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90° 180°

The pattern of a spin echo sequence

Let us go back to
our spin echo pulse

sequence.

This sequence can be illustrated sche-
matically as in figure 38: 90° pulse —
wait TE/2 — 180° pulse —wait TE/2 —re-
cord signal. For certain different rea-
sons, such a pulse sequence is repeated

two or more times. The time to repeat a
pulse sequence was TR, time to repeat.
Sowhat we get is the following scheme:

1. 90° pulse — TE/2 - 180°pulse -
TE/2 — recording signal at TE.

After TR (time from the beginning of
one 90° pulse to the next 90° pulse)
follows another pulse cycle and signal
measurement:

2. 90°pulse — TE/2 - 180°pulse -
TE/2 — recording signal at TE.
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Fig. 39: It is possible to determine signal intensity for a tissue using a spin echo
sequence by combining the T4- and the T,-curve for that tissue. The longitudinal mag-
netization after the time TR is equal to the amount of transversal magnetization we start
out with, as it is “tilted” 90 degrees. This transversal magnetization immediately starts
to disappear by a rate which is determined by the transversal relaxation time, and thus
by the T,-curve. The signal intensity of the tissue after a time TE can then be inferred
from the To-curve at this time TE (which starts after TR!).

TR and TE

To figure out how much signal you get
from a certain tissue with certain pa-
rameters of a spin echo sequence, you
actually have to do no more than com-
bine its T;- and T,-curves, as it is illus-
trated in figure 39. Here we have the
T,- and T,-curve of a certain tissue.
T, represents the longitudinal relax-
ation and T, represents the transver-
sal relaxation. Which parameter de-
termined the amount of longitudinal
magnetization? That was TR. To see

how much longitudinal magnetiza-
tion will be tilted 90° to the side (and
thus to figure out, with how much
transversal magnetization we start
out with), we just look at the intensity
of the longitudinal magnetization at
the time TR.

The longitudinal magnetization
at this point, “tilted” in the transver-
sal plane, is the starting point from
which transversal magnetization de-
cays. So we just attach the T,-curve at
this point.

How much signal we get with a spin
echo sequence to construct the image,
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Fig. 40: By combining T4- and T,-curves, signal intensity of certain tissues can be determined for a
pulse sequence using TR and TE as illustrated, and as explained in figure 39. What happens, when we
choose a long TR, as illustrated? With a long TR, differences in Ty, in longitudinal magnetization time
are not very important any more, as all tissues have regained their full longitudinal magnetization.
When we only wait a very short TE, then differences in signal intensity due to differences in T, have
not yet had time to become pronounced. The resulting image is thus neither T;- nor To-weighted, but
mostly determined by the proton density of the tissues (for this, ideally TE should be zero).

also depends on TE, the time that we
wait after the 90° pulse. So we now
only have to look for the signal inten-
sity at the time TE on the T,-curve.

What image do we get, when we
choose a long TR and a short TE?

This is illustrated in figure 40. Here
are the T,- and T,-curves for two dif-
ferent tissues.

As we heard earlier, with a very long
TR, all tissues will have totally recov-
ered their longitudinal magnetiza-
tion; differencesin T, of the tissues ex-
amined will not influence the signal,

as enough time has passed by to allow
even tissues with a long T, to relax to-
tally. So when we choose a long TR, as
we just said, then differences in T, do
not really matter.

When we also use a short TE, differ-
ences in signal intensity due to differ-
ences in T, have not had enough time
to become pronounced yet.

The signal that we get, is thus nei-
ther T;- nor T,-weighted, but mainly
influenced by differences in proton or
spin density.

The more protons, the more signal,
if you look at it simply (figure 40).
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Fig. 41: When we wait a long TR and a long TE, differences in T, have had
time enough to become pronounced, the resulting picture is To-weighted.

And what happens when we

use a long TR and a long TE?

With a long TR, there are no prevail-
ing differences in T,. With the long TE,
however, differences in T, become pro-
nounced. Thus the resulting image is
T,-weighted (figure 41).

