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The movie shows cornflakes in a bowl of water. 

Cornflakes contain supplemental iron and  
move in the strong magnetic field.

M
agnetic field

Exercise recap Overall MRI topics
• The basic hardware components of an MRI system


• Nuclear spins and precession


• RF-pulses (B1-field), magnetic resonance and relaxation


• Signal preparation, sequences and contrast mechanisms


• Magnetic field gradients, slice selection, and phase and frequency encoding


• The k-space and image reconstruction


• Image reconstruction (exercise)


• Advanced and emerging MRI methods and applications


• MRI safety

Coyne, 2012



Today’s Intended Learning Objectives
• Identify main hardware components of an MRI scanner and their role (B0-field, RF Transmit(B1)/Recieve coils, Gradient 

coils).


• Describe the basic properties of nuclear spins in a magnetic field (B0-field).


• Describe the interaction between radio waves (RF, B1-field) and an ensemble of nuclear spins.


• Distinguish between longitudinal (T1) and transverse (T2,T2’,T2*) relaxation processes and how it relates to the MR-
signal.


• Explain strategies for providing signals that are T1- or T2-weighted.


• Understand the role of the gradient system and how it relates to slice selection, frequency and phase encoding.


• Explain dephasing mechanisms resulting in the T2* relaxation and how the T2 relaxation is isolated with the spin echo 
effect.


• Explain strategies for collecting k-space data and how to reconstruct the image from it.


• Relate to safety issues for people in and around MRI scanners.

MRI Safety

MRI Safety

•Static B0-field - Strong forces


•RF transmit B1-field - Tissue heating (SAR)


•Gradient system - Peripheral nerve 
stimulation 

Advanced methods, 
applications and trends



Parallell imaging approaches
• Speed up acquisitions by 

partial sampling


• Classical SENSE using prior 
knowledge to deconvolve 
folded image to a full image


• Newer methods may use 
more elaborate 
undersampling and 
reconstruction methods.

Quantitative imaging

• From weighting to measuring physical properties, such as relaxation 
times, diffusion, perfusion, flow speed


• Optimally comparable across different scanners


• Resolve biases from imperfect hardware


• Model the physics behind image contrasts
brain. Given the estimated coil sensitivity maps from
each coil acquired with a full FOV reference image, the
aliased images were unfolded using a standard
SENSE approach [Sodickson and McKenzie, 2001].
Noise amplification from the geometrical arrangement
of the array coil elements is calculated by the G-factor
map [Pruessman et al., 1999].

RESULTS

The original 256 ! 204 ! 128 uncorrected 3-D T1
images were corrected to give six distinct coil profile
estimations at six spatial scales. In the uncorrected
image (Fig. 3), white matter signal intensity is 280%
higher near the coils than deeper in the brain. This
wide variation in image intensity arises primarily
from the coil reception profile. Adjacent gray and
white matter regions differ by only 22%. Thus, the
coil’s reception profile makes most of the anatomy
difficult to visualize with a single window and level
setting.

Figure 4 shows the estimated sensitivity profiles
derived from Daubechies-97 (Daub97) filter bank and
maximum value projection at each level (1 to 6). The
corrected images obtained from each level are shown
in Figure 5. Reconstruction using level 1, 2, or 3 fails to
preserve the local brain structures because the esti-
mated profile includes anatomical features that are

then partially removed during the division step (Eq.
1). Level 6 coil profile is too spatially smoothed to
effectively remove the coil intensity effects. Each level
of corrected image required an average of 4.73 sec of
computation per level for a 256 ! 204 image slice
using a 450-MHz processor (Intel Pentium III; Santa
Clara, CA).

