices can be
shifted with respect to each other in the
FOV (Figs. 2B, C). In this way, as demon-
strated in the corresponding z,-plots,
aliased pixels may now originate from
both different slices and different loca-
tions in the phase-encoding direction in
a well defined manner (MS-CAIPIRINHA),
thereby allowing the pMRI reconstruc-
tion to take advantage of sensitivity vari-
ations in the slice and the phase encod-
ing direction.

The benefit of MS-CAIPIRINHA is demon-
strated in vivo employing a 4 times
accelerated simultaneous 4-slice experi-
ment: Figure 3 shows 4 slices in a volun-
teer’s brain (slice positions are indicated
in the sagittal brain image), which are
excited simultaneously using specialized
multi-band rf-pulses taken from the set
of pulses given in Figure 1A. In the case
of non-alternating rf-pulses [4] (MS-
Standard), each slice is subject to the
same phase cycle along the phase-
encoding direction (LR). The slices
appear projected directly on top of each
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other, thereby allowing the pMRI recon-
struction (here GRAPPA-SENSE hybrid
[9]) only to use sensitivity variations
available in the slice direction. Due to
the relatively small slice distances, the
relatively high acceleration factor (af = 4)
and the limited sensitivity variations pro-
vided by the coil array in the slice-direc-
tion, the reconstruction results in large
noise amplifications and thus unaccept-
able image quality. However, using a
MS-CAIPIRINHA acquisition in combina-
tion with an adapted GRAPPA recon-
struction, the folded image pixels can
now be separated almost without any
noise amplification. In this example, an
MS-CAIPIRINHA scheme as depicted in
Figure 2B has been employed. Alterna-
tion of pulses 1 and 3 provides slices 2
and 4 with a 180° phase-cycle along the
phase encoding direction causing these
slices to appear shifted by FOV/2 with
respect to the slices 1 and 3 which had
no phase modulation. Thus, in this case,
MS-CAIPIRINHA allowed the acquisition
of 4 slices in the same time normally
required or a single slice without losing
SNR.

In addition, the applicability of MS-
CAIPIRINHA to cardiac perfusion imaging
is demonstrated in Figure 4. A two-slice
CAIPIRINHA saturation recovery TrueFSIP
sequence has been employed using a
total acceleration of af = 3. This allows
for the acquisition of 12 slices (8 slices
in the short axis view and 4 in the long
axis) in only two cardiac cycles. A repeti-
tion of the sequence during contrast
agent uptake has the potential for car-
diac perfusion imaging with significantly
increased spatial coverage in high tem-
poral resolution [13].

2D-CAIPIRINHA

In contrast to conventional 2D imaging
where only one phase-encoding direc-
tion is available for scan-time reduction
(1D pMRI), 3D volumetric imaging with
a second phase encoding direction
offers the potential to choose the direc-
tion in which undersampling is per-
formed, or even to split the acceleration
between the two phase-encoding direc-
tions (2D pMRI). Given a receiver array
geometry providing sensitivity variations
in both phase encoding directions, this
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Procedure of generating 2D-CAIPIRINHA sampling patterns for a given total acceleration factor, here af = 4. All possible sampling schemes
can be represented by an af x af elementary cell with af sampling positions to fill. For each undersampling rate in the k, direction (af,) multiple
patterns can be created by shifting sampling positions at row k, in the k, direction by a different amount A, whereas A runs from 0 to af,-1, and
af, = aflaf,. Sampling patterns without shift (A = 0) are 2D standard acquisitions, while all the other patterns are represented by 2D-CAIPIRINHA-
type acquisitions (af = af, x af,®) indicated by the red sampling positions.

strategy has shown the potential to
allow for higher total image accelera-
tions compared to undersampling
schemes restricted to only one direction
[4, 5]. However, since the sensitivity
variations available for the pMRI recon-
struction depend not only on the coil
geometry but also on the image position
and orientation, the choice of the FOVs
and encoding directions as well as the
object position, size and shape, the right
choice of the undersampling rate for the
individual phase-encoding directions is
not easily predictable and remains a
challenging task. Thus, in many applica-
tions the reconstructed images suffer
from severe residual artifacts or strong
noise amplifications, depending on the
choices made by the operator.