What if we use a shorter TR
and a short TE?
With a short TR, tissues have not re-

covered their longitudinal magnetiza-
tion, thus differences in T, (which de-
termines how fast longitudinal mag-
netization is regained) will show up
in form of signal intensity differences
(figure 42).

When TE is short, differences in T,
cannot really manifest themselves, so
the resulting image is still T;-weight-
ed (there is a lower limit for TE, be-
cause it takes some time for the 180°
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Fig. 42: When we wait a shorter time TR, differences in Ty influence tissue contrast to a
larger extent, the picture is T;-weighted, especially when we also wait a short TE (when
signal differences due to differing T,s have not had time to become pronounced).

pulse to be “produced”, sent in and do
properly take effect, see also in the
book “MR Buzzology”).

What if we use a very short TR

and a very long TE?

This is only a theoretical question. Why?
With a very short TR, there will only

be very little longitudinal magnetiza-

tion which is “tilted”. And with a long

TE, we even allow the small amount of

transversal magnetization resulting to
disappear to a large extent. The result-
ing signal will be so small, of so little
intensity that it cannotbe used to make
a reasonable image.
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If you have not been
concentrating

for the last few minutes, you
are probably thinking about
giving up right now. How to
| remember this — even if you
do not understand all of it (which hope-
fully is not the case)?

Try looking at figure 43. What can
you see? A man with short TRousers.
And considering the weather condi-
tions, this makes only one person in the
picture happy.

This should remind you that a short
TR (TRousers) gives a T,-weighted im-
age (only 1 is happy).

And what do you see in figure 44? The
same couple is having tea. Now, hav-
ing tea which is usually served hot, al-
ways takes a long time. And in the illus-
tration the long TEa makes two people
happy. This should remind you that a
long TE gives a T,-weighted image.

Fig. 43: What to choose
for a Ty-weighted
image?




| easy | 63



64 | MRI made easy Image interpretation

Fig. 45: T4- (A), proton
(spin) density- (B), and
T,-weighted (C) images of
the same patient. The CSF
is black on the T;-weighted
image. However, it has

the strongest signal in the
T,-weighted image. On the
spin-density image, it is of
intermediate signal
intensity.
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Some practical hints to
image interpretation

How can we tell from an image,
whetheritisaT,- ora T,-weighted im-
age, when imaging was done with a
normal pulse sequence, not one of the
fast sequences (which we will hear
about a little later)?

As a rule of thumb: if you see white
fluid, e.g. CSF or urine, you are dealing
with a T,-weighted image. If the fluid
is darker than the solids, we have a T;-
or a proton-density image.

Look at the scan (figure 45): CSF
is dark, the grey matter is darker
(greyer) than the white matter; this is
a typical T;-weighted image.

In (B), CSF is still dark, even though
its signal intensity is slightly higher
than in the T;-weighted image; con-
trast between the grey and white mat-
ter is becoming reversed. This is a pro-
ton or spin density-weighted image,
and as the grey matter has a higher
water content, i.e. contains more pro-
tons, its signal intensity is higher
than that of the white substance.

In (C), CSF has a higher signal inten-
sity than grey and white matter, the
image is T,-weighted.

These are rules of thumb only. Actu-
ally, to be really sure, you would have
to look at two images taken with dif-
ferent imaging parameters. Why?

Look at figure 46. You can see thatin
this example the T,-curves start at dif-
ferent “heights”, and cross each other.

They do not have to run parallel, as
we depicted them in the previous il-
lustration, which was only done for
didactic reasons, as it is easier to un-
derstand at the beginning.
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T;-weighted region

Fig. 46: T,-curves of different tissues can intersect. The signal intensity
of the tissues is reversed choosing a TE beyond the crossing point (TE¢):
before this crossing point (e.g. at TE;), tissue A has a higher signal inten-
sity than tissue B. This means that image contrast is still determined by
differences in T: the tissue A with the shorter T, has the stronger signal
intensity. At TE, both tissues have the same signal intensity, and thus
cannot be differentiated. After this crossing point (e.g. at TE,), the rela-
tive signal intensities are reversed, and tissue B has the stronger signal.

