

















The fine splitting of the resonance lines

Not all nuclei provide simple resonance lines (singlets).
Some nuclei show a characteristic splitting of the lines,
such as triplets or quartets. The reasons for this are the
reciprocal magnetic effects of the nuclei, the so-called

SPIN-SPIN COUPLING.

HCOOCH,CH3; —CH; In practical

application, the
comparison of
ﬁ) spectra does not
HC- —CH,- involve absolute
peak areas, but
rather the relative

signal intensities.
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8 6 4 2 0 They are used to -
compare spectra in
healthy tissue with
spectra in
pathological tissue.




Ultra-fast imaging provides us today with slice
acquisition times in the sub-second range.

MR imaging has been greatly accelerated by
optimizing the known spin echo and gradient
echo techniques. One of the preferred methods
is to more quickly fill existing acquisition
matrices with echoes than with conventional
technologies. On the next pages, we will show
you two typical representations of this method:

TurboSE and EPI.

Parallel acquisition technologies are both new
and superior. They spatially optimize the filling
of matrices by simultaneously using MR signals

from several coil elements.
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Turbo measurements with Turbo spin echoes

Turbo spin echo sequences (TurboSE) considerably shorten acquisition time and
have replaced conventional spin echo technique to a large extent. During the time
a spin echo sequence acquires not more than a single echo, the TurboSE sequence
acquires an entire series of echoes.

The echo train is faster

How does a TurboSE sequence accelerate
the acquisition process? With each

90 degree excitation pulse, the sequence
does not generate just a single spin echo,
but rather an entire series of echoes also
known as the ECHO TRAIN.

Each echo of the echo train is given a
different phase encoding (Gp) and fills one
row of the raw data matrix. The length of
the echo train determines the maximum
time savings or TURBO FACTOR

(e.g. 7 or 15).

The central echo, when the phase-
encoding gradient is zero, determines the
image contrast. The time interval
between the 90 degree pulse and the
central echo is the EFFECTIVE ECHO TIME
TEeff'
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Segmented k-space

How do we fill the raw data matrix of a
TurboSE sequence? For a 255 x 256
matrix only 255/15 = 17 excitations are
required for an echo train of 15 echoes.
This means that the sequence has to be
repeated only 17 times instead of

255 times.

For this purpose, the k-space is
SEGMENTED; within the repetition time TR,
an entire series of raw data rows is
acquired as compared to the conventional
technique that requires one raw data row
only.

The k-space consists of, for example,

15 segments (= Turbo factor) with

17 rows each. The total number of rows is
a whole-number multiple of the echo
train length (15 x 17 = 255).

This means that within each echo train,
one raw data row is filled for each
segment, creating a “comb” of filled-in
rows. This “combing” has to be repeated
17 times, as shown by our example.

17 1 Segment
17 Rows = Number of excitations
EJl ——
1 2 | —
N 1 1 ky
R
> =
N kx
15 Echoes
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T, imaging with TurboSE

In the majority of cases, TurboSE sequences are used
for T,-weighted imaging. The most noticeable
difference between TurboSE and spin echo
techniques is the bright fat signal in strongly
T,-weighted images. (T,-weighted TurboSE
sequences are used, for example, for imaging the
spine.)

The longer the echo train at a fixed TR, the shorter
the acquisition time. As a result, fewer slices can be
acquired. At the same time, T, decay is stronger
which reduces resolution in the phase-encoding
direction, e. g. especially when examining tissue
with a short T,.

To ensure detection of small hemorrhages, e.g. in
the brain, a longer TR and a higher resolution are
used for contrast improvement. The turbo factor
may be reduced, for example, from 15 to five, but all
in all this is still a significant increase in speed.

TurboSE sequences offer a far better contrast
between white and gray matter. It is difficult to think
of neuroradiological imaging without the high-
resolution possibilities offered by TurboSE
sequences.

Image comparison T, spin echo

T, Turbo spin echo
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ATurboSE sequence generates a series
of spin echoes per excitation known as
the echo train.

The k-space is segmented. When using
an echo train of, for example,

15 echoes (= Turbo factor), only

17 excitation pulses are required. The
result is a significantly reduced
acquisition time.

TurboSE sequences are used primarily
for T,-weighted imaging.

Additional
developments

A further
development of
TurboSE techniques
is the combination
with an inversion
pulse (Turbo
Inversion Recovery,
TIR), a combination
involving Half Fourier
imaging (Half Fourier
Acquired Single Shot
Turbo Spin Echo,
HASTE) or the
addition of gradient
echoes (Turbo
Gradient Spin Echo,
TurboGSE).
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Ultra-fast with echo-planar imaging (EPI)

Echo-planar imaging or EPI is currently the fastest available MR imaging
technique. The main characteristic of this technique is its speed. EPl acquires an
entire series of images in the same time a conventional fast pulse sequence

generates a single image.