The optimum level used to estimate the coil sensi-
tivity profile was determined by the quantitative in-
homogeneity index in Eq. 2. The indexes computed
with a 3 Gaussian GMM are shown in Figure 4. Level
5 provided the minimum inhomogeneity index of the
6 levels regardless of the whether 2, 3, 4, 5, or 6
Gaussians were used in the GMM. After correction,
visualization of deep sub-cortical structures is consid-
erably improved. The visibility for gray and white
matter as well as the contrast between them is main-
tained for both cortex and deep gray structures at the
same window and level. The reconstructed image con-
tained peak-to-peak value white matter differences of
39% compared with differences of 280% in the original
image. When the T1-weighted volumetric images
were processed with the automated segmentation al-
gorithm, the image intensity normalization was found
to be sufficient to allow automated segmentation
while the unprocessed surface coil images could not
be processed with this package.

The maximum value projection was found to signif-
icantly improve the coil profile estimation near high-
contrast edges. Figure 6 shows one-dimensional pro-
file of the original image through the third ventricle
and the coil sensitivity profile estimates with and
without maximum value projection overlaid. The coil
profile generated from a non-iterative, low-pass filter–
based approach is also overlaid. The low-pass filter
consisted of a 26-mm (32 ! 32 pixel) moving-average
low-pass kernel filter. This level of spatial smoothing
is roughly equivalent to that of the level 5 MRA.
Omission of the MVP step resulted in a 50% underes-
timation of the image data at the edge of the brain.
Adding the MVP algorithm with a 1% convergence
criteria reduced this error to approximately 5%. Less
than five iterations of the MVP were required for
convergence with a 1% criteria for each spatial level of
the MRA. The convergence times for a given level of
the wavelet-based method with and without the MVP
step were a maximum of 6.7 and 2.3 sec, respectively.

Figures 7 and 8 compares a standard birdcage head
coil image with the corrected surface coil image. The
uncorrected phased array image temporal lobe white
matter SNR ranged from 351 to 466% higher than in
the volume head coil birdcage image. For midline
structures such as the corpus collosum, the gain was

Figure 3.
The raw image acquired from bilateral phased array. White bars,
the approximate location of the elements of the array.
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to prohibitively long acquisition times. Short TR gradient
echo imaging with a variable FA method provides a means
for rapid T1 mapping but is highly sensitive to RF inhomo-
geneity. Ropele et al. [29], previously showed that large
errors in T1 mapping arose from variations in the measured
FA caused by RF inhomogeneities or by nonideal slice pro-

files. By implementing the variable FA method, Wang et al.
found a 10% standard deviation for T1 = 1000 ms at 1.5 T
[13]. Mintzopoulos et al. [30], showed that errors in T1 of as
much as 17% were obtained at 3 T, and the data presented
above showed a 29% standard deviation for a phantom
containing milk (Fig. 6b). These results demonstrate that

Fig. 6. A flip angle map (a) at a nominal flip angle of 45!, and the corresponding T1 map before (b) and after (c) correction of RF non-uniformity based on
the flip angle map for the phantom containing milk with the variable FA method, and the T1 map measured by conventional inversion recovery (d).

Fig. 7. The in vivo measured FA map (row a), and T1 maps obtained using the variable flip angle approach before (row b), and after (row c), in vivo flip
angle mapping, calibration, and correction of the flip angle non-uniformity.

J. Wang et al. / Journal of Magnetic Resonance 182 (2006) 283–292 289

Wang et al 2006

B1 RF energy deposited in the brain

Receive coil profiles

improving image contrast compared with traditional im-
age acquisition methods.

METHODS

All imaging experiments for this study were performed
using a GE CV/i 1.5-T scanner with an eight-channel head
coil. Informed consent was obtained prior to scanning and
the study was performed with approval from the Ethics
Review Board at the University of Western Ontario.

To demonstrate the clinical utility of DESPOT1 and
DESPOT2, sagittally oriented whole-brain T1 and T2 maps
were acquired of six volunteers with the following imaging
parameters: DESPOT1: Matrix: 256 ! 256 ! 128, field of
view (FOV): 25 cm ! 25 cm, slab thickness (ST) of 13 cm,
flip angles (FA): 4° and 15°, repetition time (TR): 11.7 ms,
echo time (TE): 2.4 ms, bandwidth (BW): " 15.6 kHz and
imaging time for both flip angles (Timag): 12:46. DESPOT2:
Matrix: 256 ! 256 ! 128, FOV: 25 cm x 25 cm, ST #
13 cm, FA: 15° and 55°, TR: 3.7, TE: 1.8, BW: " 62.5.0 kHz
and Timag: 4:02. Combined imaging time for both maps was
therefore 16 min and 48 s.