The fact that the curves intersect is
very important:
® With a TE before the crossing point
(TE,), tissue A will have a higher signal
intensity.
® With a TE right at that point (TE ), we
cannot distinguish the tissues atall, as
they have the same signal intensity.
Thus, you might be unlucky, and
choose a pulse sequence with just
those imaging parameters that do not
allow tissue differentiation (which is
the reason for performing two differ-
ent examinations with different T;-
and T,-weightings).

® With a TE beyond the crossing point
(TE,), tissue A will have a lower signal
than tissue B.
@ Before this crossing point (which you
do not know, looking at an image nor-
mally), the relative signal intensities
are still governed by differences in T;.
The tissue with the shorter T, (or the
higher proton density, if we have a long
TR) still has the higher signal intensity.
Only with longer TEs does the T,-
weighting come up. Think about that
for a moment!

T,-weighted region
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How does flow influence
the signal?

Now we have already heard about
many parameters that influence the
MR image, T,, T,, proton density, pulse
sequences, TR and TE — but there are
more, e.g. contrast media, and flow.

The fact that flow influences the MR
signal has been known for a long time.
The first experiments on this subject
were carried out more than forty years
ago. Interestingly, this phenomenon
was used to measure flow in the fuel
pipes of satellite rockets, without hav-
ing to put any obstruction into the flow
lines.

The subject of how flow influences
the MR signal is rather complex and dif-
ficult, but let us at least get some idea
about it.

In figure 47, we have a body section
through which a vessel is crossing.

When we send in our first 90° pulse,
all the protons in the cross section are
influenced by the radio wave. After we
turn the RF pulse off, we “listen” into
the section and record a signal.

At this time, all the original blood in
our vessel may have left the slice being
examined. So there is no signal coming
out of the vessel; it appears black in the
image. This phenomenon is called flow-
void phenomenon.

I

Fig. 47: Flow effects are responsible for the black appearance of flowing
blood, the signal void in blood vessels.
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This is not the only way in which
flow may influence the image, there
may be all kinds of things, e.g. also
flow-related enhancement.
[lustration 48 shows a blood ves-
sel going through a slice which is be-
ing examined. (A) represents the sit-
uation before the 90° pulse and (B)
immediately after the pulse, longitu-
dinal magnetization is “tilted” 90°.
If we wait some more time, before
we send in a second 90° pulse, like
in (C), protons will have undergone

some relaxation, and there is some
longitudinal magnetization again,
as shown by the arrows pointing
back up. The protons in the blood
vessel, however, have left the slice
and been replaced by protons that
still have all of their longitudinal
magnetization.

If we send in a second 90° pulse
now, there will be more signal com-
ing from the vessel than from its
surroundings, because there is more
longitudinal magnetization at this
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time. The whole subject of signal
strength and flow effects is actually
much more complicated.

For example, when you do multi-
slice imaging, i.e. taking images of
more than one slice at the same time
(see page 83), the signal also depends
on the direction of the flow. In addi-
tion, it differs over the cross section
of a vessel, depending on the flow
profile, and whether there is lam-
inar or turbulent flow. If you want
to know more about this, you should

Fig. 48: Flow can have differing
effects on signal intensity, and
can also cause flow-related en-
hancement, which is explained
in detail in the text.

look it up in one of the comprehen-
sive standard text books (or before
that in the book “MR Buzzology”).

They will also give you more infor-
mation on MRI angiography.

In this technique, the fact that
flow influences the MRI signal is
used positively by displaying the
moving protons.

69
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Fig. 49: Paramagnetic substances like gadolinium shorten the T; and the T,
of their surroundings. The respective T- (fig. 49A) and T,-curves (fig. 49B)
are shifted towards the left. In effect, this means that for a certain TR there is
more, for a certain TE, however, there is less signal.



Contrast media MRI made easy | 71

What about MR
contrast media?

