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"Why, sometimes I’ve believed as many as
six impossible things before breakfast."
The White Queen in Lewis Caroll’s
'Alice Through the Looking Glass'.

e  like books – printed on paper,
if possible with a beautiful hard-
cover binding. Thus, putting this

standard  textbook  on  the  internet  some
years ago was a challenge. Now we return
with a printed version of the magnetic reso-
nance  textbook.  The  reasons  I  have  de-
scribed elsewhere.1 

W

Celebrating the 50th anniversary of MR
imaging in  2021 was  a  good occasion  to
publish a new edition.  The textbook-child
has grown up, become an adult or, in our
case  –  a  rather  successful  standard  text-
book.  The  reviews  and public  reaction  to
the book were extremely positive. 

The first version of this primer – a little
booklet – was written at Paul C. Lauterbur's
laboratories  in  the  early  1980s.  Lauterbur
was the father of MR imaging and received
the Nobel Prize twenty years later. The text
was intended to be used as the Basic Text-
book  for  EMRF,  the  European  Magnetic
Resonance Forum. After Lauterbur saw the
first edition, he commented: "It looks like a
fine book, especially for residents,  nurses,
and technicians." 

Initially we thought this statement was
not very encouraging, but in hindsight this
was exactly what we had intended to write.
We worked on it for another twenty years –
and finally Lauterbur found the last edition
he read before his death "gratifying". How-

1 Rinck PA. An expensive dilemma: Tablets versus
textbooks. Rinckside 2015; 26,7: 17-19.

Foreword
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ever, the target audience today includes sci-
entists  and  university  professors.  They
should be able to acquire a basic knowledge
which  enables  them  to  pursue  studies  of
their  own  and  to  cope  with  some  of  the
most  common problems,  among them tis-
sue relaxation, image contrast and artifacts
or questions concerning possible hazards to
patients – and to become aware of how to
perform reliable research, and to ask and be
critical.

The  main  author  and  the  contributors
have not attempted to cover the field com-
pletely nor  to  be  exhaustive  in  the  topics
discussed,  as  the field of magnetic  reson-
ance still is in a permanent stage of devel-
opment  and  therefore  changing  year  by
year.  Clinical  MR  machines  and  even
equipment sold for scientific purposes have
been increasingly altered into push-button
black  boxes  with  pre-fab,  given  and  un-
changeable protocols. We are not interested
in certain gadgets or "apps" of commercial
machines,  and  won't  mention  or  describe
them. We try to  explain the fundamentals
any user should know and understand.

As with everything in life, MR imaging
does  not  only  require  knowledge  of  facts
but also of background information and of
the historical development of the field for
critical decision making. Therefore we have
interspersed  some  subjective,  critical,  and
opinion-oriented sections – interludes –  in-
tended to offset the technical nature of the
teaching sections and provide some insights
into more practical questions faced by MR
users. 

Most  of  them were  taken from  Rinck-
side  (www.rinckside.org), a  collection  of
columns published since 1990. 

Many of the recent developments concern-
ing MR equipment and its medical and bio-
logical applications have turned away from
magnetic  resonance  itself  to  novel  engi-
neering and software approaches in image
processing including artificial  intelligence.
Techniques, ideas and algorithms were im-
ported  from  fields  outside  medicine  and
adopted by software engineers with little or
no background in MR and medicine nor in-
sight into medical needs. We mention some
of the prime approaches without going into
details of signal or image processing – they
are of no importance for the understanding
of fundamental facts of magnetic resonance
imaging.   

There has been a long list of contributors to
this  and  earlier  versions  (see  page  418).
Their support, ideas, dedication, and feed-
back have added much to the quality of this
work.  This  book  was  peer-reviewed  by  a
number of competent reviewers in different
fields whom I thank for their efforts.

If you want to learn something about mag-
netic resonance imaging or its applications
choose your topic of interest. If you want to
learn it from scratch start  with Chapter 1;
and if you want to air your brain, read the
interludes that are scattered in between.

If  you find any mistakes  in  this  book,
rest assured that they were left intentionally
so as not to provoke the gods with some-
thing which is perfect.  Still,  we would be
happy about your feedback. We hope that
this textbook will be useful for you and that
you will enjoy it. If you have comments or
suggestions, please write to us.

Peter A. Rinck, November 2021
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n  diagnostic  imaging,  the  contents  de-
picted  on  an  image  should  reflect  the
essence  of  the  original  information  as

objectively as possible. 
I

However,  there  are  limitations,  as  we
have  seen  earlier:  for  instance,  hardware
and software of the MR equipment and pos-
sibly other outside forces influence image
content (Figure 09-01).

Volume and Picture 
Elements

In  computerized  imaging,  be  it  nuclear
medicine  imaging,  x-ray  CT or  angiogra-
phy, or  magnetic  resonance  imaging,  pic-
tures are composed of elements, called pic-
ture elements  or pixels, which, in turn, re-
flect the content of volume elements or vox-
els. 

Note, that this does not hold for conven-
tional or digital radiography; here you get a
shadowgram –  it  is  not  a  tomographic  or
three-dimensional technology

In principle, voxels could be as small as
a single cell. In reality, however, voxel size
depends  on  a  number  of  limiting  factors,
with computer capacity and the signal ob-
tained from an individual  voxel  being the
main obstacles. 

Therefore, for instance, 256×256×1 vox-
els are created of a slice of an object and
turned into pixels. 

Chapter Nine

Fundamentals of Image Characteristics: 
The MR Image

Figure 09-01:
Object and ‘mirror’ image – excitation, in this case
with a broom, will change picture elements soon.
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These 256×256 picture elements are called
the  image  matrix.  Figure  09-02  explains
this.

Image Matrix and 
Field-of-View

The image  matrix  is  characterized  by  the
number of pixels in the x- and y-directions.
It is defined by the steepness of the x-gra-
dient (the frequency-encoding gradient) and
the number of phase-encoding steps in the
y-gradient.  Both  combined  represent  the
field-of-view  (FOV),  as  shown  in  Figure
09-03.

If  the  FOV is the  whole head with an
edge length of 25.6 cm and a matrix size of
256×256 is used, then a single pixel repre-
sents  1  mm.  If  the  FOV is  smaller  (e.g.,
12.8 cm) and the same matrix size is used,
the spatial resolution is 0.5 mm.

Spatial Resolution and 
Partial Volume Effects

As  in  other  digitized  imaging  methods,
voxel and pixel size influence spatial reso-
lution and thus contrast.

All  anatomical  structures  within  one
voxel add to its averaged signal intensity in
the final image. 

If the voxel has a large volume, it  can
contain many different structures and tissue
types. In the final image pixel, they will be
indistinguishable. 

If  the  voxel  can  be  kept  smaller,  less
structures will be represented by one single
pixel, and therefore spatial resolution and,
possibly, contrast will be better.

Figure 09-02:
Voxel and pixel. We want to image an entire person
who for this purpose is mathematically divided into
volume  elements.  In  each  voxel,  the  signals  are
averaged and turned into a number which represents
a certain level  on a  gray scale.  These numbers are
then used to create a picture consisting of pixels.

Figure 09-03:
Image  matrix  and  field-of-view.  In  this  case,  we
have an image matrix of 6×6, i.e., a grid of 6 rows
and  6  columns  with  a  total  number  of  36  pixels.
Usually in MR imaging, the field-of-view is at least
256×256.  Commonly,  individual  voxels  and  pixels
are larger in body imaging than in head imaging.
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Data  acquisition  and  reconstruction
methods define different voxel shapes.

Isotropic  reconstructions  use  cubes,
while  in  anisotropic  methods  one  side  is
longer than the two others. Although they
may look the same in the picture plane, the
content and thus the calculated number for
the  gray  level  representation  in  the  pixel
can be different (Figure 09-04).

The sometimes blurry features of these
images are caused by the averaging of dif-
ferent structures. This is known as  partial
volume effect.  The  smaller  the  pixel  size,
the better will be the suppression of partial
volume effects (Figure 09-05).

However, the bigger the voxel size, the
better  will  be  the  signal  (and  signal-to-
noise). In general, the signal-to-noise is the
determining factor for the final voxel-ver-
sus-pixel size. 

Increasing the matrix size from 128×128
to  256×256,  while  keeping  field-of-view,
slice thickness  and imaging constant,  will
reduce the signal-to-noise ratio by a factor
of  4.  Thus,  the  signal-to-noise  has  to  be
high enough to permit the increase in reso-
lution.

Figure 09-04:
Different slice thickness  (a)  can lead to isotropic or
anisotropic volume elements  (b)  and different signal
intensities.

Figure 09-05:
Spatial  resolution and partial  volume effects:  matrix size  (a) 256×256,  (b) 128×128,  (c)  64×64, and  (d)
32×32. Due to the partial volume effects, anatomic details disappear. 



166 Magnetic Resonance in Medicine

Definition of Contrast

There  is  only  one  step  from  picture  ele-
ments to image contrast. Contrast describes
the relative difference of intensities of two
adjacent regions within an examined object
on a gray or color scale: their visibility. It is
a quite controversial term in medical imag-
ing. Several definitions have been proposed
over the years.

It is difficult to give an exact definition
on a conventional x- ray image. It is merely
qualitative,  except  when  using  a  special
measuring device  – or  digitizing  the  ana-
logue  image.  Digitalization  of  images  in
nuclear medicine and x-ray CT opened the
door  to  more  straightforward  quantitative
approaches.  Now,  picture  elements  are
available whose gray-scale intensity can be
expressed in  numbers.  The numerical  dif-
ference  between  two  intensities  allows
quantitative definition of contrast.

