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3D zobrazováńı
(3D/Volume Imaging)

• Sńımáme objem (mnoho řez̊u) ḿısto jednoho řezu

• Časový diagram
• Všechny řezy excitovány (∼ 10 cm)
• Dva fázové gradienty, všechny možné kombinace
• Čas sńımáńı = TRNφ1Nφ2
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(3D/Volume Imaging)
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Rychlé zobrazováńı
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Kontrastńı látky
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Fractional Nex Imaging
(Částečné sńımáńı k-prostoru)

• Obraz v k-prostoru je FT objektu

• Objekt je reálný −→ symetrie F ∗(k) = F (−k)

• Stač́ı sńımat polovinu k-prostoru

• V praxi NexN krok̊u z N, 0.5 < Nex ≤ 1

• Př́ıklad: ḿısto −128 . . . 128 sńımáme −8 . . . 128.

• Oblast okolo počátku (ńızké frekvence) důležitá pro globálńı
tvar

• Nevýhoda −→ menš́ı SNR



Fractional Echo Imaging
(Částečné sńımáńı echa)

• Reálný obraz −→ echo signál je symetrický (v čase)

• −→ stač́ı sńımat jen polovinu

• −→ kraťśı TE , silněǰśı signál, kraťśı čas sńımáńı



Fast Spin-Echo
(Rychlé/několikanásobné echo)

• Rozděĺıme k-prostor

• Jedna 90◦ excitace, několik refokusačńıch 180◦ puls̊u

• Několikanásobné zrychleńı sńımáńı

• Signál pozděǰśıch ech (okraje k-prostoru) je slabš́ı
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• Signál pozděǰśıch ech (okraje k-prostoru) je slabš́ı
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Echo planar imaging (EPI)
(echoplanárńı zobrazováńı)

• Velmi rychlá metoda (20 ∼ 100 ms/̌rez)

• Celý k-prostor p̌ri jedné excitaci

• Nejčastěǰśı použit́ı pro fMRI (funkcionálńı MRI)



k-prostor (p̌ripomenut́ı)

Demodulovaný signál

s(t) ∝ e−2πjγ(Gφτφy + Gf tx)

Substituce

kx = γGf t ky = γGφτφ

s(t) ∝ e−2πj(kxx + kyy)



k-prostor, signál z řezu

Demodulovaný signál z jednoho bodu:

s(kx , ky ) ∝ e−2πj(kxx+kyy)

Signál z celého řezu:

s(kx , ky ) ∝
∫

(x ,y)∈řez
ρ(x , y)e−2πj(kxx+kyy) dxdy

kde ρ(x , y) je hustota spinů.

→ Přij́ımaný signál je 2D Fourierovou transformaćı ρ



Sńımáńı k-prostoru

Sńımáńı k-prostoru po řádćıch.
Každý řádek jedna excitace

Trajektorie je určená časovým pr̊uběhem gradient̊u.



k-prostor (zevšeobecněńı)

Demodulovaný signál

s(t) ∝ e
−2πjγ

∫
Gy (t)y + Gx(t)x dt

Substituce

kx(t) = γ

∫
Gx(t) dt ky (t) = γ

∫
Gy (t) dt

s(t) ∝ e−2πj
(
kx(t)x + ky (t)y

)



k-prostor, signál z řezu (zevšeobecněńı)

Demodulovaný signál z jednoho bodu:

s(t) ∝ e−2πj(kx (t)x+ky (t)y)

Signál z celého řezu:

s
(
kx(t), ky (t)

)
∝
∫

(x ,y)∈řez
ρ(x , y)e−2πj(kx (t)x+ky (t)y) dxdy

kde ρ(x , y) je hustota spinů.