To limit patient motion between acquisitions, head fix-
ation via a chinstrap in combination with foam padding
was used. To reduce artifacts associated with swallowing
and eye movement, the volunteers were asked to refrain

from swallowing and to keep their eyes closed during each
of the four scans.

In addition to these whole-brain maps, ultra-high-resolu-
tion DESPOT1 and DESPOT2 T1 and T2 maps were acquired
of the deep brain region (i.e., the thalamus, basal ganglia,
globus pallidus, and putamen). These structures are primary
targets for the surgical treatment for a variety of functional
disorders, and given their anatomic complexity, an isotropic
spatial resolution of better than 1 mm3 is desirable for imag-
ing these regions. To test the application of the DESPOT
methods in this area, axially oriented data were acquired of
one volunteer with 0.34-mm3 isotropic resolution with the
following parameters: DESPOT1: Matrix: 256 ! 256 ! 128,
FOV: 18 cm ! 18 cm, ST # 9 cm, FA: 5° and 15°, TR: 13.4 ms,
TE: 2.9 ms, BW: " 7.81 kHz and Timag: 14:44. DESPOT2:
Matrix: 256 ! 256 ! 128, FOV: 18 cm ! 18 cm, ST # 9 cm,
FA: 15° and 60°, TR: 5.6 ms, TE: 2.8 ms, BW: " 125.0 kHz
and Timag: 6:07. Ten T1 and T2 maps were acquired over a
period of 4 days and the calculated maps were subsequently
linearly coregistered (11) and averaged. Total time for the 10
T1 and T2 maps was approximately 3.5 h.

RESULTS

Figures 1 and 2 show representative sagittal and axial
slices through the whole-brain T1 and T2 maps of each of

FIG. 1. Representative sagittal slices (at approximately the same location) through the whole brain, 3D (a) T1 and (b) T2 map volumes for
each of the six volunteers.

FIG. 2. Representative axial slices (at approximately the same location) through the whole brain, 3D (a) T1 and (b) T2 map volumes for each
of the six volunteers.
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T1 map

T2 map

T1W T2W

From image weighting to quantitative map
Multi compartment relaxation

• Myelin water imaging - Laule et al

Axon

Myelin water 
between myelin layers

(very short T2)

Free water in plasma
(long T2)

TE



MT - Magnetization 
transfer

Resonance of water

Resonance of 
macromolecules

MT
Image

The MT-pulse is deposited in macromolecules and 
saturates the signal of proximal water

Diffusion

Stejskal and Tanner, J Chem Phys, 1964
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Diffusion - a sensitive marker of tissue 
density

Hahn, 1954 
Stejskal and Tanner, 1965 

le Bihan et al 1985 
Basser et al 1994

Free isotropic diffusion
(same in all directions)

DTI 
lower MD > dense tissue

high FA > aligned and tubular restrictions
direction reflect axonal direction

Hindered and restricted
anisotropic diffusion in WM

evaluated. This analysis was performed in one axial slice of the image
volume and the parameter maps were masked to remove interference
from irrelevant regions of the head. The strength of the association
was quantified by the coefficient of determination (r2, Pearson's linear
correlation coefficient squared).

The healthy volunteer group was investigated with respect to the
parameter distribution in the CC, CST, CR and THA. In order to elucidate
if the threeWM regions were different with respect to parameter mean
values, F-tests (one-way ANOVA, assuming independent samples) were
performed on the distributions of MD, FA, μFA, OP, Vi and Va in the CC,
CST and CR. The threshold for significance was set at α = 0.05/6
(Bonferroni correction for six tests).