If  there  is  no  difference  between  two
neighboring pixels,  they cannot  be distin-
guished: no contrast exists. The bigger the
difference in the intensity of two pixels, the
better will be the contrast (Figure 09-06).

The common quantitative definition of con-
trast  is  given  by  the  following  equation
which  was  adapted  from the  original  ex-
pression  for  optical  visibility  as  proposed
by Michelson in 1927:129

C = (Ia - Ib) / (Ia + Ib)

where C is contrast and Ia and Ib are the signal
intensities of two adjacent pixels or voxels. 

129 Michelson AA. Studies in Optics. University of
Chicago Press. 1927. 36.

It is important to understand that signal in-
tensity  in  magnetic  resonance  imaging  is
not  standardized.  MR  imaging  does  not
possess any correlation to Hounsfield units
in x-ray CT. The signal intensity of an MR
image can represent a mixture between T1-,
T2-,  and  ρ-values,  flow,  diffusion,  perfu-
sion, and other factors influencing the sig-
nal emitted by structures within a volume
element.

Only normalization of images, e.g., with
a  water-filled  vial  outside  the  patient's

Figure 09-06:
Two examples of four neighboring volume elements.
Top:  In the first case the four voxels have the same
relative  signal  intensity  (SI),  and  in  the  resulting
image they cannot be distinguished from each other.
Bottom: In  the  second  case,  they  have  different
relative intensities and thus they can be distinguished
from each other in the final image.
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body, allows an approximation to be made
and can be used to calculate relative signal
intensities,  which  then  can  be  compared.
However, these values are only semiquanti-
tative.  They  vary  between  different  MR
equipment and have no diagnostic value. 

Signal-to-Noise

The stronger the MR signal, the better im-
age quality will be. Owing to the low inten-
sity of the magnetic resonance signal, it is
often  strongly  influenced  by  background
noise,  just  like radio signals coming from
remote transmitters.

The quality of the signal is described as
the signal-to-noise ratio (S/N or SNR).

The aim in medical imaging is to get a
combination of both the best possible sig-
nal-to-noise  ratio  and  the  best  available
contrast in the shortest time possible.

Signal-to-Noise and Data 
Averaging

One method of improving SNR consists of
data averaging. When a magnetic resonance
experiment  is  repeated,  and  the  magnetic
resonance  signals  obtained  are  recorded
each time, they will add up. The random or
chaotic positive and negative noise signals
will also add up with the number of excita-
tions, but at a lower rate because of the sta-
tistical nature of the noise.

For  many  MR  imaging  data  acquisi-
tions, two data averages suffice for the cre-
ation of images with good SNR. For n data-
averaging runs, the net increase of S/N will
be the square root of n. The S/N will, for
example, increase by a factor of 2 if four
data averages (numbers of excitations) are
performed  (Figure  09-07  and  Figure  09-
08).

Figure 09-07 (left):
(a) 2;  (b) 8;  (c)  32; and  (d) 128 data averages. The
‘polluting noise’ disappears slowly with higher num-
ber of averages.

Figure 09-08 (bottom):
Improvement  of  signal-to-noise  with  increasing
number of signal averages.
Simulation software: MR Image Expert®
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Signal-to-Noise 
and Field Strength

The  signal-to-noise  ratio  increases  with
field strength; theoretically it is proportion-
al to the square of B0. In analytical NMR,
which uses small samples and no field gra-
dients,  signal-to-noise  levels  vary  linearly
with field strength.

In clinical MR imaging, the ratio of sig-
nal-versus-noise  versus  field  flattens  out
beginning  at  approximately  0.2  Tesla,  re-
sulting in diminishing gains with increased
field strength (Figure 09-09).

Until  0.2  Tesla  the  SNR increases  lin-
early with field strength, then the rate flat-
tens. In gray and white brain matter, the dif-
ference between the SNR at 1.5 Tesla and
3.0 Tesla is only 30-60%, not  as theoreti-
cally expected 100%. It is claimed that be-
yond 3 Tesla the increase becomes very dif-
ficult to project or to measure; the SNR for
clinically useful images can even drop.130

Increasing complexity of  MRI systems
also leads to a perplexing intricacy of SNR
and its determination. Measurements must
be done at  the exact spatial  source of the
signal to be correct; in many cases, this is
hampered  by  different  relaxation  times  at
different  fields,  RF coil  types,  altered se-
quence parameters including pulses,  inter-
pulse  delays,  flip  angles,  and acceleration
factors,  novel  reconstruction  algorithms,
filters,  or,  e.g.,  by  parallel  imaging  tech-
niques. For comparisons between different

130 Springer E, Dymerska B, Cardoso PL, Robinson
SD, Weisstanner C, Wiest R, Schmitt B, Trattnig
S. Comparison of routine brain imaging at 3 T
and 7 T. Invest Radiol 2016; 51: 469-482.

field,  often  scientifically  non-fitting  pulse
sequences are applied.

While at low magnetic fields one can as-
sume that SNR is relatively homogeneous
throughout  the  examined  object,  e.g.,  the
brain, at ultrahigh fields its distribution can
vary drastically. 

One study showed that the SNR at 7 T
versus 4 T was approximately 100% higher
in the center of the brain whereas in the pe-
riphery  the  SNR  gain  was  only  approxi-
mately 40%.131, 132 

Effects of RF inhomogeneity can leave
substantial  brain  areas  with  suboptimal
SNR and contrast-to-noise  ratio.  They in-

131 Ugurbil K. Magnetic Resonance Imaging at Ul-
trahigh Fields. IEEE Trans Biomed Eng. 2014;
61: 1364–1379 [review].

132 Vaughan JT, Garwood M, Collins CM, Liu W,
DelaBarre L, Adriany G, Andersen P, Merkle H,
Goebel R, Smith MB, Ugurbil K. 7 T versus 4 T:
RF  power,  homogeneity,  and  signal-to-noise
comparison in head images. Magn Reson Med.
2001; 46: 24–30. 

Figure 09-09:
Behavior of the relative signal-to-noise ratio (S/N, in
percent) versus field strength in a T1- weighted pulse
sequence. The best possible increase is been depicted.
(FT  =  fatty  tissue;  WM  =  white  matter;  MUS  =
muscle).
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cline to raise signal intensity at the image
center. Attempts are made to mitigate such
effects, but such techniques may induce ad-
ditional artifacts. 

Among  the  main  factors  influencing
the signal-to-noise rate are:

Relaxation times:  T1 increases substan-
tially with field strength; this leads to a loss
of  signal  at  a  given  repetition  time  TR.
With  increasing  susceptibility  effects  at
higher fields, T2* and T2app decrease, thus
adding to signal loss.

Resistance of coils and sample:  The
intensity of noise depends on both electrical
resistance  in  the  coil  and  conductance
losses in the human body,133, 134  but is dom-
inated by the losses in the human body at
resonance frequencies above 10 MHz (∼ ∼
0.2T). 

The body composition (size, inhomoge-
neity,  susceptibility  effects,  and  fat/water
misregistrations) leads to additional electric
noise. 

While images of hands, feet, and knees
can be visibly better at higher fields, the in-
crease of SNR in head and body images is
smaller. 

Limited RF power due to  SAR restric-
tions and limitations in the design of homo-
geneous RF coils add to the signal loss.

133 Chen C-N, Sank VJ, Cohen SM, Hoult DI. The
field dependence of NMR imaging. I: laboratory
assessment  of  signal-to-noise  ratio  and  power
deposition. Magn Reson Med 1986; 3: 722-729.

134 Hoult DI, Chen C-N, Sank VJ. The field depen-
dence of NMR imaging. II: arguments concern-
ing  optimal  field  strength.  Magn  Reson  Med
1986; 3: 730-746.

Field  gradients:  MR  imaging  requires
field  gradients  to  encode  spatial  informa-
tion.  They must  be large enough to com-
pensate for the inhomogeneity of the mag-
net and the chemical shift between fat and
water. 

As the field strength increases, so does
the  magnitude  of  both  the  field  inhomo-
geneity and the chemical  shift.  Therefore,
increased  gradients  are  needed  at  higher
fields  if  chemical-shift  artifacts  are  to  be
satisfactorily suppressed.

If the gradient strength is doubled, then
the  bandwidth  per  pixel  is  also  doubled.
Unfortunately,  this  increases  image  noise
by a factor of √2. The net gain in S/N pro-
vided by doubling the field is therefore not
twofold, but the square root of two. Higher
bandwidth reduces SNR.

Artifacts: Higher fields suffer increasingly
from image artifacts.135

Critical remarks.  At present, research in
this field is very much in a state of flux136

and only partly suitable for presentation in
a textbook. 

Diagnostic accuracy can be independent
of  field  strength;  the  only  two  ROC (re-
ceiver-operator  characteristics)  studies
available  demonstrated  diagnostic  equiva-
lence  between low-field  and high-field  in
brain  studies  and  joint  examinations,  as
well as in kidney, shoulder, and spine stud-
ies. 

135 Sepponen RE. Low-field MR imaging – devel-
opment in Finland. Acta Radiol 1996; 37: 446-
454 [review].

136 Hoult DI. Sensitivity and power deposition in a
high-field  imaging  experiment.  J  Magn  Reson
Imaging 2000; 12: 46–67 [review].
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ROC studies comparing, e.g., 1.5 T and
3.0 T or higher fields are not available. One
cerebral study showed a small, but signifi-
cant superiority of 1.5 T, another one com-
paring 0.5, 1.0, and 1.5 Tesla stated that rel-
ative  contrast  was  not  related  to  field
strength. Images obtained at 1.0 and 1.5 T
were  considered  superior  to  images  ob-
tained at 0.5 T, but excellent image quality
was  obtained  with  all  three  field
strengths.137, 138, 139

Because of  the  complexity of  the  sub-
ject, a number of published studies on SNR
– not only those at high and ultrahigh fields
–  lack  the  necessary  accuracy  of  mea-
surements and calculations leading to con-
tradictory and not reproducible results and
conclusions. 