It takes only a single shot ...

EPl is a SINGLE-SHOT METHOD. By that we
mean that an EPI sequence uses a single
excitation pulse to acquire an entire
image.

A readout gradient is switched in bipolar
fashion. Within the FID it generates an
entire echo train of ascending and
descending gradient echoes with
alternating algebraic signs. The number
of gradient echoes is the EPI FACTOR.

The fast T,*decay of the FID leaves only
approximately 100 ms to generate the
echoes. For this reason, the readout is
limited to between 64 and 128 echoes.

HE J|
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FID

TEcfs

The EPI matrix is therefore between
64 x 64 and 128 x 128, accordingly the
EPI factor is between 64 and 128.

The EFFECTIVE ECHO TIME TE; coincides
with the maximum signal.

T)*



To move to the next raw data row, the
phase-encoding gradient is switched
briefly between the individual gradient
echoes (blips). The measurement matrix
is sampled in a “zig-zag” pattern
(meandering).

This is how EPI sequences acquire
diagnostic images in as little as 50 to

100 ms. These images are completely
void of motion artifacts, making EPI
especially suitable for examining dynamic
processes or generating diffusion-
weighted images which are sensitive to
motion on a molecular level.
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EPI is the method of choice for
diffusion and cranial perfusion as well
as for functional neuroimaging (BOLD
Imaging).
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Contrasts with Single-shot EPI

EPl is a read-out module. EPI-sequences can be
combined with freely-selectable preparation pulses
(spin echo, inversion recovery, etc.). This allows us
to obtain different contrasts with EPI sequences.
Since the echoes decay with T, *, the images contain
a T,*-weighting component that varies with the
basic contrast. As a single-shot procedure, EPI does
not show any T, contrast.

EPI-FID SEQUENCES generate good T,* contrast that
increases with the echo time.

EPI SPIN ECHO SEQUENCES can be compared to
conventional spin echo sequences with an infinitely
long TR. Along T, generates sharp images. For tissue
with a short T,, the image may not be as clear.

Image comparison: Strong diffusion contrast, weak

diffusion contrast

EPI DIFFUSION SEQUENCES add additional diffusion
gradients. They are sensitive to molecular motion
and show the self-diffusion of water in tissue.
Ultra-fast EPI acquisitions have the advantage of
freezing motion that would create artifacts in
conventional sequences, obscuring the diffusion
contrast.
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Segmented EPI sequences

Single shot EPI sequences are very sensitive to
off-resonance effects. OFF-RESONANCE means that
spins outside the excited slice contribute to the
MR signal and may lead to image artifacts.

These effects show up as a shift in raw data in the
phase-encoding direction. This data shift increases
with the echo spacing and the length of the echo
train.

The echo train is shortened by sampling the raw data
matrix segment-by-segment (as previously
described in the TurboSE chapter). The shift in the
phase-encoding direction is reduced and so is the
visible artifact.

Image comparison: Single-shot EPI image with
distortion artifact. The segmented EPI image (right)
shows considerable less distortion in the area of the

eyes.
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SMASH and SENSE: the parallel acquisition techniques

The speed of MR image generation is limited by phase encoding. Although the speed
of pulse sequences has improved steadily with the performance of gradient
hardware, the maximum switching rates of the gradients are still a limiting factor.
New ways had to be found to increase speed even further. One of them is parallel

data acquisition using multiple coils.
Not sequentially ...

Standard fast pulse sequences acquire
data SEQUENTIALLY: they fill the k-space
with raw data row-by-row (comparable to
a fax machine). Each single row requires a
separate application of gradient pulses.
And the phase-encoding gradient
constitutes a true bottleneck.

Example: to avoid motion artifacts, the
patient has to hold his breath
approximately 20 seconds for each
exposure involving a conventional cardiac
examination. This proved to be quite
difficult for patients with serious heart
conditions. The MR techniques introduced
thus far have reached their limits.

P =<

>k

~ —p |




. but parallel The principle of array imaging

An RF coil is the receiver for MR signals. Let'sassume  With a standard array technique, separate images are
that we would not use just one coil, but rather as created for each coil element (in our example: 4).
many spatially arranged receivers as we would need  Theses images are subsequently combined into an

for resolution in the phase encoding direction overall image. For this reason, we cover more of the
(somewhat similar to the methods used ina modern  body region to be examined without changing the
digital camera). In this case, we would not have to measurement time.
repeat a pulse sequence, but rather work without

phase encoding entirely. This would considerably

decrease our acquisition time ... but unfortunately,

this is a futuristic goal.

Today’s modern clinical techniques involve PARALLEL
ACQUISITION TECHNIQUES (PAT) that use several
receivers simultaneously (e.g. 4, 6, or 8). This
configuration of several coil elements is known as an
ARRAY. [1 Arrays have been previously used in
sequential imaging.