Again, the CAIPIRINHA concept has

shown to partially overcome these limi-
tations. It has been realized that, besides
the standard rectangular sampling pat-
terns with undersampling using simple
integer reductions, many other patterns
are conceivable where the sampling
positions are shifted from their original
positions in the 2D phase encoding
scheme. Here we restrict ourselves to
sampling positions on so-called 'sheared
grids’ which form periodic lattices [14]
resulting in exactly af superimposed
image pixels at an acceleration factor of
af asitis the case in all standard rectan-
gular patterns. The procedure of gener-
ating the available 2D-CAIPIRINHA pat-
terns is schematically displayed in Figure
5 for a total image acceleration of af = 4.
The sampling schemes can be repre-
sented by an af x af elementary cell with

af sampling positions to fill. For each
undersampling rate in the k, direction
(af,) multiple patterns can be created by
shifting sampling positions at row k, in
the k, direction by a different amount d,
whereas d runs from 0 to af,-1, and

af, = af/af,. Sampling patterns without
shift (d = 0) are 2D standard acquisitions,
while all the other patterns are repre-
sented by 2D-CAIPIRINHA-type acquisi-
tions. This concept can also be used for
prime number accelerations (af = 2, 3,

5 ...) where standard accelerations only
allow undersampling in one of the phase
encoding directions. The required shifts
in k-space can simply be realized by apply-
ing additional gradient offsets to the
phase encoding gradient tables. These
2D-CAIPIRINHA sampling patterns, analo-
gous to the phase-cycles in simultaneous
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2D Standard
2x2

2D CAIPIRINHA
2x2M

[ In vivo liver example; volunteer: Compared are GRAPPA reconstructions (3 example slices)
derived from two different reduction schemes (6A) Standard 2x2 and (6B) 2D-CAIPIRINHA
2x2M. In addition, the corresponding GRAPPA g-factor maps are displayed. In the indicated
region the SNR benefit of 2D-CAIPIRINHA can be appreciated.

Imaging details: 1.5T MAGNETOM Avanto, 6-channel body matrix coil and 6-channel spine

matrix coil; VIBE af = 4, extra reference scan matrix 32 x 24 x 24. FOV 400 x 312.5 mm?, matrix

320 x 170 x 50 GRAPPA, total acquisition time 9 s breath-hold.

multi-slice imaging, modify the appear-
ance of aliasing in 2D parallel imaging
compared to conventional rectangular
reduction schemes and have the poten-
tial to relax the requirements of integer
reductions to great extent. This is dem-
onstrated in more detail in the original
publication [7]. By shifting the sampling

positions in a well-directed manner,
aliasing can be shifted in such a way
that sensitivity variations provided by
the underlying receiver array are
employed more efficiently. In some
cases the amount of aliasing can even
be reduced. These modified aliasing
conditions may then result in a further
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improvement in parallel imaging recon-
struction conditions and therefore in
better image quality. Recently, this con-
cept has also been extended to more
generalized sampling schemes which
are not restricted to sheared grids [15].
In order to demonstrate the benefit of
2D-CAIPIRINHA in vivo, two subsequent
accelerated (af = 4) abdominal 9 s
breath-hold VIBE experiments have been
carried out on a volunteer. In Figure 6
GRAPPA reconstructions from three out
of 50 slices from

a) a standard 2x2 and

b) a 2D-CAIPIRINHA 2x2™

acquisition are displayed. In addition,
the corresponding g-factor maps of the
GRAPPA reconstructions are displayed
as a quantitative measure of image qual-
ity. As indicated by the lower g-factor
values in the 2D-CAIPIRINHA reconstruc-
tions the improved image quality can
clearly be observed, even on a visual
scale (see region indicated by the
orange circle).

Furthermore, the improvements in
image quality associated with
2D-CAIPIRINHA are demonstrated taking
four different T1-weighted 3D FLASH
experiments of a volunteer’s brain with
different acceleration factors and acqui-
sition schemes (Fig. 7). The acquisitions
compared are

a) standard 2x2,

b) 2D-CAIPIRINHA 2x2™,

c) 2D-CAIPIRINHA 1x5® and

d) standard 5x1 scheme.