Commonly,  pulse  sequence  parameters
are not well adapted to field strengths or the
researchers  worked  with  ‘black  box’  ma-
chines where parameters could not be prop-
erly adjusted, in particular on high and ul-
trahigh field equipment.140

137 Merl T, Scholz M, Gerhardt P, Langer M, Lau-
benberger  J,  Weiss  HD,  Gehl  HB,  Wolf  KJ,
Ohnesorge I. Results of a prospective multicen-
ter study for evaluation of the diagnostic quality
of  an open whole-body low-field MRI unit.  A
comparison  with  high-field  MRI  measured  by
the applicable gold standard. Eur J Radiol. 1999;
30: 43-53.

138 Rutt BK, Lee DH. The impact of field strength
on image quality in MRI. J Magn Reson Imaging
1996; 6: 57-62.

139 Maubon AJ, Ferru JM, Berger V, Soulage MC,
DeGraef  M,  Aubas  P, Coupeau  P, Dumont  E,
Rouanet  JP.  Effect  of  field  strength  on  MR
images: comparison of the same subject at 0.5,
1.0,  and 1.5 T. Radiographics  1999; 19:  1057-
1067.

140 Springer E, Dymerska B, Cardoso PL, Robinson
SD, Weisstanner C, Wiest R, Schmitt B, Trattnig

At times, rather wishful thinking and com-
mercial interests than exact science seem to
lead to the published results. The validity of
most  of  the  comparison  studies  is  fairly
limited.  Instead of a  Diagnostic Accuracy
Score some publications offer a Diagnostic
Confidence Score which is a subjective and
biased measure based on personal opinions
on image appearance that fails to take into
account incorrect diagnoses, in particular if
it is not a blind test.

Details  of  how to  compare  images  taken
with  different  parameters  and  at  different
field strengths are given in Chapter 10.  

Contrast-to-Noise Ratio

A decisive criterion for comparing the con-
trast of different images and different MR
machines is the contrast-to-noise ratio. Fig-
ure 09-10 explains the contrast-to-noise re-
lationship.

Without  noise,  two neighboring tissues
with different signal intensities can be eas-
ily  distinguished  from  each  other.  If  the
level of noise is low (Figure 09-10 center),
contrast-to-noise  is  sufficient  and  the  tis-
sues are distinguishable. 

In case the noise level is high and sig-
nal-to-noise is poor, it is difficult or impos-
sible  to  distinguish  the  tissues  from each
other (Figure 09-10 bottom). Even if there
is  sufficient  contrast  between two tissues,
noise  may  obliterate  this  contrast  and  no
discrimination will be possible.

With the increase of field strength,  T1
relaxation times increase too. This also has

S. Comparison of routine brain imaging at 3 T
and 7 T. Invest Radiol. 2016; 51: 469-482.
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a  negative  impact  on  signal-to-noise,  be-
cause the repetition time TR has to be in-
creased to obtain the same signal-to-noise
ratio. Only when sufficient time is granted
for the spin system to recover after the ini-
tial excitation pulse will signal intensity be
sufficient. 

If  we administer the next pulse after a
shorter time than 5×T1, our sample will be
saturated  and  its  signal  intensity  will  be
lower  (Figure  09-11).  Thus,  TR  must  be
sufficiently long to receive a strong signal.
However, in general the increase in signal
deriving  from  the  higher  field  strength
compensates the T1-related signal loss.

It  is  worth  noting,  that  for  any  given
spatial resolution and contrast the signal-to-
noise ratio needs only reach a level for se-
cure detection of a lesion. Above that level,
further  increases  in  signal-to-noise  make
the image more pleasant but,  on the other
hand,  'beautiful'  images  do  not  guarantee
the accuracy of the diagnosis.

When trying to optimize imaging condi-
tions, one must never forget that there are
numerous  interdependencies  between  the
different factors influencing the image and
image contrast. 

If we choose imaging speed as the main
factor, there is a straight connection to the
signal-to-noise ratio and spatial resolution.
Spatial resolution is linked to contrast and
artifact reduction. Contrast is also related to
signal-to-noise and artifacts.

As  we  will  discuss  in  the  following
chapter,  altering one minor parameter can
affect an entire chain of other parameters. 

Figure 09-10:
Contrast-to-noise. SI = signal intensity.

Figure 09-11:
The longer the repetition time TR, and thus the more
recovered the system will be, the stronger the signal
intensity.
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Age

The  composition  of  tissues  in  the  human
body changes with age. This is of particular
importance  in  the  brain,  where  the  water
content  decreases  and  the  myelin  content
increases dramatically during the first years
of infancy. Consequently, T1 and T2 relax-
ation  times  of  brain  tissue  decrease.  At
birth, the infant brain consists of 93-95% of
water  and  has  long T1 and T2 relaxation
times (Figure 09-12). There is a fast fall in
water  content  to  82-84%  during  the  first
two years of life as myelination takes place.

Still,  image contrast,  in particular  con-
trast between gray and white matter is obvi-
ously  not  the  same  because  in  the  infant
myelination has not reached the adult stage
and  both  T1  and  T2  of  white  matter  are
higher than T1 and T2 of gray matter.

Therefore,  it  is  necessary to adjust  the
timing  parameters  of  all  pulse  sequences
accordingly. When  using  IR  sequences  at
mid-field (0.5 T) in the neonatal period, a
TR of 3000 ms and TI of 1000 ms are re-
quired to produce images with useful soft
tissue  contrast.  The  TR  and  TI  can  be
halved by the time the child is two years of
age. When using SE sequences, TR has to
be prolonged accordingly for T2-weighted
images. The use of the same pulse parame-
ters in infants as in adults will lead to im-
ages  without  diagnostic  value (Figure  09-
13).141 In children aged three to six years,
the  sequence  parameters  of  adults  can  be
used.

141 Modified from: Holland BA, Haas DK, Norman
D, Brant-Zawadzki M, Newton TH. MRI of nor-
mal brain maturation. Amer J Neuroradiol 1986;
7: 201-208.

Figure 09-12:
Brain images of (a): an infant of 11 months, and (b):
an adult  at  0.5 T. The same pulse parameters were
used (SE: TR = 500 ms, TE = 20 ms). Windowing is
slightly different.

Figure 09-13:
(Top)  T1  relaxation  times  and  (bottom)  T2
relaxation times of gray and white matter by age in
milliseconds.  Note  that  from  birth  until
approximately six months of age, both T1 and T2 of
gray  matter  are  shorter  than  T1  and  T2  of  white
matter.  In vivo measurements at low field; standard
deviation approximately 25%.
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Temperature

The influence of temperature on relaxation
times is well known from analytical NMR
(Figure 09-14). Temperature also influences
the diffusion coefficient  and the chemical
shift of the water peak. 

Thus, the question arose if in MR imag-
ing temperature changes in the human body
may  influence  relaxation  times  of  tissues
and  therefore  contrast.  This  might  occur,
for instance, in patients running high tem-
peratures  one  day  when  undergoing  MR
and  having  normal  temperatures  during  a
follow-up examination.

However,  relaxometric  measurements
proved  that  any  differences  created  are
within the system error and are not  to be
expected to influence contrast in MR imag-
ing of patients.142

Thermometry.  The  commonly  used  ap-
proach to magnetic resonance thermometry
is  not  based  upon  relaxation  times  mea-
surements, but on changes of the resonance
frequency caused by temperature changes.

In water, the electrons shield the nucleus
from the magnetic field and thus decrease
the  hydrogen  resonance  frequency.  How-
ever, as  the  temperature  increases,  hydro-
gen  bonds  reorganize  and  the  electron
shield  of  the  protons  from  the  magnetic
field  gets  even stronger,  reducing  the  net
field the protons are exposed to. 

Their resonance frequency increases and
this change can be measured and related to

142 Rinck  PA,  Muller  RN,  Fischer  H.  Feld-  und
Temperaturabhängigkeit  des  Kontrastes  in  der
Magnetresonanzbildgebung.  RöFo  -  Fortschr
Röntgenstr 1987; 147: 200-206.

temperature. This process is described as as
proton  resonance  frequency  shift (PRF or
PRFS) thermometry. It is calculated from a
series of gradient echo images.143 Tempera-
ture-related effects can be mapped dynami-
cally.144, 145,  146 

143 Rieke V, Pauly KB. MR thermography. J Magn
Reson Imaging. 2008; 27: 376-390 (review).

144 Hynynen K, Vykhodtseva N.I, Chung A.H., Sor-
rentino V, Colucci V., Jolesz FA. Thermal effects
of focused ultrasound on the brain: determina-
tion  with  MR imaging.  Radiology  1997;  204:
247-253.

145 Le Bihan D, Delannoy J, Levin RL. Temperature
mapping with MR imaging of molecular diffu-
sion:  application  to  hyperthermia.  Radiology
1989; 171: 853-857.

146 Matsumoto R, Mulkern RV, Hushek SG, Jolesz
FA.  Tissue temperature  monitoring for  thermal
interventional  therapy:  comparison  of  T1-
weighted MR sequences. J Magn Reson Imaging
1994; 4: 65-70.