→ Vzorkujeme F
{
ρ
}

po dráze
(
kx(t), ky (t)

)



Echo Planar Imaging
sekvence

• Počátečńı Gf , Gφ −→ počátek k-prostoru

• Daľśı Gf , Gφ −→ procházeńı k-prostoru
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Detail časového diagramu



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
Trajektorie v k-prostoru



Echo Planar Imaging
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Echo Planar Imaging
Trajektorie v k-prostoru

Jiné trajektorie jsou možné (spirálńı)
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Parallel MRI Reconstruction
using B-spline Approximation

Jan Petr1, Jan Kybic1, Sven Müller2, Michael Bock2, Václav Hlaváč1

1Center for Machine Perception
Department of Cybernetics,

Faculty Electrical Engineering
Czech Technical University, Prague

http://cmp.felk.cvut.cz/˜petrj5

2Interventional Methods
Division of Medical Physics in Radiology

German Cancer Research Center, Heidelberg



Parallel Imaging - Aliasing

Full resolution

S(x,y) x,y=1...Nx,Ny

Reduction 2 Reduction 4

SA
l =

M−1∑
m=0

S(x,y+m∆) y=1...∆, ∆=
Ny
M

� Goal of the parallel MRI - increase the speed of the acquisition.

� Fraction 1
M

lines in k-space is acquired with preserved resolution:

• the acquisition is M times faster,

• it causes an aliasing in y coordinate only.

1 2

3 4

5 6

7 8

9 10

11 12

13 14

15 16

17 18

19 20

21 22

23 24
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Parallel Imaging - Multiple coils

Large coil Small coil 1 Small coil 2

� Standard MRI - a large receiver coil with homogeneous sensitivity.

� Parallel MRI

• L smaller coils with spatial sensitivity Cl(x,y),

• receive signal in parallel,

• varying spatial sensitivity,

• L = 1 . . . L Sl(x,y) = S(x,y)Cl(x,y) x,y=1...Nx,Ny

1 2

3 4

5 6

7 8

9 10

11 12

13 14

15 16

17 18

19 20

21 22

23 24

25



SENSE reconstruction

� Find a linear operator R

• Ŝ = R[S]

• Direct solution = large matrix inversion.

� SENSE – estimating operator R pixelwise R(x,y) = C−1
(x,y).

� Estimate the sensitivity coefficients from images without aliasing:

• Cl(x,y) = S(x,y)/Sl(x,y),

• filtering.

� Transformation from original image to the aliased image in the small coil:

•




SA
1 (x,y)

· · ·
SA

L (x,y)


 =




C1(x,y) . . . C1(x,y+(M−1)∆)

· . . . ·
CL(x,y) . . . CL(x,y+(M−1)∆)


 ·




Ŝ(x,y)

·
Ŝ(x,y+(M−1)∆)


,

• it is solved for each point independently using a pseudo-inversion.
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Parallel MRI reconstruction using B-splines

� Disadvantages of SENSE:

• smoothing and extrapolating of sensitivity maps, ad-hoc thresholds,

• in each point independently,

• large number of unknowns.

� Proposed method (PBS):

• sensitivity and aliasing are linear transformations ⇔ reconstruction
transformation is chosen to be linear,

• sensitivity is smooth and changing slowly ⇔ the same should be valid for
reconstruction operator.

• Direct estimation of the reconstruction coefficients R approximated by
B-splines. Minimize the reconstruction error e = ‖S − R[Sl]‖2.
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PBS - Reconstruction

PSfrag replacements SA

l

Sl(y) + Sl(y+∆) αl0(y)

αl1(y)

Ŝ(y)

Ŝ(y+∆)

� Reconstruction is a pixel-wise linear combination.

� The reconstruction is computed for every aliased part independently.