Displayed are the central sections of the
reconstructed 3D image data in the sag-
ittal, coronal and axial view in addition
to the corresponding quantitative g-fac-
tor maps. Comparing reconstruction
results from af = 4 (7A) and (7B) the
improvement of 2D-CAIPIRINHA can
clearly be appreciated. Comparing
results from af = 5 (7C) and (7D) the
gain in SNR is even more obvious. In this
case the parallel imaging performance
of 2D-CAIPIRINHA 1x5@ (7C) compares
pretty well with the standard af = 4
(2x2) acquisition employed in (7A).
While the 2D-CAIPIRINHA patterns in
general appear to be more tolerant
against user influence and suboptimal
patient positioning, the automatic
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In vivo 3D FLASH brain imaging using different acceleration schemes: (7A) Standard 2x2 (7B) 2D-CAIPIRINHA 2x2(® (7C) Standard 5x1
(7D) 2D-CAIPIRINHA 1x5@. Displayed are central slices in the sagittal, coronal and axial view. In addition the corresponding GRAPPA g-factor

maps are shown.

Imaging details: 3T MAGNETOM Skyra, 20-channel head neck matrix coil, 3D FLASH, GRAPPA with extra reference scan, matrix 32 x 32 x 32,
TE/TR4.3 ms/ 16 ms, FA 35°, FOV 256 x 208 x 204 mm?, matrix 256 x 168 x 144; partial Fourier factor 7/8, total scan time 1 min 40 s (af = 4)

and 1 min 16 s (af = 5).

extraction of the optimal pattern for the
given imaging setup remains a challeng-
ing task and has not been sufficiently
answered.

Conclusion

In all current parallel imaging tech-
niques, aliasing artifacts resulting from
an undersampled acquisition are
removed by a specialized pMRI image
reconstruction algorithm. The CAIPIR-
INHA concept aims at modifying the

appearance of the aliasing artifacts
already during the acquisition to
improve the following parallel image
reconstruction procedure. Specifically,
this concept has been successfully
applied to simultaneous multi-slice
imaging (MS-CAIPIRINHA) and 3D
imaging (2D-CAIPIRINHA).
MS-CAIPIRINHA

Aliasing in simultaneous multi-slice
acquisitions can be modified already
during the acquisition by employing

alternating rf-pulses for subsequent
phase encoding lines, thereby allowing
the imprint of the individual slices with
individual phase-cycles causing the
slices to appear shifted with respect to
each other thereby improving the recon-
struction process minimizing g-factor
related noise enhancements. Thus, a
CAIPIRINHA-type 4 slice excitation with
low g-factor values (close to 1) allows
the acquisition of 4 slices in the same
time usually required for 1 slice without
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loss of SNR. Recently, the MS-CAIPIRINHA
concept has been also successfully
applied to more advanced acquisition
schemes such as SSFP [13] EPI [16] and
radial [17] simultaneous multi-slice
imaging.

However, it is important to note that
multi-slice excitations are associated
with significantly increased energy
deposition, currently limiting the
method to a moderate number of simul-
taneously excited slices, and/or to low
flip angles. However, recently, a promis-
ing concept for reducing the rf power of
multi-band pulses has been introduced
[18]. Thus, MS-CAIPIRINHA is expected
to become a powerful strategy in the
near future allowing to significantly
accelerate many clinical protocols in
almost preserved image quality.
2D-CAIPIRINHA

In conventional pMRI accelerated 3D
imaging, data reduction is performed in
two spatial dimensions simultaneously
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How-I-do-it

Joachim Graessner, Dipl. Ing.

Siemens Healthcare, Hamburg, Germany

Relative Signal-to-Noise

Scan time

Resolution

‘Bermuda Triangle’ of dependant MR quantities.

We observe quite often that people feel
uneasy with the interpretation of the
numbers the signal-to-noise (S/N) indi-
cator shows on the syngo program-card.
“May | change the protocol although the
SNR indicator shows a value of 0.3?"
“Why does oversampling improve S/N?
The larger FOV only covers more air.”
Such questions and many more will be
answered in this article. We will take
away the mystery of parameter changes
and explain their mutual dependencies
(Fig. 1).

What is signal-to-noise?

The total MR-signal is a mixture of the
signal from the pure MR experiment plus
thermal noise and other sources of
noise. A measure of quality for a medical
image is the ratio of the signal-intensity
in the object divided by the signal-inten-

sity of the noise (SNR) typically mea-
sured in the air outside the body.

Why is the SNR relative?

The SNR indicator of a saved protocol
always shows the value 1.00 or 100%.
Changing certain MR parameters
changes this indicator value but only rel-
ative to the initially stored version of this
protocol. After saving the performed
parameter changes the SNR indicator
switches back to the value of 1.00. Do
not use this value for comparisons
between different protocols!

Which parameters influence
the SNR indicator?