In parallel acquisition techniques, the coil elements
of the array are used to reduce the number of phase
encoding steps and ultimately the measurement

time. The acceleration factor (PAT FACTOR) is 2 to 4.
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Coil encoding supplements gradient encoding

Parallel acquisition techniques use the
concept of the coil array. As compared to
standard array techniques, they use the
geometric characteristics of array coils.

The spatial arrangement of the individual
coil elements provides additional
information with respect to the origin of
the MR signals.

When the coil elements are arranged in
the direction of phase encoding, we can
utilize the additional information to omit
part of the time-consuming
phase-encoding steps. In other words,
we supplement the spatial encoding via
the gradients with encoding via the coils.

The two most important methods are
SENSE and SMASH. The difference
between the two methods is that SENSE
operates with image data, and SMASH
operates with raw data.

The characteristics of SENSE and SMASH
are slightly different. For various
applications, the coils and slice
orientation used determine the choice of
method applied.



iPAT: The Siemens solution

The Siemens-specific implementation of parallel
acquisition techniques is known as iPAT
(integrated Parallel Acquisition Techniques).

iPAT allows either increased speed at the same
image resolution or higher resolution at the same
acquisition time.

A shorter acquisition time when time is of essence is
especially valuable (cardiac imaging in real-time,
contrast-enhanced angiography, perfusion
measurements).

The echo trains of EPI sequences are shortened.
The result is improved image quality, as well as less
smearing and distortions in the image.

Dynamic MR angiography with iPAT.

Each individual 3-D data set was measured in
approximately 2 seconds (courtesy of
Northwestern University in Chicago, lllinois).
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SENSE: Reduce and overfold

The SENSE algorithm (Sensitivity
Encoding) reconstructs the MR image
from the image data of the individual coil
elements.

During acquisition, several phase-
encoding steps are left out. For example,
only every other second raw data row is
filled with an echo. Basically we can look
at this as an acquisition with a reduced [
field of view. The reduced image of one
coil element shows periodic overfolding
in areas outside the field of fiew—similar
to a transparency that has been folded up
several times.

This characteristic is in principle the result
of the periodicity of the Fourier technique
used for frequency and phase encoding:
each pixel in the reduced image is an
overfolded superimposition of the pixels
of the total image.

iy
Normal
>k,
ky
Reduced
>k
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The reduced image of a phantom shows periodic overfolding

in the areas outside the field of view.



SMASH and SENSE: Parallel acquisition techniques

Turbo measurements Ultra-fast with
with Turbo spin echoes | echo-planar imaging
(EPI)

Field of view, resolution, and sampling rate

ky ky

Ak

1
——

The FIELD OF VIEW (FOV), is the section of the acquired slice to be shown in In our case this means 1/25 cm. This is a

the image, e.g. 25 cm x 25 cm. When using a 256 x 256 matrix, phase-encoding step in units of the spatial
each pixel has an edge length of T mm. frequency. When we make the steps larger,
This corresponds to the maximum RESOLUTION in the image. that is increase the sampling rate without
changing the resolution, the field of view is
The SAMPLING RATE is the inverse of the field of view: reduced accordingly (by a factor of 2 in our
graphic). However, if we keep the field of
Ak = 1/FOV view, resolution in the image in the direction

of the phase encoding will be reduced.
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SENSE: Overfolding and unfolding

This is the difference with respect to the
folded up transparency: since a coil
element is not homogeneous, but rather
has a spatial SENSITIVITY PROFILE, the
overfolding pixels are not the same in the
image. They are weighted with the spatial
coil sensitivity.

The question remains how do we locate
the unfolded total image from an
overfolded image.

When we have only one image with
overfolding, it is not possible to unfold it
properly. If possible, we can avoid
overfolding through [ oversampling.
But if we acquire several overfolding
images in parallel across several coils,
we can reverse overfolding by using an
algorithm.

That's the basic idea of the SENSE
algorithm. The implementation of the
SENSE algorithm developed by Siemens is
known as mSENSE (modified SENSE).

Coil profile

One coil is
measuring several
overfolding pixels

The same pixel
measured across
several coils
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The SENSE algorithm computes the unfolded total
image from the individual overfolding images. Pixel
by pixel, the signal portions are separated from the
individual localizations.

8,0

Overfolding and Oversampling

A well-known artifact: if the field
of view is smaller than the size of
the object, you can see the
OVERFOLDING (aliasing) of
structures outside the FoV.

Image
comparison
with respect
to overfolding

256

512
By increasing the sampling rate
(OVERSAMPLING), we can eliminate
the overfolding effect
(example: 512 instead of 256).

Principle of
oversampling
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SMASH: Harmonics in the k-space

As compared to SENSE, SMASH
(Simultaneous Acquisition of Spatial
Harmonics) reconstructs the MR image
from raw data.

