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1930	–	Isidor	Rabi	

Resonance	method	for	recording	
the	magneAc	properAes	of	atomic	
nuclei.	
	

Nobel	Prize	1944	
Physics	

T.	Geva,	J	Cardiovasc	Magn	Reson	(2006)			



T.	Geva,	J	Cardiovasc	Magn	Reson	(2006)		

Certain	nuclei	in	a	magneAc	field	absorbed	energy	and	
re-emiVed	 this	 energy	 when	 they	 returned	 to	 their	
original	state.		

Nobel	Prize	1952	
Physics			

F	Bloch	 EM	Purcell	

1946	-	Felix	Bloch	and	Edward	M.	Purcell		



1974	–	Paul	Lauterbur	and	Peter	Mansfield	

T.	Geva,	J	Cardiovasc	Magn	Reson	(2006)			

Nobel	Prize	2003	
Medicine			

MagneAc	 field	 gradients	 can	 be	 used	 for	 spaAal	
localizaAon	of	NMR	signals	(2D	NMR)	

back-projecAon	approach	&	slice	selecAon	
	

Lauterbur		 Mansfield		



1975	–	Richard	Ernst 			

Two-dimensional	Fourier	Transform	
(2D-FT)	to	reconstruct	2D	images,	
i.e.	2D	spaAal	encoding.	

T.	Geva,	J	Cardiovasc	Magn	Reson	(2006)			

Nobel	Prize	1991	
Chemistry	





Basic	Principles	–	Nuclear	spins	

!
µ = γ

!
S

!
M = 0

hVps://www.imaios.com/en/e-Courses/e-MRI/NMR/nuclear-spin	



!
B0

Basic	Principles	–	Static	magnetic	field	

hVps://www.imaios.com/en/e-Courses/e-MRI/NMR/nuclear-spin	



Basic	Principles	–	Nuclear	magnetization	

!
M =

!
µi∑

!
ωL = γ ·

!
B0

hVps://www.imaios.com/en/e-Courses/e-MRI/NMR/nuclear-spin	



Basic	Principles	–	RF	magnetic	field	
!
B1 oscillaAng	with	ω=ωL	for	τ	seconds	

hVps://www.youtube.com/watch?v=sWP6IcmUDZs	



Basic	Principles	–	RF	magnetic	field	
!
B1 oscillaAng	with	ω=ωL	for	τ	seconds	

hVp://users.fmrib.ox.ac.uk/~michielk/phdthesis.html	

θ =ω1τ = γB1τ
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Time	evolution		and	Relaxation	
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Bloch	equa+ons	

T1	spin-la/ce	relaxa4on:		
longitudinal	magneAzaAon	(z)	

recovery		

T2	spin-spin	relaxa4on:	
transverse	magneAzaAon	

(xy)	decay		



From	signal	to	image	

FT	

ω = γ ·B0



From	signal	to	image	–	Spatial	localization	

FT	

ω = γ (B0 +ΔB)

ω = γ (B0 −ΔB)



2D-FT 
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From	signal	to	image	

Courtesy	of	Claudia	Wheeler-KingshoV	



Why	is	it	widely	used	in	medicine?	



What	makes	MRI	so	powerful	is	…	
Really	exquisite	soh	Assue,	and	anatomic,	detail	

	
Doesn't	use	ionizing	radiaAon		

(opposite	to	X-ray,	CT)	
	

No	adverse	effects	have	been	demonstrated	
	
	

Any	kind	of	magneAc	metal	implant	poses	a	hazard	
	

	



Elements	abundance	in	vivo		

Nucleus	Net	Spin	 γ (MHz/T)	 Natural	
abundance	(%)	

1H	 1/2	 42.58	 99.98	
31P	 1/2	 17.25	 100	
23-31Na	 3/2	 11.27	 100	
14N	 1	 3.08	 99.60	
13C	 1/2	 10.71	 1.11	
19-23F	 1/2	 40.08	 100	

Mass	
composiAon	



Elements	abundance	in	vivo		

Nucleus	Net	Spin	 γ (MHz/T)	 Natural	
abundance	(%)	

1H	 1/2	 42.58	 99.98	
31P	 1/2	 17.25	 100	
23-31Na	 3/2	 11.27	 100	
14N	 1	 3.08	 99.60	
13C	 1/2	 10.71	 1.11	
19-23F	 1/2	 40.08	 100	

Hydrogen	is	used	typically	in	in	
vivo	experiments.	