There are several parameters which alter
the signal S. Or, looking at the equation,
the signal S is proportional to certain
parameters.
Sop ~ 1isqrt (BW) * Ax *Ay* Az * sqrt
(AC* Npe)
Ssp ~ T/sqrt (BW) * Ax *Ay* Az * sqrt
(AC * Npe * Nsp)
BW — bandwidth in Hz/pixel
Ax — inplane resolution in x-direction:
FOV, I N,
Ay — inplane resolution in y-direction:
FOV, / Nye
Az — Slice thickness or partition thick-
ness in 3D case: slab-thickness/ Nsp
AC — Averages: number of excitations
per same encoding step
N.. — Base matrix size in read direction
N,. — Number of phase encoding steps
N5, — Number of phase encoding steps
in 3D direction or Z-direction
For our problem we are only looking for
dependencies with respect to resolution,
i.e. voxel size, total number of acquired
echoes (number of phase encoding
steps), number of averages (number of
excitations) and readout-properties such
as bandwidth per pixel. Parameters
determining contrast like TE, TR, Tl and
flip angle as well as the sequence type,
field strength and coil type do not play
any role for the SNR indicator (Fig. 2).

Headline of the parameter card in the syngo MR B/C/D-software versions.
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What does the resolution
indicator show?

In syngo MR AIB/C software versions you
get with mouse-over on the resolution
field a display of values down to an accu-
racy of 1/100 mm. In the syngo MR
D-version you additionally get a display
of the measured and the calculated
resolution (Fig. 3).

Example:

1.00x 1.00 x 1.00mm = Ax * Ay * Az

What does the scan time indi-
cator show?

The measurement time (TA) depends on
the product of TR time, number of aver-
ages AC, number of phase encodings,
and number of 3D encodings and may
be divided by the Turbo factor TF, EPI
factor and time saving factors from sam-
pling strategies like iPAT and Halffourier.
TAs = [(TR * AC * N,o) | (TF * PAT,p)] +
Prep + Intro

TAsp = [(TR * AC * N,. * Nap) /

(TF x PAT,, * PAT3p)] + Prep + Intro

El Mouse-over on voxel size in the syngo MR D-software version.

How-I-do-it

Prep — preparation pulses at the begin-
ning of a sequence to bring the mag-
netization into steady state. This takes
a few seconds.

Intro — 3 gradient knockings at the
beginning of a protocol to warn the
patient; can be switched off for
breath-hold series on the sequence
card.

What do these values tell me?

Fortunately the MR software does all
these calculations for you. When chang-
ing parameters of a given protocol
which already delivered decent image
quality you get an idea of how the scan
time, the resolution and the relative SNR
change compared to the initial protocol
setup. A protocol with a lot of reserve in
SNR can still deliver good image quality,
even with an SNR indicator on 0.1. But

Table 1: Changing the number of phase encoding steps and averages
affects scan time TA, pixel size and relative SNR.

FOV Matrix AC TA
(mm) | Npe X Ne a.u.
512 256 x 256 2 1
256 128 x 128 2 0.5
256 128 x 256 2 0.5
256 256 x 256 4 2
256 256 x 256 2 1
256 256 x 256 1 0.5
256 256 x 512 2 1
256 512 x512 2 2
128 256 x 256 2 1

Pixel size ' Rel. SNR

(mm?2) a.u.

2x2 4.00

2x2 2.83=(41V2)=2*2
2x1 1.41=2/V2) =2
1x1 1.41 =42

1x1 1.00

1x1 0.71=(11V2)
1x0.5 0.5

0.5x0.5 0.35=(0.25 *V/2)
0.5x0.5 0.25

Explanation

4 times the pixel size

4 times the pixel size and 2 times less N,

twice the pixel size, but 2 times less N,

twice the number of ACs

start protocol (reference)

half the number of ACs

half the pixel size

quarter pixel size, but 2 times more N,

quarter pixel size
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when you already pushed resolution and
scan time to a level where the images
start to get noisy, a further change with
a resulting SNR of 0.9 could result in an
unacceptable quality. As said, the SNR
indicator shows a relative quantity. It
depends on the starting conditions.

You will always have to sacrifice one or
two items when optimizing the third
one.

Better resolution in less scan time with
higher SNR is impossible unless you
change the measurement conditions like
field strength or type of RF coil.