As with SENSE, a number of
phase-encoding steps are skipped.

The missing raw data rows are completed
by using a certain trick.

Do you still remember: the values in the
k-space are spatial frequencies that
correspond to stripe patterns which build
up the image. The stripe patterns are
nothing more than structures recurring
periodically in the object to be measured.
In other words: these are spatial wave
patterns. The phase encoding generates
these wave patterns of the spin phases.

Let's assume, a receiver coil has a coil
profile corresponding exactly to the wave
pattern. The respective phase-encoding
step would then be unnecessary.

Instead of phase encoding one could,
theoretically—if technically possible—
increase a wavy coil profile step-by-step.
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We can show the following: If a receive coil shows a
coil profile in the form of a sine curve across the field
of view, this sensitivity corresponds exactly to one
phase-encoding step. On the basis of acoustic
waves, this profile is also known as the

first HARMONIC. A sine curve with double the
frequency is then the second Harmonic (so-to-speak
one octave higher). This corresponds to the double
phase-encoding step, etc.

What's so unusual about the SMASH technique, is
that we can generate the spatial harmonic through a
weighted superimposition of the coil profiles of an
array. With each of these harmonics, an artificial
echo can be synthesized and the missing raw data is
filled. We only need four harmonics to supplement
the 4 missing phase-encoding steps.

The further development of the SMASH Algorithm
by Siemens is called GRAPPA (Generalized
Autocalibrating Partial Parallel Acquisition).
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Review

With iPAT, phase-encoding steps are skipped
which shortens the measurement time.

In principle this is the same as generating an
image of a reduced field of view with
conventional imaging.

With the help of individual coil profiles the
missing encoding is restored either in the
image space or already in the k-space.

mSENSE

Each individual coil element generates, after
the Fourier transformation of the raw data,
an overfolding image. From the overfolding
images, the result image is reconstructed
with the mSENSE algorithm.

GRAPPA (SMASH)

At first the GRAPPA algorithm is applied to the
raw data and then a completed raw data set is
generated with the help of synthetic echoes.
These raw data are used to reconstruct the
MR image via Fourier transformation.
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System designs System components The magnetic main field | The gradient system The radio-frequency The computer system Image documentation
system and data security

Today a large number of different
performance-oriented MR tomographs are

available for clinical applications.

The easiest way to differentiate them is by virtue
of their design, since the systems do have a

number of components in common.

This chapter focuses on the design of

MR systems as well as their components.

MR systems
and their
components
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System designs

Currently, the easiest way to differentiate MR systems is by their design :
We differentiate between tunnel-shaped systems, open systems, as well as

special systems.

Tunnel-shaped systems

Tunnel-shaped systems generate the
magnetic field within what is known as
the MAGNETIC BORE. These systems are
known as WHOLE-BODY SYSTEMS that allow
you to examine all body regions.

The advantages of this design are a highly
homogeneous as well as strong magnetic
field. The disadvantage of the design lies
in the limited space: the patient lies in a
tunnel during the examination. They may
experience feelings of claustrophobia or
other discomforts; children, on the other
hand, may feel abandoned.

Surgical interventions during the

MR examinations may be performed.
However, prior to the intervention, the
patient has to be moved out of the tunnel
for some distance.

=TI




System designs

System components The magnetic main field | The gradient system The radio-frequency The computer system Image documentation
system and data security

Open systems

The disadvantages experienced with
tunnel-shaped systems lead to efforts
involving open systems that are easily
accessible by patients. Just as the
tunnel-shaped systems, these allow for
examinations of all body regions. In
addition, open systems are highly suitable
for interventional procedures or for, e.g.,
motion studies of joints.

The open MR system enables direct access
from as much as three sides. Compared to
tunnel-shaped systems, the limiting
factors of this design are lower field
strength as well as lower homogeneity.




Special systems

In the clinical field, the primary use of
special systems involves examinations of
extremities and joints.

Special clinical systems are characterized
by low field strengths limited to their area
of application.

Other special systems may be used for
research (e.g. a high-field system
equipped with a narrow bore for animal or
test examinations).

185
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System components

A good place to start is the measurement principle.

Forimage generation, a homogeneous, static magnetic field is superimposed with
magnetic field gradients and RF pulses. A typical MR system consists of

3 components or sub-systems: a magnet with a main magnetic field, a gradient

system, and the RF system.

The magnet

The components of the magnet are
located in the examination room. The
room as such is shielded against
interfering magnetic as well as external
RF radiation. At the same time the
shielding prevents the effects of magnetic
and RF fields caused by the magnet on
objects located outside the examination
room. As a result, interferences caused by
radio channels are avoided and sensitive
devices are protected.

The computer system

To generate and evaluate high-quality

MR images, the three sub-systems have to

be controlled and the measured results

displayed. For this purpose, the

high-performance computer system

includes the following:

 the image processor

* the host computer with console and

« the control as well as evaluation
software.