The tumorswere comparedwith respect to their FA and μFA by plac-
ing ROIs in one axial slice through each tumor. The ROIs were defined
manually and the inclusion of WM, GM and CSF was avoided. Both tu-
mors were resected one day after the MRI procedure and histological
evaluation of the tumors was performed, in accordance with local clin-
ical routine. Each tumor specimen was fixed in 4% buffered formalde-
hyde solution, embedded in paraffin, and sectioned at 4 μm. The
sections were stained with hematoxylin–eosin in order to visualize
the tissue structure and cell morphology. Microscopy was performed
on an Olympus BX50. The cell shape and presence of tissue fascicles
was investigated qualitatively and compared to corresponding diffusion
parameters. Finally, structure tensor analysis (Peyré, 2011) was per-
formed on the microphotos to enhance the visibility of cell structure
orientations.

Simulation experiments

Simulation experiments were performed to investigate the qualita-
tive behavior of FA and μFA in scenarios where the underlying system
contained complex diffusion profiles. These scenarios were designed
to mimic a range of effects that may be found in experimental data.
The results were evaluated in terms of the value, effect size, effect direc-
tion, and accuracy of the FA and μFA.

The simulations included three types of model components (C) with
varying water fractions (f). The first component was designed to repre-
sent the anisotropic diffusion in WM (Ca). For simplicity, all anisotropic
domains were assumed to be axially symmetric and were described by
their radial (RDk) and axial diffusivity (ADk). These were set to ADk =
1.7 and RDk = 0.2 μm2/ms. The orientation dispersion was modeled
with the Watson distribution (Sra and Karp, 2013; Zhang et al., 2011)
where the concentration parameter (κ) is related to the order parame-
ter according to Eq. (11)

ð11Þ

where is the confluent hypergeometric function. The order parame-
ter could be varied to produce geometries between fully coherent

(OP= 1) and fully dispersed (OP= 0) orientations. The two remaining
environments were designed to represent diffusion in damaged neural
tissue (Ci) and CSF (CCSF). The diffusion in these environments was as-
sumed to be isotropic, with a domain mean diffusivity of MDk = 1.7
and 3.0 μm2/ms in Ci and CCSF, respectively.

DamagedWMwas simulated by gradually replacing Ca with Ci. This
was done in four geometries; thefirst three included one, two and three
coherent (OP = 1) and orthogonal Ca components, and the last
contained one Ca component with randomly oriented domains (OP =
0). The isotropic component replaced one anisotropic component
while the remaining anisotropic componentswere unaltered. For exam-
ple, in the case of two crossing fibers (Ca1 and Ca2), the damaged aniso-
tropic component Ca1, had a volume fraction fa1. Initially, fa1 made up
half the volume, but was gradually reduced to zero, and the fraction
lost in Ca1 was replaced by Ci, i.e., fa1= 1/2→ 0, and fi = 1/2− fa1. Dur-
ing this process the fraction of Ca2 was constant (fa2 = 1/2).

The response to increasing radial diffusivity, mimicking demyelin-
ation, was simulated in a coherent Ca component (OP = 1), where the
radial diffusivity was increased from its starting value until it exhibited
no anisotropy (RDk = 0.2→ 1.7 μm2/ms). Effects of orientation disper-
sion were investigated using a single Ca component with variable
amount of dispersion, from dispersed to coherent (OP=0→ 1). The ef-
fect of the crossing angle between two coherent Ca components was
simulated by varying the angle from a parallel to a perpendicular geom-
etry (φ=0→ 90°). Finally, the effects of CSF contamination were sim-
ulated by gradually replacing a coherent Ca component (OP = 1) with
CCSF (fa = 1 → 0, and fCSF = 1 − fa). In all cases, the effects of noise
were simulated for five equidistant points along each process by adding
Rice-distributed noise to the signal (Sijbers and den Dekker, 2004). The
signalwas generated in accordancewith the imaging protocol, i.e., using
the same b-values, number of directions and parameterization, at a S0
signal-to-noise ratio (SNR) of 20. The model was regressed onto 1000
realizations of the noisy signal to render a reliable median and inter-
quartile range of the parameters.