Table 1 gives an example:
Bandwidth and slice thickness are
assumed constant
No iPAT and quadratic FOV

B 33% phase oversampling applied on a 75% phase FOV. Pixel size x slice thickness = Voxel size

Obviously the factor square root of two
(v2) plays an important role when
Table 2: How MR parameters affect TA, resolution and SNR. diminishing or enlarging certain MR
parameters by a factor of two. Only
alterations of the slice thickness change
Parameter Measurement Resolution the SNR indicator linearly. All other
time TA parameters go with the square root of

* * the change factor up or down.

- v

(%)
=
=

Matrix )
Why does phase oversampling

improve the S/N?

etz (o) Oversampling in phase direction

acquires more encoding steps and thus
increases SNR. Each independently-sam-
pled phase encoding step adds a portion
to the total SNR. Each echo contains
information about the whole image;
there are no echoes which collect data
in the air.

Figure 4 shows a special case with 75%
phase FOV combined with 33% phase
oversampling (PhOS). Compared to
100% phase FOV with no PhOS you have
the same SNR, scan time and resolution.
The same is true for a setup with 100%
PhOS and half the number of ACs or
instead iPAT = 2.

Slice thickness

Bandwidth per pixel

Averages AC

Phase oversampling

Rectangular FOV

iPAT factor

> <« > > > > > >

Why does the SNR not increase
with more reference lines in
GRAPPA mode?

Because the number of reference lines
are not included in the formula. The

I
“— ¢ ¢« > > ¢ > > <

Partial Fourier factor $

* only if TR can be shortened
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Table 3: Parameters for SNR discovery protocols.

Sequence name
Dimension

FOV read

FOV phase

Base resolution
Phase resolution
Slice thickness
TR

TE

AC

iPAT

Bandwidth
SlicelSlices per slab
Flipangle

Turbo factor
Introduction
Coil

TA

Resolution

Rel. SNR

How-I-do-it

SE 2D TSE 2D GRE 3D GRE 2D
tse tse gre gre

2D 2D 3D 2D

256 256 256 256
100% 100% 100% 100%
256 256 256 256
100% 100% 100% 100%
5mm 5mm Tmm 5mm
467 ms 3050 ms 5.5ms 235ms
12ms 107 ms 2.35ms 5ms

2 2 2 2

none none none none
130 130 390 260

5 10 64 5

90 180 25 70

1 9 n.a. n.a.
deselect deselect deselect deselect
8/12116- channel head coil
4:00min 3:00min 3:00min 2:00 min
1.0x1.0x5.0 1.0x1.0x5.0 1.0x1.0x1.0 1.0x1.0x5.0
1.00 1.00 1.00 1.00

same is true for interpolation. But the
SNR actually benefits in most sequences
from the additionally sampled number
of reference lines using the ‘integrated’
mode.

Why does allowed partial
Fourier not change scan time
in a TSE sequence?

Partial Fourier in a TSE sequence only
shortens the echo train length. This
gives you the opportunity to shorten TR

and gain some scan time if appropriate
for the contrast.

Is there a rule of thumb for
changes in the SNR indicator?

A red arrow in Table 2 indicates for both
directions a drawback compared to our
positive expectations of shorter scan
times, better resolution and SNR. There
is always at least one red arrow accom-
panying a black arrow.

How can | get a feeling for the
amount of change in the SNR
indicator?

Generate a protocol with the parameters
shown in Table 3, save it and than play
around with the MR parameters and dis-
cover their influence on SNR, TA and res-
olution. The TRs were chosen that way
to get round scan times, which will have
slight deviations when changing the
number of averages AC. These few sec-
onds are due to the preparation phase at
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Table 4: Influence of the voxel size on total volume and SNR.

SVS voxel size approx. Ul values Volume
(mm?) (mm?) (cm?)
20x20x20 20x20x20 8
18.1x18.1x18.1 18x18x18 6
15.9x15.9x15.9 16x16x16 4
12.6x12.6x12.6 13x13x13 2
10x10x10 10x10x10 1
7.9x7.9x7.9 8x8x8 0.5
6.3x6.3x6.3 6Xx6x6 0.25
5x5x5 5x5x5 0.125

the very beginning of a protocol which
is played out only once.

Is there anything different with
spectroscopy protocols?

In single voxel spectroscopy (SVS) you
have to be aware of the fact that a slight
decrease in the side length of a single
voxel will result in a large change to the
measured volume, i.e. dramatic
decrease in SNR, which can rarely be
compensated by an increase of averages
(Table 4). CSI protocols can deliver much
smaller voxels than SVS due to higher
number of encoding steps in two or
three dimensions. But this has to be
paid for by longer scan times and a more
global shim situation.
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