Magnet with patient table

Operating and
evaluation console
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Documentation and data security

Both documentation and correct data are
used for post-processing as well as
evaluation. To secure hardcopies as well
as data, they are saved for the short or
long-term, depending on the tasks
involved. The following may be used:
« hard disks on the host computer
* inthe archiving system
 external media

(both analog as well as digital).
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The magnetic main field

The homogeneous magnetic field required for MR imaging is generated by a strong
magnet. This magnet constitutes the most important as well as expensive
component of the MR system.

Types of magnetic fields

Currently, the preferred two types of

magnets are:

* permanent magnets with a magnetic
induction (“field strength”) between
0.01 and 0.35 Tesla and

« super-conducting magnets with field
strengths between 0.5 and 3.0 Tesla
(research systems may reach 7 T or
more)

Today, normally conducting
electromagnets are rarely used.




Permanent magnets

Permanent magnets consist of large
blocks made from ferromagnetic alloys,
e.g. in the form of a C-shaped (horseshoe)
magnet.

These pole pieces are located above and
below the patient. Since the material of
the permanent magnet is in the pole, the
main field is located perpendicularly to
the long body axis. This arrangement
allows for a short distance between the
pole pieces and therefore a high field
homogeneity. This configuration is
frequently used with open systems, e.g.
the MAGNETOM Concerto.

These types of magnets have a permanent
magnetic field. To ensure a sufficiently
high homogeneous field, they require a
stable operating temperature. Since
permanent magnets are not

electromagnets, the operating costs are
low. The obtainable field strength lies
below 0.5 Tesla.
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Super-conducting magnets

A super-conducting magnet is an
electromagnet. A strong magnetic field is
generated by the electric current flowing
in large coils. The conducting wires of the
coils are not made from copper as it is
usually the case. Instead a niobium/
titanium alloy is embedded in the copper.
Liquid helium is used as the coolant, while
liquid nitrogen may be used for
precooling. In most cases,
super-conducting magnets are applied in
tunnel-shaped systems. The
homogeneous magnetic field is located in
the center of the magnet bore, which runs
parallel to the long body axis.

Compared to an electromagnet, a super-conducting
magnet is energized only once to the desired field strength.
No additional current supply is required to keep the magnet
at field.




What do we mean by super-conductivity?

At normal temperature levels, each
electric conductor is resistive. Without a
constant power supply, an electric current
injected into a circuit would begin to
decay because of its loss in energy.

Super-conductors are materials that have
no electric resistivity at very low
temperatures close to absolute zero

(0 Kelvin = -273 degrees ().

A constant, high current (above

400 ampere) will flow for years without
an electrical potential or voltage. For this
purpose, the superconductor has to be
kept at very cold temperatures.

Super-conducting magnets in tube form
obtain field strengths of more than

7 Tesla (high-field systems). For open
systems, super-conducting magnets may
be used up to a field strength of 1 Tesla.




Shimming the main field

The most important quality criterion for a magnet is
the homogeneity of its main magnetic field.
Inhomogeneities distort the spatial encoding which
in turn adversely affects the slice geometry: the
MR image will show distortions in the slice plane or
the slice will be spatially warped.

To prevent these image errors, the magnet system
has to be homogenized, that is, it needs to be
shimmed in several steps. We differentiate between
active or passive shimming.

PASSIVE SHIM: small iron plates are attached to the
magnet for compensating inhomogeneities and
distortions in the magnetic field. This means that
deviations caused by manufacturing tolerances are
compensated and the system is adjusted to local
conditions.

ACTIVE SHIM: several SHIM COILS are attached to a
shim tube in the magnet. Small static currents of
different amplitude and polarity are adjusted to the
shim. The small magnetic fields generated
compensate for small inhomogeneities of the main
field. Interferences caused in the magnetic field by
patients are eliminated.

The different methods for the active shim are:

* 3-DSHIM: the shim volume is limited to the area of
examination. The homogeneity will be optimized
in this area only.

* INTERACTIVE SHIM: shim currents are individually
set as well as optimized for the RF pulse sequence
selected (used for spectroscopy).

After shimming, the main magnetic field for
super-conducting magnets varies by less than 4 ppm
(parts per million) within the measurement field

(usually approximately 50 cm in diameter).
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The gradient system

The MR system includes three gradient coil arrangements for all three spatial
directions (x, y, and z). The gradient coils do not generate a permanent magnetic
field. Instead they are switched on briefly during the examination.

Performance

The gradient coils are operated via special
power supplies, known as GRADIENT
AMPLIFIERS. These have to switch currents
up to 500 ampere at great accuracy and
stability. As with a loudspeaker, strong
mechanical forces are exerted by the
gradient coils, resulting in knocking
noises during the examination. These
noises are attenuated by using suitable
measures.