Certain so-called paramagnetic sub-
stances have small local magnetic
fields, which cause a shortening of
the relaxation times of the protons
in their neighborhood. This effect is
named proton relaxation enhance-
ment.

The body contains such paramag-
netic substances under normal cir-
cumstances. Examples are degra-
dation products of hemoglobin, e.g.
deoxyglobin and methemoglobin,
which are found in hematomas, or al-
so molecular oxygen.

Gadolinium (Gd), a paramagnetic
substance, is used in MR contrast me-
dia, like in Magnevist® or Gadovist®.

Chemically, Gadolinium is a rare

3
Now don move earth, which, however, is toxic in its
£Lor Zhe next Z‘/]II‘Z‘}/ free state. Because of this it is bound
. s to “some other chemical” in a certain
runutes. I Yol way called chelation, which solves the
rea//y Aave fo, vou may problem of toxicity. For example, in

B vist®) or Gadobutrol (Gadovist®) are

very similar to iodinated contrast me-

| dia in conventional radiology: however,

these Gadolinium-containing contrast
media are even better tolerated.

The Gd-containing contrast media
have an effect on both the signal in-
tensity of T;- and T,-weighted imag-
es, as they shorten the T, and the T, of
their surroundings (figure 49), mean-
ing that the respective curves are
shifted towards the left.

In effect, for a given TR, there is
more signal, for a given TE, there is
less signal.

Areaz‘/ze ] Magnevist®, this chemical is DTPA.
The pharmacological properties of
many Gadolinium-containing contrast
media like in Gadopentetate Dimeglu-
mine or Gadolinium DTPA (Magne-
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time

TR

Fig. 50: In (A), the T;-curves for tissue A and B are very close to each other,
resulting in only a small difference in signal intensity between the tissues
at TR. In (B), the T,-curve of tissue A is shifted to the left, as contrast agent
entered tissue A but not tissue B. At the same time TR, there now is a much
greater difference in signal intensity, i.e. tissue contrast.
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In figure 50, the signal intensity for two
tissues, A and B, is illustrated. The iv.
administered Gd contrast medium en-
ters tissue A, but not tissue B.

The T, of tissue A becomes shorter
and the T;-curve is shifted to the left.

The result is that the signal from tis-
sue A at time TR is stronger than it was
before, and the two tissues can be bet-
ter differentiated, because there is bet-
ter contrast.

What happens, when we perform a
T,-weighted examination after con-
trast medium application, we have seen
in figure 49: the T,-curve is shifted to
the left, reducing the signal coming at
a given TE.

What magnetic

)
Aeld are you
/7an3/‘n3 around
n?

As loss of signal is often more dif-
ficult to appreciate than a signal en-
hancement, T,-weighted images are
the predominant imaging technique
used after contrast medium injection.
As the contrast media are not distrib-
uted evenly throughout the body, sig-
nals from different tissues will be influ-
enced differently. Vascularized tumor
tissues are enhanced, for example. This
may, for example, help with differen-
tiation between tumor tissue and sur-
rounding edema, which might other-
wise be indistinguishable.

It is also important that the Gd com-
pounds do not go through the intact,
but only through the disrupted blood-
brain barrier.

In general, it has been shown that
the use of contrast media increases le-
sion detection and diagnostic accuracy
of MRI in very many cases.

Ready for a review?

. As we know by now, many
parameters, e.g. T,, T,, pro-
ton density, pulse sequence
parameters, influence the
appearance of tissues in an MR image.

® With a short TR, we get a T,-weight-
ed image.

® With long TE, the image is T,-weight-
ed.

® Flow effects can be variable, and
cover the spectrum from signal loss to
signal enhancement.

® Paramagnetic substances, e.g. the con-
trast medium Gadolinium-DTPA,shorten
T, and T, of the surrounding protons.
This results in a signal increase in T,-
weighted images and a signal decrease
in T,-weighted images.

® T;-weighted imaging is the preferred
technique after contrast medium injec-
tion.