Mass	
composiAon	



Train of radiofrequency pulses 
 

Fundamental parameters are 
 TR = Repetition time & TE = Echo time 

	

1.4. Basic Pulse Sequences

nuclear magnetization. Consequently, the spins are refocused and, after the
time TE = 2⌦ from the initial pulse, the magnetization is fully recovered, de-
spite being reduced by a factor exp(�2⌦/T2) due only to the intrinsic spin-spin
interactions. It is important to note that data at only a single phase-encoding
step are acquired in this type of SE sequence. Therefore to acquire the image
of the entire sample it is necessary to apply iteratively aforementioned com-
bination of pulses several times. The time interval between each repetition is
referred to as the Repetition Time (TR) of the sequence.

Figure 1.5: Sketch of a pulse sequence for a single-echo rf Spin-Echo.

A popular variance of the conventional SE pulse sequences described above
is the SE Inversion Recovery (IR). As in the former case, this sequence is used
to produce T1-, T2- and PD-weighted images, carefully tuning the timing of
the inversion pulse with the purpose of either suppressing the signal from a
specific tissue, or enhancing the contrast between two or more tissues. The first
most popular application of the SE-IR is represented by the FLuid Attenuation
Inversion Recovery (FLAIR). In this case the IR pulse is timed to achieve a
cancellation of the signal from the cerebrospinal fluid, allowing a more accu-
rate delineation of the edges of T2 hyperintense lesions in the periventricular
region. Another, more recent, application of the SE-IR sequence is associated
to the growing di⇤usion of high field magnets. The addition of one, or less com-
monly two or more, IR pulses allows to compensate the loss of signal which
arises from the prolongation of the T1 relaxation time of living tissues at higher
fields. IR sequence, in general, is constituted by a ⌥ inversion pulse followed
by the conventional SE sequence of pulses described above. The time delay
between the first ⌥ pulse and the following SE ⌥/2 pulse is called Inversion
Time (TI) (see Figure 1.6). The initial ⌥ pulse flips the longitudinal magne-
tization from the +z axis to the -z axis. The inverted magnetization relaxes
towards equilibrium during the time TI, but tissues with di⇤erent T1 recover
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MRI	acquisition	–	Sequences	



MRI	acquisition	–	Slice	orientation	



Nervous	system	

GM	

WM	



Nervous	system	

GM	
WM	



Nervous	system	

GM	
WM	



What	information	can	we	infer	with	MRI?	



What	information	can	we	infer	with	MRI?	

Structural	imaging	
	
FLAIR																				T1	gad	

QuanAtaAve	imaging	

“Physiological”	imaging	

fMRI	 Perfusion	(PWI)	

Spectroscopy	(MRs)	

White	maVer	fibres	
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MRI	acquisition	–	Image	contrast	
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MRI	acquisition	–	Image	contrast	

Inversion	Recovery	
Short	TR	and	TE:	T1-weighted	images	(T1W)	
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MRI	acquisition	–	Image	contrast	

Spin	Echo	
Long	TR	and	TE:	T2-weighted	images	(T2W)	
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MRI	acquisition	–	Image	contrast	

Spin	Echo	
Long	TR	and	short	TE:	PD-weighted	images	(PDW)	



Metabolites	quanAficaAon	



Chemical	environment	

1-D	Fourier	transform	of	the	NMR	signal	
	

Chemical	Shih:	
Each	peak	corresponds	to	a	metabolite	

	
Metabolite	concentraAon	=	peak	area	







Brain	metabolites	

Choline	(Cho)	–	3.22	ppm	
Cellular	turnover	

CreaAne	(Cr)	–	3.02	ppm	
Energy	reserve	(stable)	

N-Acetylaspartate	(NAA)	–	2.02	ppm		
Neuronal	concentraAon	

Myo-Inositol	(M-Ins)	–	3.65	ppm	
Osmoregulator		

Glutamate	(Glx)	-2.20	ppm	
Neural	acAvity	



Structural	Imaging	



Diffusion	–	Brownian	motion	

Alexander	Leemans	(Alexander@isi.uu.nl)		

Isotropic 	 	 							Anisotropic	



Why	“diffusion”	help	us?	