The performance output of a gradient
system is characterized by the minimum
rise time required to obtain the maximum
amplitude (maximum output).

The RISE RATE is calculated from these two
parameters. These characteristic data are
also known as the SR (SLEW RATE) and
allow for a quick comparison of the
performance output of gradient systems.




The radio-frequency system

The nuclear spins of the body tissue are stimulated by pulsed magnetic RF fields.
These RF pulses are transmitted, that is, the MR signal received from the spins has
to be received. The RF system meets this requirement.

Overview RF antennas (coils)
The RF system for an MR installation The transmit and receive antennas used
consists of the following: for stimulating resonance are known as
« RF antennas (coils) COILS or resonators. These coils come in
e RF transmit amplifier all shapes and sizes.

* RF receive amplifier
The BODY COIL is an integral part of the
MR system. Its function is that of a
whole-body antenna system. Additionally,
the body coil has a large measurement
field.
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Special coils

Depending on the body region to be examined,
additional SPECIAL COILS are connected and
positioned locally on the patient's body. The shape
of the special coil is determined by its area of
application.

To increase the effect of a coil, the FILL FACTOR, the
ratio between the sensitive volume of the coil and
that filled by the patient, should be as large as
possible.

Homogeneity of the RF field

For a transmit coil, the homogeneity of the RF field
in the stimulated volume is an important quality
criterion. The level of stimulation applied to the
atomic nuclei involved should be same. For example,
saddle or cylinder-shaped coils are best for the
homogeneity of the RF field for the magnetic main
field of magnets with an axial horizontal field axis.

Signal to noise

The RF receive coil not only receives the desired
MR signal. It also receives unavoidable NOISE. The
primary source for the noise is the Brownian
molecular motion in the measured probe, in this
case the patient. The noise depends largely on the
size of the coil. In short, the larger the coil, the
greater the noise. For this reason, small local coils
have a better signal-to-noise ratio if used with a

correspondingly smaller measurement field.




The RF transmit amplifier

The RF transmitter has to meet the most

stringent requirements: during the entire

measurement, the transmitter has to

accurately send RF pulse sequences of

varying center frequency and bandwidth.

For this reason, amplification includes

two stages:

« the preamplifier generates the signal

* the transmit amplifier increases the
signal gain as required

The RF receive amplifier

After it has been received, the very weak
MR signal is amplified in an extremely
low-noise amplifier before it is digitized
and processed further. The better the
signal, the stronger and clearer it will be
received by the coil. The signal strength
depends for one on the volume excited in
the receive coil, and for the other on the

distance to the measurement object.
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The computer system

In the past, the computer system was located in a separate room.
Today, the individual parts are highly compact and can be stored
in containers located under the table in the control room.

The image processor

The amplified MR signal has to be
digitized prior to being processed further
for image reconstruction.

An ANALOG DIGITAL CONVERTER computes
the analog signal into digital, finely scaled
individual values: it is sampled at fixed
intervals (in ps). The computer system is
now able to process the digitized
measurement values.

MR image reconstructions using a
2-dimensional Fourier transformation is a
time-consuming process. A state-of-the
art image processor is able to reconstruct
approximately 100 images/per second
using a 256 x 256 matrix.

To be able to take full advantage of the
processor's output range, all of its other
components have to be dimensioned
accordingly. The main memory (RAM) is
usually in the Gigabyte range. The raw
image data is stored on fast, high-capacity
hard disks.




The host computer

The host computer controls and monitors the entire
system (data input, measurement sequence,
image display).

The host computer is a high-performance
multipurpose computer that includes several
state-of-the art processors for quickly processing
either different or parallel tasks. The type of host
computer used determines the response time of the
system to user commands as well as data entries.

Since a high-performance host computer

allows you to simultaneously process several tasks
(multi-tasking), you are able to evaluate and process
the first results on-screen while the examination is
still in progress.
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Control and evaluation software

The system requires a high-performance control and
evaluation software that acts as the interface
between the MR system and you. The software is of
modular design and includes the following:

The high user-friendliness obtained is based on
ergonomic user interfaces as well as easy operation. M W3

control of the measurement system. This includes
automatic functions such as 3-D shim as well as

patient management

organization and control of measurement system
measurement data acquisition and processing
display of image data

image post-processing

image documentation and data security

FEET T I T
s g

The control software handles the organization and B W1

integrated measurement programs. As the user, you

are able to select measurement protocols optimally  The evaluation software allows you to process and evaluate new

adjusted to the examination or you can modify and  images while the examination is still in progress. You are also able

store them for future use. to select stored images at any time and post-process them.



Image processing includes:

» windowing: you select window width and
position, as well as automatic contrast
optimization, etc.