Results

In vivo experiments

Maps of FA, μFA andOP for one healthy volunteer are shown in Fig. 4.
As expected, the μFA is high in regions comprised of WM and lower in
GM. Most notably, the FA and μFA maps differ in regions where a high
orientation dispersion is expected, for example, in crossing WM and
the interface between WM pathways, in accordance with Lawrenz and
Finsterbusch (2014). Another prominent difference can be seen in the
GM where FA is close to zero, whereas μFA indicates that the GM con-
tains detectablemicroscopic anisotropy. Fig. 5 shows the parameter dis-
tribution in the CC, CST, CR, THA and CSF, and the powder averaged
signal originating from a single voxel in each region. As expected for
WM tissue, the departure from monoexponential attenuation was

Fig. 4. T1W, μFA, FA and OP maps from one healthy volunteer. The μFA is similar to the FA map in that it highlights the WM of the brain, but does so regardless of the local orientation
dispersion. The μFA exhibits high values in areaswhere FA values are low due to crossing, bending and fanning fibers. Thus, the μFAmap exhibits strong resemblance to theWMmorphol-
ogy in the T1W image, although the latter is not quantitative. The GM is visible in the μFA-map at a slightly lower intensity, indicating that the microscopic anisotropy is lower in GM as
compared to WM. The OP displays similar contrast to the FA, in regions of WM.
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Diffusion - versatile but unspecific

Ultra-high field

7T Scanner at DRCMR

Why 7T

•More signal 
•Different relaxation properties 
•Higher spectral resolution

Rooney et al, 2007, MRM



T1W images with the same acquisition time
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0.5 Tesla 1.5 Tesla 

3.0 Tesla 7.0 Tesla 

Courtesy: Fredy Visser, UMC Utrecht 

High resolution at 7T
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was averaged over 7 slices (MPR slice thickness of 7×0.3=
2.1 mm). To correct for motion that might have occurred
between the sequences, we registered the 3D FLAIR images
to the first echo of the T2*-weighted MPR using FLIRT (part
of FMRIB Software Library, version 4.19; available at
fsl.fmri.ox.ac.uk), with six degrees of freedom and a mutual
information cost function. FLAIR data were resampled to
match the T2* data space. At this point, all images were
visually inspected to check for correctness of the registration.
The last step included voxelwisemultiplication of the registered
FLAIR with the MinIP images, yielding a final 7-T FLAIR*
data set with a voxel size of 0.4×0.4×2.1 mm3 (Fig. 1).

Image analysis

Image analysis was performed by two raters (IDK, 3 years of
experience in image reading and ALS, neuroradiologist 8 years
of experience). Images were read in consensus, using MIPAV
software (Medical Image Processing, Analysis & Visualization,
National Institutes of Health; mipav.cit.nih.gov). Readers were
blinded to (para)clinical information on the subjects, andMS and
vascular patients were randomly presented. Three sequences

were evaluated side-by-side per subject: registered axial
FLAIR, T2*W MinIP and FLAIR*.

Lesions were counted on FLAIR* images, according to the
following lesion types: periventricular (PV), deep white matter
(DWM), juxtacortical (JC), mixed grey and white matter (MIX)
and purely intracortical (IC) lesions. A lesion was defined as
having high signal intensity on FLAIR*with aminimal diameter
of at least 5mm. For every lesion, the presence of a central vessel
(CV) was analysed. We applied the following definition for a
CV: (1) continuous hypointense line on FLAIR* and T2*W
MinIP, (2) orientated along the long axis of the lesion, (3)
traverses more than 50 % of the lesion, (4) located in the centre,
i.e. the lesion is symmetrically present at both sides of the vessel.
Typical examples of CV in MS patients are shown in Fig. 2.