� Ŝ(x,y+m∆) =
∑L

l=1 αlm(x,y)SA
l (x,y) y=1...∆

=
∑L

l=1 αlm(x,y)

M−1∑
m′=0

Sl(x,y+m′∆)
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PBS - Estimation

PSfrag replacements

Sl(y)

Sl(y+∆)

Ŝ(y)

Ŝ(y+∆)αl0(y)

αl0(y)

αl1(y)

αl1(y)

� Ŝ(x,y) should depend only on values Sl(x,y) and not on values Sl(x,y+m∆) for m6=0

- the orthogonality condition is set for the reconstruction coefficients

L∑

l=1

αlm(x,y)Sl(x,y+m′∆) =

{
S(x,y+m∆) for m=m′

0 for m 6=m′

� Without these condition, the estimated parameters does not reflect the coil
configuration.
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B-spline approximation

β0 β1 β2 β3

� The smoothness of the reconstruction coefficients is expected =⇒ approximation
by B-splines.

� B-spline βp is a p-fold convolution of a box function.

� B-splines - good approximation capabilities and compact support.

� αlm(x,y) =
Ni∑
i=1

Nj∑
j=1

gmijlβ
p
( y
hy

−i)βp
( y
hx

−j)

� Notation - βI(X) = βp
( y
hy

−i)βp
( y
hx

−j) X=(x,y), I=(i,j)

� Good approximation is made by B-splines of order 2 and 3

� Usually 4x4 to 10x10 B-splines are used
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Reconstruction error

� em =
∑
X

∥∥∥∥∥
∑
l,I

(gmIl βI(X) Sl(X+m∆)) − S(X+m∆)

∥∥∥∥∥

2

+
∑

m′ 6=m

∑
X

∥∥∥∥∥
∑
l,I

gmIl βI(X) Sl(X+m′∆)

∥∥∥∥∥

2

� The derivative with respect to g∗
mIl is computed for each m, I, l and set to zero.

� It leads to a set of M ·Ni ·Nj · L equations with the same number of unknowns.

� ∀m=0...M−1 - a set of equations Bm = Am · Gm, where

• Bm is a vector

[∑
X

βI(X) S∗
l (X+m∆) S(X+m∆)

]
,

• Am is a square matrix [
∑

X
βI(X) βI′

∑
m′ Sl′(X+m′∆) S∗

l (X+m′∆)],

• Gm is a vector of unknowns [gmIl].

• The solution is get by the inversion of the matrix Am -
∀m Gm = A−1 · Bm.
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Variable density scan

Sampling in k-space

Variable density scan Low resolution, no aliasing High resolution, aliasing

� Image full sampled in the center of k-space and interleaved in the outer parts:

• high-resolution image with aliasing - reconstruction,

• low-resolution image without aliasing - estimation,

• extra lines = extra time,

• no pre-scan,

• same coil configuration for estimation and reconstruction.

� Resampling of B-spline basis.
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Absence of the reference scan

� Estimation of the complex body-coil image - S(x,y) =
∑
l

Sl(x,y).

� Better SNR is gained using SoS combination - S(x,y) =
√∑

l

|S2
l (x,y)|

• Reconstruction from images with aliasing is not linear.

• Reconstruct full-resolution unaliased image Ŝl for each coil separately
(Sl(x,y) = Cl(x,y) C−1

l′ (x,y) Sl′(x,y) = Cll′(x,y) Sl′(x,y)).

• Sum-of-squares is used to get Ŝ(x,y) =
√∑

l

|Ŝl(x,y)|2
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Results - Acceleration 2x

GRAPPA, SNR = 53dB SENSE, SNR = 57dB PBS, SNR = 49dB

3 different methods with acceleration factor 2 1 2
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Results - Acceleration 4x

GRAPPA, SNR = 47dB SENSE, SNR = 36dB PBS, SNR = 40dB

3 different methods with acceleration factor 4 1 2

3 4

5 6

7 8

9 10

11 12

13 14

15 16

17 18

19 20

21 22

23 24

25



Results - summary

� Acceleration factor 2:

• SENSE and PBS - no artifacts, GRAPPA - low number of artifacts,

• PBS error < GRAPPA error < SENSE error.

� Acceleration factor 4:

• SENSE - no artifacts, PBS - low number of artifacts, GRAPPA - too much
artifacts,

• GRAPPA error < PBS error < SENSE error.
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Conclusion

� New method for parallel MRI developed and implemented.