* automatic Cine run: allows you to rapidly page
through images

« statistical evaluation: surface area determination,
measuring distances and angles,

 2-D post-processing: mirroring, image
annotation, image zoom as well as shift, etc.

» 3-D post-processing: views in any direction,

3-D display of surface areas, etc.

» dynamic evaluation: addition of images,
evaluation of contrastagent studies, computation
of T,/T, images, etc.

MR users may utilize new evaluation functions by
updating the software or buying the respective
option.
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Integrated post-processing (inline)

Use of inline technology allows for real time

processing during image reconstruction

* image subtraction

e MIP (Minimum Intensity Projection)

* standard deviations

* storing of original images

« diffusion imaging, computation of:
trace weighted images, ADC maps (Apparent
Diffusion Coefficient), Global Bolus Plot (GBP),
Time-to-Peak (TTP)

» BOLD imaging (Blood Oxygen Level Dependent):

z-score (t-test) computation, spatial filter, ART
(Advanced Retrospective Technique) for fully
automatic retrospective motion correction.

Special evaluations

Modern evaluation software offers numerous

possibilities for special evaluations:

* MPR (Multiplanar Reconstruction)

* MIP

* MRspectroscopy including metaboliteimagesand
spectral overview cards

« evaluation of time dependencies
(MTT = Mean Transit Time, Mean Curve)

* SSD (Surface Shaded Display)

 3-D VRT (Volume Rendering Technique)

* Image fusion

* Vessel View

» BOLD evaluation

* Neuro perfusion evaluation (TTP, reIMTT, etc.)

* Image filter

* Argus: evaluation of cardiac functions,
flow quantification, evaluation of time
dependencies




207

Image documentation and data security

The advances made in digital technology enable fast and extensive data storage.
Considering MR image processing and its large data volume and archiving,
MR imaging has profited greatly from this new technology.

The hard disk

The evaluation processor includes a
separate hard disk for storing image data.
The disk is used as intermediate image
storage during processing. During the last
year, the capacity of hard disks has
reached a level that allows us to store
more than 100,000 images in a

256 x 256 matrix. As a result, images
designated for post-processing can be
stored for several days since they are not
affecting the storage capacity available
for new examinations.

We do recommend, however, to use the
hard disk of the evaluation processor for
intermediate storage only.

The archiving system

A long-term storage system is used for archiving images. They
are either burned on CD's or DVD's in the future. A CD can hold
up to 4,000 images in a 256 x 256 matrix. A DVD may store up
to 52,000 images of the same matrix size.

A jukebox allows for easy data management of images
archived on a CD or DVD. As an external system, the jukebox is
connected to the computer system and includes a storage as
well as a playback system. Additionally, CD's are burned in the
jukebox. The storage capacity of a jukebox is as high as

150 CD's or 255 DVD's. For data volumes of this size, a
software module with quick access to stored image data
handles the requirements of automatic registration and
identification.




DICOM

DICOM (Digital Imaging and Communication in

Medicine) is a standard for electronic data transfer of

medical images. This standard allows for

communication between devices by different
External media manufacturers.

In some instances, it may be necessary to store
image data to external media, for example, on a
single CD. However, this approach is frequently
replaced by increased networking via the Internet or
medical networks.

Since a computer system may not be available to

evaluate these digital image repositories, the

MR images may be displayed on analog media:

» X-rayfilm:alaser camera connected to the system
copies the images with high resolution to an
X-ray film

 Paper:paper copiesare made using a laser printer.
They have a lower resolution than X-ray films and
are not especially suited for evaluation.




To the best knowledge of the technical as well as
scientific community, MR examinations do not

present risks to patients when the MR system is
operated as specified. Examinations may also be

repeated without risk.

The safety requirements that need to be
observed when operating the MR system or
examining the patient are listed on the
following pages. The areas designated as
hazardous are: the static magnetic field,
the magnetic fields changing over time

(gradient fields) and the RF field applied.
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Static magnetic fields

The strong static magnetic field of a Magnetic Resonance Tomograph is applied to

align the nuclear spins of the tissue to be examined. The strong field affects the

tissue as well as all other magnetizable material in the vicinity of the magnet.

Since the introduction of MR tomography,
a number of examinations have been
performed to determine the biological
effects of the static magnetic field. The
effects known include, for example,
dizziness, stomach-upsets as well as a
metallic taste. Most of these effects occur
only after field strengths above 3 Tesla.
These are short-time effects, that is, they
occur exclusively in the magnetic field or
shortly after leaving it. To date, biological
long-term effects have not been
observed.

According to state-of-the art knowledge,
examinations with static magnetic fields
up to 4 T are without long-term effects.

The distribution of the surface currents present
during an ECG is changed in the magnetic field
(magneto hydro-dynamic effects). Cardiac
functions are not affected by it, only the
observed ECG signal is.