Slide	modified	from:	Karla	Miller,	FMRIB.	hVp://www2.fmrib.ox.ac.uk/Members/
karla/lectures-and-teaching-material#animaAons	

The	in	vivo	sample	is	an	anisotropic	system	

	
	
	
	

→Diffusion	gives	indirect	informaAon	about	the	
underlying	structure.		



Why	“diffusion”	help	us?	

x -d i recAon :	 R - L	 y -d i recAon:	 A -P	



Why	“diffusion”	help	us?	

x -d i recAon :	 R - L	 y -d i recAon:	 A -P	
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hVp://mri-q.com/diffusion-tensor.html	

Eigen-system	and	Diffusion	Tensor	
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Eigenvalues	

hVp://mri-q.com/diffusion-tensor.html	

Eigen-system	and	Diffusion	Tensor	
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hVp://mri-q.com/diffusion-tensor.html	

Eigen-system	and	Diffusion	Tensor	

Eigenvectors	



Measure	intrinsic	properAes		
of	Assues	and		

characterize	their	microstructure		

Fractional	Anisotropy	and	Mean	Diffusivity	



Fractional	Anisotropy	and	Mean	Diffusivity	
Degree	of	anisotropy	for	each	

voxel	
Mean	diffusivity	for	each	

voxel	



Directions	information	

L											R	

A	
	
P	

F-H	
x 

color	



Diffusion	tractography	

Alexander	Leemans	(Alexander@isi.uu.nl)		

“connecAng	neighbouring	ellipsoids”	



“connecAng	neighbouring	ellipsoids”	
Alexander	Leemans	(Alexander@isi.uu.nl)		
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Alexander	Leemans	(Alexander@isi.uu.nl)		

“connecAng	neighbouring	ellipsoids”	

Diffusion	tractography	



Diffusion	tractography	



Physiological	Imaging	
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Vascular	Response	to	Activation	

Karla	Miller,	FMRIB.	hVp://www2.fmrib.ox.ac.uk/Members/karla/
lectures-and-teaching-material#animaAons	
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Vascular	Response	to	Activation	

Karla	Miller,	FMRIB.	hVp://www2.fmrib.ox.ac.uk/Members/karla/
lectures-and-teaching-material#animaAons	
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Vascular	Response	to	Activation	

Karla	Miller,	FMRIB.	hVp://www2.fmrib.ox.ac.uk/Members/karla/
lectures-and-teaching-material#animaAons	
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Vascular	Response	to	Activation	

Karla	Miller,	FMRIB.	hVp://www2.fmrib.ox.ac.uk/Members/karla/
lectures-and-teaching-material#animaAons	
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BOLD	Contrast	

Karla	Miller,	FMRIB.	hVp://www2.fmrib.ox.ac.uk/Members/karla/lectures-and-teaching-material#animaAons	

Signal	increases	during	acAvaAon	(less	decay)	
1–5%	signal	change	

	

[dHb]	

[dHb]	



Functional	MRI	(fMRI)	

BOLD	signal	
Measures	acAvity	of	neurons			

indirectly	
	



Task-related	fMRI	–	Visual	task	



Networks	found	by	correlaAon	analysis	of	signal	variaAon	at	low	
frequencies	(0.01	–	0.05	Hz).	

Resting	state	fMRI	

Courtesy	of	Gloria	Castellazzi	



What	can	we	known	about	anatomy	and	
diseases?	