� Results were compared with commercially implemented method with good results
(only one image used =⇒ need more data).

� The theoretical time complexity is comparable - need to be implemented in MRI
scanner.

� Future work

• Estimation assuming noise in input images.

• Optimize the speed of the estimation for a sequence of images.
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3D zobrazováńı
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Perfusńı MRI

Tagged MRI

Difusńı MRI
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Vliv š́ı̌rky pásma

• Můžeme volit vzorkovaćı frekvenci fsamp

• Pro zachováńı stejného FOV =
fsamp

γGf
měńıme Gf
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pomalá fsamp



Vliv š́ı̌rky pásma

• Můžeme volit vzorkovaćı frekvenci fsamp

• Pro zachováńı stejného FOV =
fsamp

γGf
měńıme Gf

• Nižš́ı vzorkovaćı frekvence

⊕ Méně šumu
	 Věťśı chemický posun
	 Menš́ı kontrast
	 Menš́ı rozsah TE (stejný počet vzork̊u trvá déle)



Vliv š́ı̌rky pásma

• Můžeme volit vzorkovaćı frekvenci fsamp

• Pro zachováńı stejného FOV =
fsamp

γGf
měńıme Gf

fsamp = 16 kHz (věťśı šum)



Vliv š́ı̌rky pásma

• Můžeme volit vzorkovaćı frekvenci fsamp

• Pro zachováńı stejného FOV =
fsamp

γGf
měńıme Gf

fsamp = 3 kHz (chemický posun)



Chemical shift imaging
(Fat Suppression/Potlačeńı tuku)

• Chemický posun = změna f dle sloučeniny (chemických
vazeb)

• Zobrazováńı jen jednoho typu látky, nejčastěji potlačeńı tuku

• Inversion recovery s TI ≈ T1 log 2

S ∝ %
(
1− 2e

− TI
T1 + e

−TR
T1

)
e
−TE

T2

jsou-li T1 rozd́ılné



Chemical shift imaging
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• Chemický posun = změna f dle sloučeniny (chemických
vazeb)
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Chemical shift imaging (2)

• Saturace frekvenčně selektivńım impulsem p̌red samotnou
sekvenćı −→ Mz magnetizace vybrané látky 0

• Defázovaćı gradient (Mxy → 0 p̌ri sńımáńı)

• Spin-echo sekvence

• B0 muśı být velmi homogenńı, T1 muśı být dostatečně dlouhý



Zobrazováńı T1, T2, ρ

• U běžných sekvenćı intenzita záviśı na T1, T2, ρ

• Chtějme T1, T2, ρ zjistit p̌resně
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Zobrazováńı T1, T2, ρ

• U běžných sekvenćı intenzita záviśı na T1, T2, ρ

• Chtějme T1, T2, ρ zjistit p̌resně

• Známe-li T1, T2, s −→ ρ



Zobrazováńı T1, T2, ρ (2)

T1



Zobrazováńı T1, T2, ρ (2)

T2



Zobrazováńı T1, T2, ρ (2)

ρ



Zobrazováńı T1, T2, ρ (2)

3D histogram



Zobrazováńı T1, T2, ρ (2)

Segmentace
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EPI
pMRI

Vylepšováńı
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Kontrastńı látky

• Ovlivněńı (zkráceńı) T1 či T2

• Typicky paramagnetický kov (Gd). Komplex pro sńıžeńı
toxicity.

• Lze pozorovat:
• Zvýšenou vaskularitu
• Zvýšenou afinitu tkáńı (nádoru) ke kontrastńı látce
• pH
• kontrast Ca2+











Vzácné plyny

• 129Xe, 3He

• Polarizovaný 129Xe: opticky excitované Rb + kolize

• Polarizace 105× klidová, γ = 11.8 MHz/T, T1 = 15 ∼ 40 s



Vzácné plyny

• 129Xe, 3He

• Polarizovaný 129Xe: opticky excitované Rb + kolize

• Polarizace 105× klidová, γ = 11.8 MHz/T, T1 = 15 ∼ 40 s

spin echo + Xe, mozek krysy
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Zobrazováńı toku / MRI angiografie
(Flow Imaging)

Zobrazováńı rychlosti toku.