Figure 09-14:
Drastic  change  of  temperature.  The  white  curve
shows  the  decrease  of  signal  intensity  of  a  T1-
weighted pulse sequence before, during and after lo-
cal heating (red curve) of brain tissue in an ex vivo
experiment. The temperature changes from 25° C to
more than 60° C; relative SI drops by 50%. 
SI = relative signal intensity; temperature in °Celsius,
time (t) in minutes.
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Image Windowing

On screen, the image gray scale can be ad-
justed. This is well known from x-ray CT
and  described  as  windowing.  Windowing
influences the image contrast by attributing
certain levels on the gray scale to certain
signal intensities.

Never  forget  that  windowing  is  com-
pletely independent  of  the  MR image ac-
quisition  and  processing;  it  is  just  image
contrast manipulation on screen. It changes
a high dynamic range image to a lower dy-
namic range image: it changes the dynamic
"window".

Figure  09-15 illustrates how the signal
intensity of a pixel is determined by win-
dowing. The image gray scale is dependent
on both window center and level.

Images  to  be  compared  with  each  other
should always have the same window level
and center. If this is not the case, compar-
isons of structures with different signal in-
tensities may be misleading.

Figure 09-15:
Windowing, by which the image signal intensity is adjusted so that white corresponds to the highest signal
intensity and black to the lowest one.
(a) The window level can be narrowed or widened, and (b) the window center can be moved up and down.
The signal intensity scale in the image depends on both the window center and level. The original numerical
signal intensity scale (n SI) does not reflect the final signal intensity gray scale (image SI). 
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Introduction

verybody involved in medical imag-
ing  shares  one  common dream:  to
be able to distinguish the structures

of the object examined with such accuracy
and sharpness that there is no room for di-
agnostic speculation (Figure 10-01). 

E
Definition  of  normal  anatomy  and

pathological  changes  should  be  easy  and
exact. This means that in addition to excel-
lent  spatial  resolution,  high  contrast  is  a
prerequisite for a good imaging method. 

Magnetic resonance imaging has drawn
the  attention  of  many  researchers,  fasci-
nated by the manifold possibilities of influ-
encing contrast. 

In the early years of MR imaging it was
believed that image contrast of such quality
could be obtained that  problems in lesion
delineation  and  even  lesion-typing  would
not occur any more.

The  early  enthusiasm  was  rapidly  re-
placed by disillusionment and partial disap-
pointment. It  is still  not clear whether the
method itself is incapable of uncovering all
the states and diseases it was intended for
or whether poor understanding of the theo-
retical  background of  MR imaging led to
misguided applications.

Today, many of the early mistakes and
misunderstandings can be explained. How-
ever,  there  is  enough space  for  new mis-
takes. ‘Urban myths’ without sound scien-
tific background appeared and are spread-
ing.

Chapter Ten

MR Image Contrast

Figure 10-01:
Contrast  is  one  of  the  major  concerns  in  medical
imaging.
The  ability  to  distinguish  and  characterize  certain
structures in the image is the goal of imaging. In con-
ventional x-ray and in x-ray CT distinction and char-
acterization of lesions are often based upon indirect
signs. 
In the top picture, a glass is filled with a liquid; how-
ever, we do not know what kind of liquid this might
be. The bottom picture shows the same glass with a
red wine bottle next to it. Although the quality of this
image is worse than the top one, we can deduce that
the glass contains red wine.
The  aim  of  medical  imaging,  in  particular  of  MR
imaging, is going one step further than this example.
Contrast should be good enough to both highlight and
characterize lesions. We do not want to rely upon in-
direct signs.
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Main Contrast Factors

This  chapter  provides  an overview of  the
main factors and parameters influencing the
magnetic resonance image.  We will  intro-
duce, one by one, the main pulse sequence
parameters and see how they influence im-
age contrast.

Contrast  in  conventional  radiographs
and CT images is essentially based on small
density differences. It can only be changed
by adding contrast  agents  such as  barium
and  iodinated  substances  that  influence
electron density within a certain organ. 

MR imaging possesses many more con-
trast-influencing  factors  and  parameters
than other imaging methods. One can com-
pare x-ray imaging with radio broadcasting
and MR imaging with color television: the

former relies on one factor, sound, the latter
on sound and moving color pictures.  This
makes the contrast behavior of MR imaging
more complex than that of any other medi-
cal imaging modality. 

The numerous factors  influencing con-
trast can be divided into two groups: intrin-
sic  and  extrinsic  parameters.  Table  10-01
gives an overview of the most important of
these parameters.

Many of the extrinsic factors can influ-
ence the  intrinsic  factors.  For  the  clinical
application of MR imaging, it is necessary
to be aware of all of their interactions if one
is to react rapidly and efficiently to a given
diagnostic question. 

The  relative  abundance  of  factors  cre-
ates a plethora of data, which can impede
rather  than  facilitate  the  diagnosis,  espe-

Table 10-01:
Principle intrinsic and extrinsic contrast parameters in magnetic resonance imaging. Please note that this list
is not exhaustive. 
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cially  if  there  is  a  lack  of  knowledge  on
how to exploit the information.

One  of  the  main  advantages  of  MR
imaging is the possibility to change contrast
by  choosing  special  pulse  sequences  and
pulse-sequence parameters. 

By  emphasizing  one  factor  or  mixing
several factors in a specific way, the con-
trast  behavior  of  a  certain  morphological
region or pathological lesion can be high-
lighted.

One  should  always  bear  in  mind  that
even changing minor factors can cause se-
vere contrast changes. 

The  comparison  of  two  images  of  the
same patient taken with two different ma-
chines, apparently using the same parame-
ters,  often  reveals  different  contrast  pat-
terns. 

The Basic Processes

Image contrast is calculable for the conven-
tional pulse sequences, but there are increa-
singly other (‘black box’) sequences where
contrast is not predictable. 

On  the  following  pages,  we  will  first
look at the basic pulse sequences and their
contrast-influencing  components  TR,  TE,
TI, FA, and others step-by-step. 

Many other pulse sequences can be de-
rived from the basic sequences; their con-
trast behavior follows the fundamentals de-
scribed here.

TR – the Repetition Time

In the early days of MR imaging one plain
radiofrequency pulse sequence was used to
create  images:  the  partial-saturation (PS)

sequence. It consists of 90° pulses transmit-
ted in a train. The sequence is discussed in
detail in Chapter 4, page 72.

Its signal intensity (SI) can be determined
by the following equation:

SI = K × ρ × (1 - exp [-TR / T1])

where K is a constant comprising bulk flow, dif-
fusion, perfusion, and other parameters, ρ is pro-
ton density, TR the repetition time between the
90°  pulses,  and  T1  the  spin-lattice  relaxation
time.

The  nuclei  are  exposed  to  repeated  RF
pulses which cause a free induction decay
of a specific initial amplitude. 

If the repetition time between two sub-
sequent pulses is less than 5×T1, magneti-
zation has not completely recovered and the
signal intensity will be lower than the initial
amplitude. The 90° pulse saturates the spin
system for a certain time. 

If another RF pulse is transmitted during
this period, a lower signal will be received. 

Thus,  equilibrium  signals  and  image
contrast differ, depending on the length of
TR.

Partial-saturation  images  are  only
slightly influenced by T2, the spin-spin re-
laxation, but heavily by T1, the spin-lattice
relaxation, until the interpulse delay equals
approximately 2×T1. At 2×T1, 90% of the
magnetization  has  recovered.  Afterwards,
proton  density  is  responsible  for  contrast
(Figure 10-02). 

In general, bright regions on a PS image
resemble  object  areas  of  short  T1  and/or
high proton density, while dark regions de-
pict areas of long T1 and low proton den-
sity.
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Hardly  anybody  uses  the  original  PS  se-
quences today because of their limited dia-
gnostic value. 

However,  partial  saturation  becomes  a
gradient-echo sequence when a field gradi-
ent is added. Most sequences dubbed satu-
ration recovery today are in reality gradi-
ent-echo sequences.

TE – the Echo Time

The principle elements of a spin-echo (SE)
sequence  are  a  90°  pulse  followed  by  a
180°  pulse  after  a  time  interval  τ which
builds up a spin echo after another time in-
terval τ (2τ = TE, the echo time). The de-
tails were explained in Chapter 4, page 77.

Figure 10-02:
Relative signal-intensity (SI) behavior of a partial saturation pulse sequence showing the dependence of SI of
white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF) at B0 = 0.5 T. 
If the repetition time chosen is long enough, signal intensities differ by the factor of proton density only
(WM: 72%, GM: 82%, CSF: 100%). The images are of a healthy adult brain.
Simulation software: MR Image Expert®
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Signal  decay  depends  on  the  relaxation
times and on ρ of the respective tissue. The
curves reach zero signal intensity faster or
slower, owing to the composition of the tis-
sue  (Figure 10-03). 

When  researchers  in  the  early  1980s
started  applying  the  spin-echo  (SE)  se-
quence  for  medical  imaging,  they  found

better  contrast  but  also  more  complicated
contrast  behavior.  Some  already  known
brain lesions were not  seen because there
was a lack of contrast. In particular, SE im-
ages with a TE shorter than 60 ms some-
times  did  not  reveal  multiple  sclerosis
plaques,  astrocytomas,  meningiomas,  in-
farctions, or other lesions. 