Magnetizable materials, e.g. such as iron, are
attracted by the magnetic field of the MR magnet.
This constitutes a potential source of hazard to the
patient or the operating personnel. Considerable
forces may be generated attracting even large iron
masses and accelerating them when moving them
toward the magnet. The force exercised is
proportional to the mass involved.

Metal parts in the patient are also a source for
hazard. Metal splinters, clips, screws or injection
needles may be moved in the body by the
magnetic forces.

Especially critical are electrical implants such as pace
makers or hearing instruments. As determined by
national and international recommendations and
guidelines, the safetylexclusion zone for pace
makers has been established at a field strength

of 0.5mT.

The functionality of hearing instruments may be
comprised in strong magnetic fields.

In each case, the patient has to be questioned
prior to the actual MR examination. If there are
reasonable doubts, other examination methods
should be used.

The functionality of mechanical devices and
electric components is not ensured in the vicinity
of the magnet. The functions of clocks,
respiratory devices, as well as monitors, infusion
pumps, and other devices may be affected by the
magnetic fringe field. The same applies to
computers and magnetic data carriers. Also, the
encoding on credit cards may be deleted in the
vicinity of the magnet.
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The typical field strengths of magnets
used in today's whole-body

MR tomographs are up to 1.5 Tesla and
may exceed 7 Tesla in special cases. The
MR magnets not only generate the
desired nominal field in the area under
examination, they also generate a FRINGE
FIELD outside the magnet. The strength of
the fringe field as well as its spatial
distribution depends on the configuration
of the magnet, its size, as well as its basic
field strength.

(a»))))




One of the advantages of permanent magnets is the
low fringe field, since the system is usually designed
with a flux return and is also largely self-shielding.

For super-conducting magnets, the fringe field is
shielded by using additional measures that limit the
external safety zone.

Today, ACTIVE SHIELDING is used. The fringe field is
largely compensated by additional super-conducting
coils wound in opposite direction on the field
generating coils.
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Time-varying magnetic fields (gradients)

In addition to the static magnetic field, time-varying gradient fields are applied

during MR examinations. These generate electrical voltages as well as currents

(law of induction) in conducting materials, in this case in the human body.

These currents are very small and usually do not present a source of hazards,

for e.g. the heart.

At certain thresholds for the rise time and
amplitude of the gradient fields, the
induced voltages may be large enough to
cause peripheral nerve stimulation.

The muscle fibers contracted involuntarily
are not hazardous to the patient's health,
but may however, be uncomfortable for
the patient.

In the safety standard for MR systems IEC EN
60601-2-33, the maximum field changes are
defined as a function of the switching time.
They reach a magnitude of 40 T/s during fast
sequences (for a switching time of e.g. 400 ps).

Normally these threshold values are not
exceeded by the imaging methods used today.
The only time the stimulation effect may be
exceeded is with extremely fast gradient
switching during EPI. For safety purposes the
gradient pulse has been limited.



Time-varying magnetic fields (gradients)

Static magnetic fields Radio-frequency fields

Pacemakers

Pacemakers are critical with respect to
gradient fields. The control as well as the
programming of pacemakers may be
adversely affected by high-speed
switching gradient pulses.

Noise

Noise is generated in the MR system
when switching the gradient fields at
high speed. Depending on the type of
system or measurement sequence, ear
plugs should be worn.
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Radio-frequency fields

The electro-magnetic RF fields used in magnetic resonance lie in the frequency
range of radio waves. Three different safety aspects should be observed:
tissue warming, interference superimposed on other devices as well as

external interferences.

RF electromagnetic waves generate
currents in electrically conducting tissue
and stimulate molecules in the tissue. The
resulting oscillations lead to tissue
warming. Usually the increase in
temperature is less than 1 degree Celsius.

The SPECIFIC ABSORPTION RATE (SAR) is the
RF output absorbed per time unit and
kilogram.

For safety reasons, the RF power emitted
by the system into the body is monitored
and the respective SAR values are limited
accordingly.

The IEC limit values are 4 W/kg (whole
body) as well as 8 W/kg (spatial peak).

If the receiving RF coil is in resonance with the
transmitter, it may act to increase the RF field
close to the coil. This increase in field strength is
of particular concern when it occurs near the
eyes. To eliminate this effect, the system
decouples the receiver coil during transmission.

The RF field may induce AC currents in metal
implants or cables routed close to the patient
(e.g., ECG cables), resulting in local warming.

System-specific warnings, labels, or notices have
to be observed at all times.




The RF field emitted by the transmit coils
may be superimposed on the voltage in
external devices and lead to interference.

Conversely, external interferences

(e.g. radio, cell phone, electronic
controls, electro motors) may emit
interfering signals into the MR system and
degrade the image quality.

To provide the best possible protection in
both directions, MR systems are installed
in RF sealed rooms made from conducting
materials (FARADAY CAGES).
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