• Time-of-flight (intervalová metoda)

• Phase contrast (fázový kontrast)

• Contrast enhanced (s kontrastńı látkou)



Time-of-flight angiography
(Intervalová metoda)

• 90◦ a 180◦ impulsy s r̊uznou frekvenćı

• Jen objem na který působ́ı oba impulsy dá signál
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Phase contrast angiography
(Fázový kontrast)

• Bipolárńı gradient

• Celkový integrál nulový −→ bez efektu pro stacionárńı spiny

• −→ ovlivńı spiny pohybuj́ıćı se ve směru gradientu

positivńı negativńı
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Phase contrast angiography
(Fázový kontrast)

• Bipolárńı gradient

• Celkový integrál nulový −→ bez efektu pro stacionárńı spiny

• −→ ovlivńı spiny pohybuj́ıćı se ve směru gradientu

positivńı negativńı



Phase contrast angiography (2)
Časový diagram

• Přidáme bipolárńı gradient (BPG) do běžné sekvence

• Obraz s pozitivńım a negativńım BPG, odečteme

• −→ jen pohybuj́ıćı se spiny

• −→ signál roste s rychlost (pokud fáze < π)



Phase contrast angiography (3)
Př́ıklady

Koronálńı projekce hlavou



Phase contrast angiography (3)
Př́ıklady

Axiálńı projekce hlavou
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Rychlé zobrazováńı
EPI
pMRI

Vylepšováńı
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Contrast enhanced angiography
(Angiografie s kontrastńı látkou)

• Injekce paramagnetické látky do krve

• −→ velmi krátká T1 krve v̊uči tkáni

• Krátký TR (rychlé 3D sekvence)

• −→ potlačeńı signálu z tkáně, jsou vidět jen cévy

• Nejlepš́ı kontrast z angiografických metod
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Application: Temporal AVMApplication: Temporal AVM

TOF MRA STAR
TI = 100-1000 ms 

Why Should We Go Faster ?Why Should We Go Faster ?

Patient acceptancePatient acceptance
z claustrophobia

z pain

Patient ThroughputPatient Throughput

Reduction of ArtefactsReduction of Artefacts
z breathing
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z patient movements

Dynamic StudiesDynamic Studies
z swallowing and speaking

z contrast agent dynamics

z movement of joints

z tracking of biopsy needles or catheters
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MR Acquisition TimesMR Acquisition Times

Comparison: Spin Echo vs. EPIComparison: Spin Echo vs. EPI

2D EPI
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TA = 220 ms

2D SE
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Application: Prostate MRIApplication: Prostate MRI
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Peripheral coil 
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Perfusńı MRI

• Sledujeme kontrastńı látku, subtrakce reference
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Tagged MRI

• Vytvǒŕıme virtuálńı značky které se budou deformovat s tkáni

• Saturace vybraných rovin, vydrž́ı asi ∼ 700 ms

• Simple spatial modulation of magnetisation (SPAMM)
sekvence

• 90◦ RF impuls −→ transverzálńı magnetizace
• Gradient vytvǒŕı prostorovou modulaci fáze
• Druhý RF impuls −→ longitudálńı magnetizace

• −→Periodická modulace klidové magnetizace, lze i 2D



3

Carnegie Mellon

N
slices

M frames per slice

Y. Sun, Y.L. Wu, K. Sato, C. Ho, and J.M.F. Moura, 
Proc. Annual Meeting ISMRM 2003

sparse displacements

2-D Cardiac MRI Images

dense displacements
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Difusńı MRI
(Diffusion tensor imaging)