Figure 10-03:
Spin-echo sequence: decay curves of gray matter (GM), white matter (WM, and cerebrospinal fluid (CSF) at
high field strength (B0 = 1.5 T). 
Relative signal intensity, SI, versus echo time, TE, at a given repetition time of TR = 2000 ms. The images are
of a healthy adult brain.
Simulation software: MR Image Expert®
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The  reason  for  this  behavior  can  be  ex-
plained by the signal decay curves of spin-
echo sequences. The signal intensity of dif-
ferent  compounds  decreases  with  longer

TE. The most interesting features of these
curves, however, are the points of intersec-
tion.  At  these  points,  the  respective  brain
tissues are isointense and there is no con-

Figure 10-04a:
Top: Short repetition times (TR = 250 ms) emphasize T1-weighting.  Bottom: Long repetition times (TR =
1500 ms) emphasize T2-weighting. In brain imaging, the crossover points of no contrast move to shorter TE
values when TR is increased.
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trast between them: they are indistinguish-
able.  Many pathologies  possess  signal  in-
tensities  similar  to  normal brain tissue on
images and therefore  are  invisible  on im-
ages with short TE (T1 and intermediately
weighted images).

The spin-echo signal  contains informa-
tion about proton density as well  as spin-
lattice and spin-spin relaxation.  Signal  in-
tensity of a spin-echo sequence can be cal-
culated by the following equation:

SI = K × ρ × (1 - exp [ - {TR - TE} / 
T1] × exp [-TE / T2 ])

Again, SI stands for signal intensity, K represents
the influence of flow, perfusion and diffusion, ρ
is  proton  density,  TR repetition  time,  TE  echo
time, and T1 and T2 are the relaxation times.

This equation reveals that T2-weighting of
an SE image increases as the echo time ad-
vances. T1-weighting of the signal intensity
depends on both TR and TE. 

Figures 10-04a and b explain with two
examples the interdependence of the echo
time and the repetition time upon signal in-
tensity and signal contrast. 

In  a  single  echo  SE  sequence,  T1-
weighting usually is created by both short

Figure 10-04b:
Echo times (TE) from left to right: TE = 20 ms, TE = 30 ms, TE = 60 ms, TE = 90 ms. B0 = 1.5 Tesla.
Top: Short repetition times (TR = 250 ms) emphasize T1-weighting.  Bottom: Long repetition times (TR =
1500 ms) emphasize T2-weighting. In brain imaging, the crossover points of no contrast move to shorter TE
values when TR is increased. Simulation software: MR Image Expert®
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TR  and  short  TE.  In  general,  the  early
echoes (= short TE) of an SE sequence are
ρ-  and T1-weighted.  The  later  echoes  are
increasingly  intermediately  and  then  T2-
weighted.

When a short  TR is chosen,  the initial
signal intensity will be low and SE images
with short echo times will  be heavily T1-
weighted. With longer repetition times, sig-
nal intensities will be higher. 

The relation of signal intensities to each
other changes depending on TR, and thus
contrast is also strongly influenced by TR.

Contrast might be predictable with nor-
mal anatomy; however, when searching for
lesions, prediction may become impossible.

Figure 10-05 gives an example of how a
pathological  lesion  can  stay  hidden or  be
highlighted.

Sometimes  the  signal-decay  curves  of
different tissues cross each other, leading to
a complete extinction of contrast  between
them.  The best  contrast  is  seen  when the
relative ratio between them is highest. If the
parameters (i.e., T1, T2, ρ, TR and TE) are

known, the decay curves can be precalcu-
lated within a certain error range. However,
if one does not know T1, T2 and ρ and uses
the wrong pulse sequence parameters, one
can overlook a lesion.

As we have seen in Chapter 4, one must
clearly distinguish between T1- and T2-im-
ages ('pure T1- and T2-images') on the one
hand, and T1-, T2- and intermediately (pro-
ton-density) weighted images on the other. 

Whereas in the former images calculated
relaxation times are depicted, the latter im-
ages  show signal  intensities  with,  e.g.,  in
the case of a T1-weighted image, a high in-
fluence  of  T1,  but  at  the  same time  also
with T2 and proton-density contributions.

Table 10-02 gives an approximation to
image weighting of SE sequences. Short TE
and TR emphasize T1 influence, long echo
and  repetition  times  emphasize  T2  influ-
ence.  The  combination  of  long  repetition
times and short echo times eliminate part of
the T1 and T2 effects, thus emphasizing ρ.

Table 10-03 depicts the signal intensity
behavior in 'weighted' spin-echo images.

Figure 10-05:
The necessity of image acquisitions with different pulse sequence parameters: Brain, transverse view. SE
sequence: TR = 1500 ms; TE from 15 ms to 225 ms. B0 = 0.5 T.
On the more T2-weighted images, there is a clearly visible lesion: an old brain infarction. If you would just
perform a T1-weighted study, only very suspicious radiologists will describe possible pathological changes:
there is a slight mass effect.
Simulation software: MR Image Expert®
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Table 10-02:
Spin-echo seuqneces: image weighting. Proton density (ρ-) images should preferably be called intermediately
weighted images, because the highest signal intensity in these images might not present the highest water
content. 
TR and TE depend on field strength. At high fields, TR and TE for both T1- and T2- weigh ting are shorter
than at medium or low fields.

Table 10-03:
Spin-echo sequences: signal-intensity behavior of the brain in weighted images. Only weighted spin-echo
images are used in routine clinical examinations. Within certain limits, their contrast behavior is reproducible,
even with machines of different manufacturers. Today most machines use manufacturer-dependent (‘black-
box’) pulse sequences.
Note that the respective signal intensities on weighted images vary according to the TE and TR chosen and
with the strength of the magnetic field. The easiest way to distinguish T1- and T2-weighted images is by
looking at water-like liquids: on T1-weighted images, they are dark; on T2-weighted images, they are bright. 
These image characteristics hold only for SE sequences. They can be completely different in black box pulse
sequences. 
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Multiecho Sequences

Spin-echo  sequences  are  not  limited  to  a
single 180° pulse and echo. Their advant-
ages lie in the possibility to form a multi-
tude  of  echoes  by  transmitting  a  train  of
180° pulses. Thus, we can receive a number
of images with increasing TE values. 

The  best-known  MSE sequence  is  the
Carr-Purcell-Meiboom-Gill (CPMG) se-
quence. 

Single  and multiple  SE sequences  can
be  acquired  in  single-slice,  multiple-slice
and 3D modes. 

Multislice imaging is limited by TE and
TR.  Its  contrast  is  also  influenced by the
gaps between the slices and flow in vessels.
In 3D imaging, the entire sample volume is
excited  simultaneously  and  slices  are  ob-
tained by the use of an additional phase-en-
coding gradient. However, 3D imaging with
an SE sequence is time-consuming and pro-
hibitively long in clinical settings.

The efficiency of a multiecho sequence
(MSE) is far higher than a single echo or an
inversion-recovery sequence, both in terms
of examination time and in the creation of
contrast. They allow the creation of T1- and
T2-dependent (T1- and T2-weighted) image
contrast.147 

147 Rinck PA, Bielke G, Meves M. Modified spin-
echo sequence in tumor diagnosis. in: Society of
Magnetic  Resonance  in  Medicine.  Proceedings
of  the  Second Annual  Meeting.  San  Francisco
1983; 302-303. Also in: Magn Reson Med 1984;
1: 237.

Rapid Spin Echo

Multiple spin-echo data acquisition can be
accelerated  by  Fast  or  Rapid  Spin  Echo
(RSE) sequences  (e.g.,  RARE).  A further
addition to the RSE armory can use longer
echo trains (HASTE,  GRASE, and similar
sequences).

Rather  than using the same amount  of
phase-encoding  for  each  echo,  and  each
echo as  one  line  for  an  image  associated
with a particular TE, different amounts of
phase-encoding can be applied. Thus, these
echoes  can  be  implemented  as  different
lines in k-space in a single image. 

The  numbers  of  echoes  per  excitation
which are incorporated into one image de-
termine  the  time-saving  factor  of  the  se-
quence. 

If one has a spin-echo sequence with a 256×256
image matrix and a data acquisition time of 256
seconds, in an RSE sequence with 8 echoes data
acquisition will take 256/8 = 32 seconds; with 16
echoes, data acquisition will only take 256/16 =
16 seconds. 

Table 10-04:
The pulse-sequence parameters of an RSE sequence
are  different  from  those  of  a  conventional  SE
sequence (with the exception of TR).
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Multiple-slice  sequences  will  take  longer,
according to the number of slices.

RSE sequences add two more parame-
ters to TR and TE: the number of echoes
per excitation (also called echo train length,
TSE factor,  or  turbo factor)  and the  echo
spacing. Since the echo time is close to a
time  average  in  RSE  sequences,  TE  is
called effective TE (Figure 10-06 and Table
10-04).

It is not as obvious as with conventional
imaging  techniques  what  sort  of  contrast
we can obtain in RSE sequences. 

A straightforward signal-intensity calcu-
lation,  similar  to  those  in  conventional
‘pure’ pulse sequences, is not possible. 

Basically,  the  contrast  in  Rapid  Spin
Echo  sequences  depends  on  the  order  in

which we apply the phase-encoding. Con-
trast manipulation is achieved by different
ordering  of  the  contributions  in  k-space;
neither TR nor TE are changed, but differ-
ent echoes are assigned to the reconstruc-
tion in k-space. Images can be proton den-
sity- or T2-weighted.

There  is  less  speed  advantage  in  T1-
weighted  RSE  compared  to  conventional
SE images; T1-weighted contrast can only
be obtained through inversion recovery or
partial  saturation  with  the  application  of
shorter TR. 

However, for a large number of clinical
questions ρ-weighted images can substitute
T1-weighted images. 