Cerebellar	Spectroscopy	–	WM	brain		
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Signal     Conc (au)       %SD   SD (au)        
----------------------------------------
-CrCH2         0.000      >999     0.439
Ala            0.000      >999     0.257
Asp             3.38      44.1      1.49
Cr              1.68      48.3     0.813
GABA            2.00      118.      2.37
GPC             3.07      20.9     0.644
Glc            0.000      >999     0.415
Gln            0.000      >999     0.584
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Ins             3.62      17.8     0.646
Lac            0.000      >999     0.276
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MM09            5.39      434.      23.4
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NAA             11.7      9.91      1.16
NAAG            2.42      38.9     0.943
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Glx             6.14      19.3      1.19
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TLM13           9.50      146.      13.9
TLM20           9.70      47.3      4.59
----------------------------------------
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Metab FWHM (PPM) = 0.0286 : PASS (good)
SNR              = 20.3   : PASS (good)
Overall QC                : PASS
----------------------------------------
DIAGNOSTICS
SNR max           = 25.3
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Water FWHM (PPM)  = NA
Init beta         = 110.
Final beta        = 27.7
Final beta (PPM)  = 0.0227
Start point       = 12
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TARQUIN version 4.3.7

Chemical Shift (ppm)

lun feb 29 18:52:22 2016

TNAA 14.1 ± 1.21
Tcho 4.09 ± 0.23
TCr 10.4 ± 0.54
Glx 6.14 ± 1.19
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----------------------------------------
-CrCH2         0.000      >999     0.701
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Lac             1.83      612.      11.2
Lip09           1.66      526.      8.73
Lip13a          1.50      >999 1.23e+003
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TLM13           9.12      284.      25.9
TLM20           17.3      43.2      7.45
----------------------------------------
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----------------------------------------
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SNR max           = 18.5
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Water FWHM (PPM)  = NA
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Final beta (PPM)  = 0.0506
Start point       = 12
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TARQUIN version 4.3.7

Chemical Shift (ppm)

mer feb 24 12:25:22 2016

Cerebellar	Spectroscopy	–	GM	cerebellum	
TNAA 12.4 ± 2.71
Tcho 3.30 ± 0.53
TCr 15.1 ± 1.90
Glx 10.9 ± 2.68



Diffusion	Tensor	 Constrained	Spherical	
DeconvoluAon	

Cerebro-cerebellar	loop	–	Tractography		



Cerebro-cerebellar	loop	

Palesi	et	al.	(2014)	&	De	Rinaldis	et	al.,	submiVed	



Cerebro-cerebellar	loop	

De	Rinaldis	et	al.,	submiVed	





Alzhemeir’s	disease	&	mild	cognitive	impairment	–	
FA	reduction	

AD	<	HC	

cMCI	<	ncMCI	

Courtesy	of	LeAzia	Casiraghi	



Alzhemeir’s	disease	&	mild	cognitive	impairment	–	
functional	connectivity	alterations	

Castellazzi	et	al.	(2014)	



Over	structure	and	function	of	the	brain	
Combined	MRI	modaliAes	to	assess		
structure/funcAon	relaAonship	

Nodes	-	fMRI	

Edges	-	DTI	

BrainNet	Viewer,	hVp://www.nitrc.org/projects/bnv/	



Workflow	



Workflow	



Alzheimer’s	disease	&	Vascular	dementia	



Dataset	
QuanAtaAve	 indices	 from	
clinical	tests	and	MRI	

Beyond	groups	–	Single	subject	classification	



Feature	SelecAon	
•  Kruskal-Wallis	test	
•  RelieF	algorithm	

Beyond	groups	–	Single	subject	classification	



ClassificaAon	
•  Support	Vector	Machine	(SVM)	
•  RBF	kernel	(C=1.0,	v=0.5)	
•  SVM	Training			

Beyond	groups	–	Single	subject	classification	



ValidaAon		
•  SVM	test	

Beyond	groups	–	Single	subject	classification	



1 32

Best	features	
Pool	 of	 the	 most	 informaAve	
features	 to	 d i sc r iminate	
between	 two	 groups	 with	 the	
highest	accuracy	(ACC)		

Beyond	groups	–	Single	subject	classification	



Conversion	to	AD	is	predicted		

with	an	accuracy	of	77%		

using	mulA-modality	(rs-fMRI	+	DTI	+	NPS	+	sMRI)	

Converter		MCI	vs	non	converter	MCI	

Courtesy	of	LeAzia	Casiraghi	