• Zobrazujeme prostorovou difusivitu vody

• Podobně jako angiografie fázového kontrastu, ale rychlosti
jsou mnohem menš́ı

• Výsledkem je tenzor difusivity

• Pro studium konektivity nervových vláken

• Pro odhad vodivosti −→ modely pro EEG/MEG



Difusńı MRI — p̌ŕıklady

http://people.csail.mit.edu/lauren/dtmri.html
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http://people.csail.mit.edu/lauren/dtmri.html

http://people.csail.mit.edu/ lauren/dtmri.html
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Spektroskopické zobrazováńı
(Spectroscopic imaging)

f = γB

• Chceme zjistit NMR spektra v prostoru = prostorovou
závislost γ

• Dekonvoluce — známe-li prostorové rozložeńı tkáńı

• Je možné zjistit spektrum složek
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Spektroskopické zobrazováńı
(Spectroscopic imaging)

f = γB

• Chceme zjistit NMR spektra v prostoru = prostorovou
závislost γ

• Dekonvoluce — známe-li prostorové rozložeńı tkáńı

• Je možné zjistit spektrum složek

lze odeč́ıst část odpov́ıdaj́ıćı A



Spektroskopické zobrazováńı (2)

Abychom dostali signál jen z malého objemu:

• Lze použ́ıt povrchové ćıvky s omezeným dosahem

• Narušeńı pole B0 feromagnetickými látkami



Spektroskopické zobrazováńı (3)
(Topical Magnetic Resonance)

• Aby bylo spektrum rozeznatelné, muśı být B0 homogenńı

• Neńı-li B0 homogenńı, spektrum neńı pozorovatelné

• Vytvǒŕıme B0 homogenńı jen tam, kde chceme zobrazovat

• Variace proudu v Bz ćıvce. Podobně v ostatńıch osách.
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Spektroskopické zobrazováńı (4)
Slice Selective Techniques

• RF selektivńı pulsy ve všech ťrech osách

• Jen pr̊unik řez̊u je excitován
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Spektroskopické zobrazováńı (4)
Slice Selective Techniques

• RF selektivńı pulsy ve všech ťrech osách

• Jen pr̊unik řez̊u je excitován

• Point resolved spectroscopy (PRESS)

• Stimulated echo acquisition mode (STEAM)

• Elected volume excitation using stimulated echoes (VEST)

• Image-selected in vivo spectroscopy (ISIS)

• Depth-resolved surface spectroscopy (DRESS)



Spektroskopické zobrazováńı (4)
Spectroscopic Imaging

• Źıskáme spektrum pro každý voxel

• Základńı metoda je založená na 3D zobrazováńı (volume
imaging):

• Poloha je kódována fázovými gradienty Gx , Gy

• Jedna excitace pro každou kombinaci Gx , Gy

• Frekvenčńı gradient neńı použit
• Frekvence nese informace o spektru

• Voxely muśı být velké — spektroskopická š́ı̌rka spektra <
polohově kódovaćı š́ı̌rka spektra



Spektroskopické zobrazováńı (5)
Prostorově-spektrálńı zpětná projekce

1D vzorek
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Spektroskopické zobrazováńı (5)
Prostorově-spektrálńı zpětná projekce

Homogenńı B −→ projekce dle f



Spektroskopické zobrazováńı (5)
Prostorově-spektrálńı zpětná projekce

Vhodný gradient −→ projekce dle libovolného úhlu −→ zpětná
projekce



Spektroskopické zobrazováńı (5)
Prostorově-spektrálńı zpětná projekce

Př́ıklad, holeň.
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Electron Spin Resonance
(elektronová resonance)

• Použ́ıvá spin elektronu ḿısto spinu nukleonu

• Signál dávaj́ı nepárové elektrony — v p̌ŕırodě ř́ıdké

• Sondy (kontrastńı látky) pro studium biologického materiálu.

• Mnohem věťśı frekvence (γ ≈ 28 GHz/T)
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