The  trade-off  of  RSE  is  several,  al-
though subtle, differences in contrast, most

Figure 10-06:
A rapid spin-echo sequence utilizes an initial 90° pulse followed by multiple 180° refocusing pulses, produc-
ing an echo train. In our example, all echoes are used for one k-space. The echo with the ‘effective TE’ is as -
signed to the center slab of k-space and determines overall image contrast; the data of other echoes are placed
in the slabs further away.
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importantly due to the different  signal  in-
tensity of fatty tissues (Figure 10-07).148 In
RSE  images,  the  lipid  signal  is  usually
higher than on similar SE images. This is
claimed to be caused by several factors, in-
cluding spin coupling among glyceride pro-
tons.

There  are  also  magnetization-transfer
phenomena  that  cause  protein  containing
tissues to appear darker than on similar SE
images,  whereas  hemorrhage  with
hemosiderin will appear less dark and CSF
will  appear relatively brighter, obliterating
contrast  between  the  ventricles  and,  e.g.,
periventricular multiple sclerosis plaques. 

One also might exchange image sharp-
ness for either enhanced or blurred edges,
depending on whether k-space is acquired
first or last.

148 Henkelman  RM,  Hardy  PA,  Bishop  JE,  Poon
CS, Plewes DB. Why fat is bright in RARE and
fast spin-echo imaging. J Magn Reson Imaging
1992; 2: 533-540. 

Signal Inversion: 
TI – the Inversion Time

In  the  early  1980s,  the  research  group  at
Hammersmith Hospital in London succee-
ded in imaging the brain with such an ex-
cellent  spatial  and contrast  resolution that
they could compare their images with slices
seen before only in necropsy. They used in-
version-recovery (IR) pulse sequences.149

In IR sequences,  the  initial  magnetiza-
tion is turned around by a 180° pulse. Thus,
the recovery starts  with  a  negative value,
reaches 0 after 0.69 times the respective T1,
then  becomes  positive  and  returns  to  its
equilibrium after approximately five times
T1 (Figure 10-08 top). 

At some stage during this period, a 90°
pulse  is  transmitted,  which  changes  the
partly recovered longitudinal magnetization
into  observable  transverse  magnetization.
Commonly this is followed by another 180°
pulse which creates a spin echo.

A detailed description of this pulse se-
quence can be found in Chapter 4, page 74.

In reality, the initial negative magnetization
is lost due to the calculation of the magni-
tude or modulus image (solid lines in Fig-
ure 10-08 top) from the real and imaginary
signals, which is the standard procedure on
most  systems.  Therefore,  negative  signals
are recorded as positive signals of the same
strength, and the signal is positive on either
side of the null point. Image contrast in IR
sequences reflects this behavior (Figure 10-
08 bottom and 10-09, overleaf).

149 Bydder GM, Steiner RE, Young IR, et al. Clini-
cal NMR imaging of the brain: 140 cases. Amer
J Roentgenol 1982; 139: 215-236. 

Figure 10-07:
Comparison of rapid spin echo and conventional spin
echo.
Left.  RSE: ETL = 8; eff. TE = 64 ms; ES = 16 ms;
TR = 3000 ms
Right. SE: TE = 64, TR = 3000 ms.
With the exception of the signal from subcutaneous
fat, contrast is very similar.
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Figure 10-08:
Graph top: Relative sgnal-intensity (SI) behavior of an inversion-recovery sequence with a repetition time
TR = 2000 ms, B0 = 1.5 T. Note that until 0.69 × T1 has been reached, the signal is negative (dot ted lines).
The solid lines depict the IR signal intensity behavior in reality (magnitude image):  the (positive) signal
decreases to zero, then increases again until it reaches equilibrium.
Graph bottom: Contrast between gray and white matter and CSF in the same inversion-recovery experiment.
There is poor contrast with short TI. It then increases and reaches a peak (in this case) at approximately 400
ms. Immediately afterwards, there is a sharp drop in gray/ white-matter contrast; it disappears completely, and
then turns negative, reaching another peak. With long inversion times, it disappears again. CSF/white-matter
contrast behaves similarly. Note that peaks of optimal contrast can be very close to zero contrast. When look-
ing for pathology, this means that lesions may easily be overlooked if wrong inversion times are chosen.
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To retain the signal information, a reference
image is needed so that the phase in each
pixel can be compared. An interlaced IR/PS
sequence is one way of achieving this.

Images  with  long inversion  times  (TI)
have hardly any contrast between neighbo-
ring tissues, except the one created by dif-
ferences in proton density, whereas images
with short TI show high contrast.

Like  partial  saturation  sequences,  IR
emphasizes the longitudinal relaxation time
T1. The intensity of an averaged signal can
be calculated with the following equation:

SI = K × ρ × M0 (1 - 2exp [-TI / T1] 
+ exp [-TR / T1])

where  SI  is  signal  intensity,  K  is  a  constant
comprising  bulk  flow,  diffusion,  perfusion  and
other  parameters,  ρ  is  proton  density,  M0 is
magnetization at time 0, TI is the inversion time,
TR  is  the  repetition  time,  and  T1  is  the
longitudinal relaxation time.

The  signal  intensity  for  a  given  T1  is
strongly dependent on inversion and repeti-
tion times.

The IR sequences implemented in clinical
machines add a second 180° pulse after the
90° pulse to rephase T2 influences. In this
way, clinical IR images are also affected by
T2. T2 is not meant to be a primary source
of  contrast  in  IR  imaging;  however,  if  a
long TR and a long TE are chosen, IR im-
ages  may  mimic  in  part  T2-weighted  SE
contrast.

If a shorter TR is chosen than the T1 of
a particular component of the sample, it can
happen  that  –  at  a  certain  TI,  which  is
shorter than T1 – the relative signal inten-
sity of this tissue component will be higher
than that of a neighboring component with
a shorter T1. 

This  complicated  and  ambiguous  con-
trast  behavior is  best  understand from the
curves and pictures in Figures 10-08 (previ-
ous page) and 10-09. 

The  graphs  and  images  show  that  the
gaps between no contrast and high contrast
are very small. If there are no unpredictable
pathological changes present in the sample,
contrast can be foretold. 

Figure 10-09:
The unexpected and abrupt contrast changes of an IR pulse sequence (cf. Figure 10-08): four images with
increasing TI. One of the main problems (and advantages) of the IR sequence is that its contrast behavior can
change dramatically with only minimal changes of the inversion time.
Simulation software: MR Image Expert®
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Problems  arise  when  unknown  lesions
are suspected. To avoid false interpretations
of MR images, several pictures at different
TI  are  desirable.  This,  however,  prolongs
imaging and examination times. 

It is possible to produce several images
with different TI values in a single interval
using a special IR sequence, but the signal-
to-noise  ratio  of  this  sequence  is  reduced
because flip angles of <90° are applied for
each excitation.150, 151

Usually, IR images are acquired as mul-
tislice pictures. This means that several par-
allel slices, rather than one single slice, are
imaged at a time. This is an elegant way to
save time and shorten an examination, and
greatly increases the efficiency of IR exam-
inations, which are very time consuming.

The pulse sequence used for  multislice
IR is  the  BIR (balanced  IR)  sequence,
which is also known as  MDEFT (modified
driven-equilibrium  Fourier  transforma-
tion). These sequences provide superior T1-
weighted  contrast  to  T1-weighted  SE  se-
quences. 

150 Graumann R, Barfuss H, Fischer H, Hentschel
D,  Oppelt  A. TOMROP: a  sequence for  deter-
mining  the  longitudinal  relaxation  time  T1  in
magnetic resonance tomography. Electromedica
1987; 55: 67-72.

151 Young IR,  Hall  AS,  Bydder  GM. Design  of  a
multiple  inversion-recovery  sequence  for  T1
measurement.  Magn  Reson  Med  1987;  5:  99-
108. 

Fat and Water Suppression

Sometimes  it  is  helpful  to  dispose  of  the
high-intensity signal of fat or fluids. There
are numerous suppression techniques. Two
of  them  are  inversion-recovery  methods;
additional  techniques  are  discussed  in
Chapter 11. 

Images with long TI have little contrast
between neighboring tissues, except the one
created  by  differences  in  proton  density,
whereas  images  with  short  TI  can  show
high contrast. 

This feature is exploited in a special in-
version-recovery pulse sequence, the  STIR
sequence.

STIR  (Short  TI  Inversion  Recovery)
sequences are often used when looking for
high  signal  intensity  lesions  such  as  con-
trast-enhancing  tumors  close  to  or  within
fatty tissue because this IR sequence facili-
tates  the  suppression  of  the  signal  stem-
ming from fat. 

The fat signal reaches zero signal inten-
sity at TR > 3000 ms, TI ~ 200 ms, and TE
20 ms (at 1.5 T); TI is lower at lower field
strength (Figure 10-10).

Signal  suppression  by  STIR  pulse  se-
quences is based on T1 relaxation times and
therefore  is  not  tissue specific.  Therefore,
STIR sequences should be used before the
administration of contrast agents that facili-
tate T1 shortening.152 

To ensure  effective  characterization  of
tissue, selective fat suppression techniques

152 Krinsky  G,  Rofsky  NM,  Weinreb  JC.
Nonspecificity of short inversion time inversion
recovery  (STIR)  as  a  technique  of  fat
suppression: pitfalls in image interpretation. AJR
Am J Roentgenol. 1996; 166:523-526.
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are  offered  by  different  companies;  they
should  be  used  whenever  a  substrate  is
isointense  with  respect  to  fat  on  multiple
pulse  sequences  and  the  substrate  is  sup-
pressed on STIR imaging. Details of these
suppression  techniques  are  discussed  in
Chapter 11. 

FLAIR (Fluid  Attenuated  Inversion
Recovery)  eliminates the signal from ce-
rebrospinal fluid by using very long inver-
sion times (2000–2500 ms). It is especially
useful  in  brain  lesions  with  low  contrast
(Figure 10-11). 