Furthermore, the signal intensity of lesions was analysed
for all three sequences. Most commonly, MS and vascular
lesions are hyperintense on FLAIR, isointense/ hyperintense
on T2*WMinIP and hyperintense on FLAIR*. In accordance
with preceding research [22, 23], we determined whether
lesions were hypointense on T2*W MinIP. The presence of
a hypointense rim around an MS lesion was also scored on
FLAIR* and T2*W MinIP images.

Table 1 Sequence parameters of
MS and vascular 7-TMRI cohorts

MS multiple sclerosis, FLAIR
fluid attenuated inversion recov-
ery, TE echo time, TR repetition
time, TI inversion time, AP ante-
rior posterior, RL right left

MS Vascular

3D-FLAIR Dual-echo T2* 3D-FLAIR Dual-echo T2*

TE (1/2) (ms) 300 2.5/15 294 2.5/15

TR (ms) 8000 20 8000 20

TI (ms) 2325 – 2250 –

Flip angle (°) 100 20 100 20

Acq. resolution (mm3) 0.8×0.8×0.8 0.39×0.45×0.6 1.0×1.0×1.1 0.35×0.4×0.6

Sensitivity encoding 2.5×2.5 (AP×RL) 2.5 (RL) 2.5×2.8 (AP×RL) 2.5 (RL)

Acquisition time (min:s) 13:06 8:50 8:00 8:50

Fig. 1 a Axial FLAIR and b axial T2* MinIP images combined into c axial FLAIR* images at 7-T MRI, in an MS patient

Eur Radiol (2014) 24:841–849 843

Statistical analysis

Statistical analysis was performed using SPSS, version 20.0
(SPSS, IBM, Chicago, IL, USA). Age-matching of groups was
tested by Mann–Whitney U test. Differences between MS and
vascular lesions concerning lesion distribution and concerning
the presence of a CV were tested using Fisher’s exact tests. P
values less than 0.05 were considered statistically significant.
As the study was explorative in design and investigated a small
sample size, we did not adjust results for multiple testing.

Sensitivity and specificity of 7-T FLAIR* to distinguish MS
from vascular lesions were calculated for each brain region: first,
for lesion detection alone, and second, for lesion detection in
combination with a CV. Number of lesions and percentage CV
were set against established cut-off points, and patients were
subsequently defined as true positive (TP, met cut-off value,
diagnosed with MS), true negative (TN, did not meet cut-off
value, diagnosed with vascular disease), false positive (FP, did
not meet cut-off value, diagnosed with MS) or false negative
(FN, met cut-off value, diagnosed with vascular disease). Cut-off
values were determined using receiver operating curves (ROC,
not shown) with area under the curve (AUC). In some cases,
optimisation by calculating diagnostic odds ratios (DOR) was
impossible because of specificity values of 100 % leading to
infinite DOR. Therefore, Youden’s index was used to choose
optimal cut-off values, as calculated by deducting 1 from the
test’s sensitivity and specificity: sensitivity + sensitivity–1 [24].
Sensitivity was defined as TP/(TP + FN) and specificity as TN/
(TN + FP).

Results

Lesion count and distribution

All MS patients had lesions on 7-T FLAIR*. In total, 433
brain lesions were detected, of which 29%were located in the
PV region, 38 % in the DWM, 21 % were JC, 11 % MIX and
1% IC lesions. In the vascular group, 10 out of 16 patients had

brain lesions. In total 86 lesions were detected, of which 12 %
were located in the PV region, 71 % being DWM, 15 % JC
and 2 % MIX lesions. No purely IC lesions were found in the
vascular group. Demographic data, lesion counts and data on
the presence of a CV for all patients are presented in Table 2.

Regional lesion count in relation to total lesion count was
significantly higher in MS patients for PVand JC regions (P <
0.001 and P <0.05). More detailed information regarding
lesion distribution is displayed in Table 3.