CSF reaches the null point of no signal
at  an  inversion  time  of  ~2000 ms  (TR >
8000 ms; TE > 100 ms), depending on field
strength.153

Both techniques can be combined with RSE
sequences; they then become Fast STIR and
Fast FLAIR. 

153 De Coene B, Hajnal J, Gatehouse P, Longmore
D,  White  S,  Oatridge  A,  Pennock J,  Young I,
Bydder G. MR of the brain using fluid-attenu-
ated  inversion  recovery  (FLAIR)  pulse  se-
quences.  Amer  J  Neuroradiol  1992;  13:  1555-
1564.

Figure 10-11:
FLAIR. TR = 8000 ms, TE = 120 ms, TI = 2000 ms.
The  brain  lesions  caused  by  the  pressure  of  huge
meningioma are well seen on the FLAIR image.

Figure 10-10:
STIR. In all images, TR = 4000 ms, TE = 10 ms; (a)
TI = 50 ms,  (b)  TI = 240 ms,  (c) TI = 450 ms. The
fatty tissue close to the optic nerve disappears with a
TI of  approximately 240 ms.  Signal  suppression is
based on T1 relaxation times and not tissue specific.
STIR should be used before giving contrast agents.
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Gradient Echo Sequences

For many clinical indications, rapid imag-
ing  sequences  are  essential  to  avoid  long
imaging times, which can cause motion ar-
tifacts, be inconvenient to patients – and re-
duce patient throughput. Imaging time can
drop from several minutes per standard SE
image to seconds or even milliseconds. The
number of specific indications of particular
rapid  pulse  sequences  has  steadily  in-
creased over the last few years. GRE seque-
nces  were  the  favorite  rapid  imaging  se-
quences;  however,  the  popularity  of  se-
quences  in  the  RSE  and  EPI  families  is
constantly increasing. 

For faster imaging, the number of aver-
ages, the number of matrix points or image
lines,  or  the  repetition  times  have  to  be
shortened. In general,  signal-to-noise ratio
and  spatial  resolution  will  worsen  with
faster  imaging  methods,  but  as  stated,  a
good clinical diagnosis does not necessarily
require  beautiful  image  quality, but  suffi-
cient image quality.  The main contrast pa-
rameters  of  conventional  and  rapid  se-
quences  are  summarized  in  Table  10-05.
Actual weighting of the sequences depends
on a  number  of  factors  and might  not  be
available on all MR imaging machines. 

The T2*-dependent  PS sequence equals  a
GRE sequence.

GRE  sequences  take  advantage  of  the
saturation of the  spin system when TR is
shortened. The signal intensity after a series
of  90º  pulses  becomes  weaker,  until  an
equilibrium (i.e., the saturation) is reached.
Under  these  conditions,  pulse  angles
smaller than 90° are more effective. 

It  was  unexpected  that  shortening  TR
below 100 ms, even below 10 ms, still pro-
vided images with a signal-to-  noise ratio
which was sufficient and allowed diagnos-
tic assessment.

Gradient-echo  sequences  of  this  kind,
with  such  short  TR,  have  been  dubbed
FLASH  sequences.154 They  are  commer-
cially available under several different trade
names (see Table 10-06 and List of Abbre-
viations).

Signal intensity in rapid imaging sequences
can be calculated with the following equa-
tion,  if  TR  is  shorter  than  T1  but  longer
than T2* or when gradient/RF spoiling is
applied to remove transverse coherences:

SI = sinα × [1-exp(-TR/T1)] ×
exp(TE/T2) / 1 - cosα × exp(-TR/T1)

where α is the flip angle, TR the repetition time,
T1  the  longitudinal  and  T2  the  transversal
relaxation time.

154 Haase A, Frahm J, Matthaei D, Hänicke W, Mer-
boldt K-D. FLASH imaging. Rapid NMR imag-
ing  using  low flip-angle  pulses.  J  Mag Reson
1986; 67: 258-266. 

Table 10-05:
Pulse sequences and their contrast dependence. The
signal of all pulse sequences is influenced by ρ and
by bulk flow.
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The Flip Angle

FLASH sequences add a fourth parameter
to TR, TE, and TI: the pulse or flip angle α,
also called FA. 

Similar  to  SE  sequences,  GRE  se-
quences can be weighted depending on rep-
etition and echo times, the exact pulse se-
quence and the pulse angle. However, there

is one big difference: whereas SE and RSE
sequences  reflect  true  T2  in  their  T2-
weighted  images,  GRE  sequences  show
only T2* contrast. Figures 10-12 and 10-13
depict the typical signal intensity behavior
of a GRE sequence, in this case a spoiled
FLASH  sequence.  Commonly,  the  signal
intensities reach a maximum between 30°
and 60°. As we have seen with the signal

Figure 10-12:
Gradient echo sequence (spoiled GRE). TR = 400 ms; TE = 20 ms. B0 = 1.5 T. Because of the three variables
available, there are nearly unlimited possibilities for changing image contrast. Generally, at low flip angles
proton density dominates contrast, at high flip angles T1 becomes more important. Images (through the brain
of a normal volunteer): (a) α = 15°; (b) α = 30°; (c) α = 45°; (d) α = 60°; (e) α = 75°
Simulation software: MR Image Expert®
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intensity  and  contrast  behavior  of  SE  se-
quences, best contrast is not necessarily ob-
tained at the point of highest signal inten-
sity. This  is  also the case  in  GRE seque-
nces, as the contrast behavior of the brain
images of Figure 10-14 shows. At the great-
est signal intensity, there is poor or no con-
trast.

It  turns out that  images acquired using
the Ernst angle (cf. page 150) tend to have
rather  poor  contrast.  Higher  flip  angles
have  to  be  used  to  improve  the  contrast.
The effect of this is a reduction of the sig-
nal left along the z-axis after the RF pulse.
Thus, the signal level depends on the rate at
which the signal recovered during TR; it is

strongly T1-dependent. The image series in
Figures 10-12 and 10-13 give an overview
of  how  contrast  changes  with  increasing
flip angle. 

GRE sequences can provide sharp con-
trast between the CSF compartment of the
spine,  the  spinal  cord,  and  the  peripheral
spinal column. 

The  myelogram  effect  of  the  T2*-
weighted images allows a fast screening for
disk protrusions and is one example of clin-
ical applications of GRE.

SE  and,  in  some  instances,  RSE  se-
quences commonly yield sharper spatial de-
tail, and contrast of GRE sequences gene-
rally is inferior to that of SE sequences. 

Figure 10-13:
Gradient echo pulse sequence (spoiled GRE) through the brain of a patient with a vascular malformation in
the right occipital hemisphere. The upper image series was taken with an echo time TE = 20 ms, the lower
series with an echo time TE = 120 ms (B0 = 1.5 T). The lesion is nearly invisible in the image series with
short TE, but well delineated in the series with long TE.
The choice of the appropriate pulse sequence parameters is pivotal in MR imaging. Many different sequences
can be applied for different diagnostic questions. In many instances, their contrast behavior has been recorded
empirically and the sequence and specific sequence parameters have been included in special clinical imaging
protocols. Simulation software: MR Image Expert®
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T1 contrast can be enhanced by contrast
agents.

The creation of T2*-weighted contrast is
hampered by field inhomogeneities, which
are not refocused by the gradient echo. The
inhomogeneities  solicit  short  echo  times
and limit the use of long echo times neces-
sary  for  T2*-weighting.  Reduction  of  TR
shorter than T2 leads to the generation of
transverse coherences which can either be
spoiled or refocused, as described in Chap-
ter 8.

Spoiled  FLASH sequences  (cf.  Table
10-06) remove the effect of the transverse
coherences,  usually  by  the  application  of
spoiler  gradients,  to  give  genuine  partial
saturation  contrast.  Refocusing  GRE  se-
quences  incorporate  the  transverse  coher-
ences  into  the  observed  signal,  and  thus
have  a  better  signal-to-noise  ratio.  How-
ever, the basic refocused FLASH sequence
generally  has  rather  poor  contrast  (which
depends on T1/T2). The contrast-enhanced
version,  CE-FLASH,  offers  additional  T2
contrast, the amount of T2-weighting being
determined by TR and T2. The T2-weigh-
ting is greatest at longer T2 values (e.g., 30-
60  ms),  but  the  signal-to-noise  ratio  is
poorer than at short TR values.

GRE sequences are exquisitely sensitive
to  magnetic  susceptibility  (e.g.,  depicting
hemorrhage  and  blood  degradation  prod-
ucts)  and  to  flow  phenomena  (angio-
graphy). 

As we have seen in the SE sequences,
one can hide and miss pathological changes
by  choosing  the  wrong  pulse  sequence.
This also holds for rapid sequences.  If we
select a T1-weighted sequence, we cannot
distinguish a lesion which possesses a simi-

lar T1 to its neighboring tissues. If we ap-
ply  a  T2*-weighted  sequence,  we  cannot
delineate a lesion with a T2 close to the T2
of its surroundings. The signal intensity of
the vascular malformation in Figure 10-13
is a good example of this problem. 

Table 10-07 summarizes the features of
a standard GRE (FLASH) sequence at high
field (1.5 Tesla). A fine review of fast and
ultrafast gradient echo sequences (including
additional  sequences  to  those  mentioned
here) was published by Nitz in 2002.155

MP-RAGE and 3D-MP-RAGE 
In snapshot gradient-echo scans, the signal
evolves to different levels during the scan.
Therefore,  by  manipulating  the  starting
value one can alter the form of the evolu-
tion and thus the image contrast. The most
commonly used preparation pulse is a 180°
inversion pulse.

3D MP-RAGE (three-dimensional mag-
netization-prepared  rapid  gradient  echo)
was introduced by Mugler and Brookeman
in 1990.156 The MP-RAGE sequence com-
bines a 3D-inversion recovery pulse and N
equally-spaced readout RF pulses of a spe-
cific flip angle with an echo spacing τ. The
pulse cycle within the repetition time, TR,
consists of the following components:

TR = TI + N×τ + TD

155 Nitz WR. Fast and ultrafast non-echo-planar MR
imaging techniques. Eur Radiol 2002; 12: 2866-
2882 [review].

156 Mugler  JP,  Brookeman  JR.  Three-dimensional
magnetization-prepared  rapid  gradient-echo
imaging  (3D  MP RAGE).  Magn  Reson  Med.
1990; 15: 152–157. 
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Table 10-06:
Some  rapid imaging techniques correlated to the respective generic pulse sequence. Note: In this context,
contrast-enhanced refers to the RF pulse sequence; is does not mean enhancement with a contrast agent.

Table 10-07:
Approximate contrast characteristics in a standard GRE sequence at high field (1.5 Tesla).
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where τ is echo spacing time, N the total number
of  readout  RF  pulses,  TI  the  time  interval
between the inversion recovery pulse and the first
RF  readout  pulse,  and  TD an  adjustable  delay
time.

Image contrast is a function of N, TI, τ, the
flip angle and the temporal position of the
readout RF pulse, as well as the regular fac-
tors influencing contrast such as relaxation
times.  Generally,  the  total  number  of  RF
pulses N is related to the spatial resolution
along the slice direction. 

In  commercial  machines,  the  k-space
strategy,  including  k-space  trajectory  and
sampling  order,  is  constrained  to  a  few
choices (‘black box’ equipment). Often the
theoretically achievable best signal cannot
be reached.

In  the  MP-RAGE sequence,  the  effec-
tive inversion recovery time (TIeff) is a ma-
jor determining factor of image contrast. It
is defined as the time interval between the
inversion recovery pulse and the RF read-
out pulse for k-space center (Figure 10-14).

A good overview of the contrast behav-
ior as well as of the basics of this pulse se-
quence was given by Wang.157

Other  Rapid  Imaging  Sequences.
Chapter 8 describes a number of other fast
imaging sequences, such as EPI. 

157 Wang J, He L, Zheng H, Lu Z-L. Optimizing the
magnetization-prepared  rapid  gradient-echo
(MP-RAGE)  sequence.  PLoS  ONE.  2014;  9:
e96899. doi:10.1371/journal.pone.0096899. 

Figure 10-14:
3D-MP-RAGE. Simulated contrast between gray and white matter at 3.0 Tesla as function of TI for a total
number of readout RF pulses of 176, 156, and 132, respectively. The interval time between readout RF pulses
was set to 10 ms; the flip angle to 12°. To get decent T1-weighted contrast, the flip angle should be kept lower
than 20° in this kind of pulse sequence. Contrast between tissues changes drastically with changes of TI as
well as other parameters, e.g., T1 relaxation and field strength.
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Static Field Strength 
and Contrast

Table 10-01 lists a number of factors influ-
encing contrast.  Among the main contrast
parameters are the relaxation times T1 and
T2. If they change, contrast also changes. 

T1  is  strongly  field-dependent.  There-
fore,  at  given  pulse  sequence  parameters,
contrast  changes  with  field  strength.  The
way these changes occur is nearly impossi-
ble to predict because it is extremely diffi-
cult to extrapolate the T1 values of a partic-
ular tissue acquired at one field strength to
another: T1 is determined by several factors
which  vary  at  different  fields.  Within  to-
day's routine imaging range (low to ultra-
high fields up to 3 Tesla), T2 is more or less
constant; however, when moving into ultra-
high fields (> 2 T), T2 starts showing some
shortening, even more so T2*.

The best method to examine these fea-
tures is relaxometry, the study of the behav-
ior of  longitudinal  and transversal  nuclear
relaxation and of their dependence on inter-
nal and external parameters.  Among these
parameters are molecular and supramolecu-
lar  structures,  temperature,  viscosity,  pH,
magnetic  field  strength,  and  paramagnetic
and ferromagnetic agents. Field-cycling re-
laxometry deals with the relaxation behav-
ior and its changes with the strength of the
magnetic field. It requires special, purpose-
built machines, field cycling relaxometers.

Figure 10-15a depicts the T1 relaxation
times  (T1  dispersions)  of  white  and  gray
matter  of  an  adult  brain  versus  field
strength. They both increase with field, but
with a different ratio to each other. When
comparing the contrast behavior of differ-

ent tissues within the imaging range of MR
fields,  one finds  that  pure  T1-contrast  in-
creases from low fields and reaches a peak
in  medium  fields  between  0.4  and  0.9
Tesla;  then it  decreases again in high and
ultrahigh fields (Figure 10-15b).158, 159 

Reduced  contrast  between  gray  and
white matter has been described in clinical
settings comparing 1.5 T and 3.0 T on T1-
weighted images; no change was observed
on  T2-weighted  images.160 However,  in
most cases, clinical images (T1-, T2- or in-
termediately  weighted)  possess  sufficient
contrast even at high and ultrahigh fields if
parameters and pulse sequences are chosen
properly and not only one of the major con-
trast factors influences contrast.161, 162, 163

158 Fischer  HW,  Van  Haverbeke  Y,  Rinck  PA,
Schmitz-Feuerhake I, Muller RN. The effect of
aging and storage conditions on excised tissues
as monitored by longitudinal relaxation disper-
sion profiles.  Magn Reson Med 1989;  9:  315-
324. 

159 Rinck  PA,  Fischer  HW,  Vander  Elst  L,  Van
Haverbeke  Y,  Muller  RN.  Field-cycling
relaxometry:  medical  applications.  Radiology
1988; 168: 843-849. 

160 Schick  F.  Whole-body  MRI  at  high  field:
technical limits and clinical potential. Eur Radiol
2005; 15: 946-959. 

161 Chen C-N, Sank VJ, Cohen SM, Hoult DI. The
field dependence of NMR imaging. I: laboratory
assessment  of  signal-to-noise  ratio  and  power
deposition. Magn Reson Med 1986; 3: 722-729.

162 Fischer HW, Rinck PA,  van Haverbeke Y, and
Muller RN. Nuclear relaxation of human brain
gray and white matter: analysis of field depen-
dence and implications for MRI. Magn Res Med
1990; 16: 317-334.

163 Hoult  DI,  Chen  C-N,  Sank  VJ.  The  field
dependence  of  NMR  imaging.  II:  arguments
concerning optimal field strength. Magn Reson
Med 1986; 3: 730-746.
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Figure 10-15:
a (top): T1 relaxation time values of gray and white matter versus field strength. The measurements up to 1.5
Tesla were performed on a NMRD relaxometer with fresh human brain samples. The advantages of relaxo-
metric measurements of ex vivo samples are the extreme high accuray of the measurements, the selection of
tissue that looks homogeneous with the ability to reject mixed tissue samples, and the detailed histology
available after the measurements. 
The values relating to fields higher than 1.5 T were acquired  in vivo  on spectrometers with the traditional
SE/IR sequences for the calculation of T1 time constants or on whole-body MR machines with modified
Look-Locker sequences to estimate T1; they were fitted. Details of these techniques are given in Chapter 4.
Cross relaxation phenomena can lead to quadrupolar dips in the T1-dispersion plot. They are dependent on
field strength and temperature (see Figure 04-22).
b (bottom): Approximation of pure-T1 contrast between gray and white matter: Contrast is relatively poor at
very low fields. It climbs to a small peak in low/medium fields. Then it decreases slowly at higher fields.
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T1 dispersion curves of different tissues do
not  necessarily  run parallel  to  each other,
but can cross each other. 

For heavily T1-weighted images of any
pulse  sequence,  this  feature  becomes  im-
portant because diseases cannot be detected
at  certain  fields  with  T1-weighted  se-
quences. MS plaques, for instance, have a
similar signal intensity as their surrounding
tissue at medium and high fields when im-
aged with a heavily T1-weighted pulse se-
quences.  Contrast  exists  only  at  ultra-low

fields and diagnostic pulse sequence para-
meters  have  to  be  adjusted  towards  T2-
weighted sequences.

When comparing  MR images  acquired
at different field strength, it is important to
keep  in  mind  that  T1  grows  with  field
strength.  This  increase  is  the  reason  why
images taken with the same pulse parame-
ters,  but  at  different  fields,  change  their
contrast  appearance.  Thus,  they cannot be
directly  compared with each other, as  the
comparison of Figure 10-16  shows. 

Figure 10-16:
Image series on top at 0.5 Tesla, on bottom at 1.5 Tesla; TR = 2000 ms. Contrast changes and differs between
the two field strengths using the same imaging parameters. Simulation software: MR Image Expert® 
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If, at higher field strength the pulse se-
quence  parameters  are  adjusted  accord-
ingly, contrast losses can be balanced (Fig-
ure 10-17). 

Figure 10-17:
Transversal images of the brains of two healthy volunteers  created at 0.5 Tesla (left) and at 1.5 Tesla (right);
regular inversion recovery pulse sequence; the parameters were adjusted to the different T1 values at 0.5 and
1.5 Tesla.  The contrast  resolution at  0.5 Tesla is slightly better than at  1.5 Tesla;  however, at  both field
strengths anatomic details are very well seen. Simulation software: MR Image Expert® 
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