Lesion morphology

The perivascular orientation of lesions differed between MS
and vascular lesions. In MS patients, a significantly higher
percentage of lesions contained a CV: 74 % in the MS group
versus 47 % in the vascular group (P <0.001; Fig. 3).
Regarding lesion type, the difference in the presence of a
CV was most marked for DWM lesions: 81 % of MS versus
44 % of vascular lesions in DWM had a perivascular orienta-
tion (P <0.001). Details on the presence of a CV in brain
lesions for both groups are displayed in Table 3. Specificity
of MS lesion detection increased from 63 % based on
lesion number (cut-off≥3) alone, to 88 % in combina-
tion with presence of a CV in 52 % of the lesions or
more. Particularly for DWM lesions an increase in
specificity was seen from 69 % (lesion number alone)
to 94 % (in combination with CV). Sensitivity and
specificity calculations (including confidence intervals)
per lesion type are displayed in Table 4.

A hypointense rim was seen in 10 MS lesions (2.3 %) in 4
MS patients, whereas none of the vascular lesions/patients
showed a hypointense rim on 7-T FLAIR*. Regarding the
signal intensity of the lesions, in 6 MS patients 24 lesions
(5.5 %) were hypointense on T2*WMinIP. On FLAIR* these
lesions appear hyperintense because of the superimposed
hyperintensity from FLAIR. Examples of these distinct mor-
phology features of MS lesions are depicted in Fig. 4
(hypointense rim) and Fig. 5 (hypointense lesion).

Fig. 2 Axial 7-T FLAIR* images of MS patients showing MS lesions with central vessel
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Kilsdonk et al 2014

Functional MRI t2*
• BOLD (blood oxygenation level 

dependent contrast) utilise the 
different magnetic properties of 
haemoglobin in oxygenated and 
deoxygenated.


• Fast imaging is done during 
different tasks and regions with 
activation is detected through 
statistical analysis.


• t2* effects are enhanced at higher 
fields.

Courtesy:  Hans Hoogduin

Courtesy:  Hans Hoogduin

Lundell/DRCMR

Magnetic resonance spectroscopy - MRS



Frequency of the MR signal

Water

Metabolites

Difference in height:  
10 000:1

SNR and spectral resolution

Gruetter et al MRM

Combining diffusion and 1H-MRS - DWS

+ Specific to cell types, infer cell specific morphologies
+ Specific to intra-intracellular space in contrast to water DWI

b = 22 000 s/mm2

b = 300 s/mm2

b = 1400 s/mm2

b = 5500 s/mm2

b = 12000 s/mm2

tNAA
tCr

tCho

Glu

+ Separate multiple components of a metabolite

Henrik Lundell

7T Data: Lundell/DRCMR

The other end - ultra low field ~50 µT

Stepisnik et al 1990

Pear and apple imaged while growing in nature



Contra trend - ultra low field
• Low cost


• Safer


• Potentially very different acquisition techniques, hardware design and 
contrasts possible

Arnold et al 2023

Today’s Intended Learning Objectives
• Identify main hardware components of an MRI scanner and their role (B0-field, RF Transmit(B1)/Recieve coils, 

Gradient coils).


• Describe the basic properties of nuclear spins in a magnetic field (B0-field).


• Describe the interaction between radio waves (RF, B1-field) and an ensemble of nuclear spins.


• Distinguish between longitudinal (T1) and transverse (T2,T2’,T2*) relaxation processes and how it relates to the 
MR-signal.


• Explain strategies for providing signals that are T1- or T2-weighted.


• Understand the role of the gradient system and how it relates to slice selection, frequency and phase encoding.


• Explain dephasing mechanisms resulting in the T2* relaxation and how the T2 relaxation is isolated with the spin 
echo effect.


• Explain strategies for collecting k-space data and how to reconstruct the image from it.

MRI Teaching material

• Lecture notes by Lars G. Hanson (47 pages) available in English and 
Danish. (Links in course plan).


• Chapter 12 and 13 in Prince and Links.


• Matlab exercise on November 27  (Links in course plan)


• Youtube videos on https://www.drcmr.dk/education-material

Simulators 
Lars Hanson

• Go to https://www.drcmr.dk/CompassMR/ on laptop or 
phone


• Go to https://www.drcmr.dk/BlochSimulator/ (best on 
laptop)
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