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MR Spectroscopic Imaging

 MRI- Basics and k-Space Encoding
* Single Voxel Spectroscopy
* Multi-voxel Spectroscopy/Spectroscopic Imaging

* Acceleration Techniques: Phase-encoding,
parallel Imaging, Echo-planar Imaging,
Concentric Rings, Radial Imaging and more

* Multi-dimensional MR Spectroscopic Imaging
(2D spectral+3D spatial)

® Conclusions
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Static High Field (B)
Creates or polarizes signal
1000 Gauss TFc)) 110,000 Gauss M R‘ Uses
Three

(Earth’s field is 0.5 G)
Grc]JdAieCr;}r Fields )
- cm
Used fo image: determine Ispoﬁrial position of MR M O g ﬂ eh C
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. Radiofrequency Field (B;) Fle ‘ d
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On the order of O.1 G but Im resonance with MR

signa
RF coils also m%osure MR signal
Excited or perturbed signal returns fo
equilibrium
Important contrast mechanism

Bore
b Body RF
(5 > —60 Cm) (transmit/receive)
Magnetic field (B,)

Lauterbur 1973
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Effect of pulsed field gradients (X, Y, Z)- Spatial Localization

Every imaging system will have three gradient coils that can
modify the static field strength (Bo) in X, Y,Z directions. Thus
you have the control over changing the Larmor frequencies of

nuclear spins In X,Y,Z directions

x gradient y gradient z gradient

Y David Geffen
¢ School of Medicine




Gradient Coills

Nishimura, MRI Principles
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Spatial Encoding/Slice Selection

63.833715 mHz
63.837973 mHz
63.842229 mHz
63.846486 mHz
63.850743 mHz

63.855000 mHz
63.859257 mHz
63.863514 mHz

63.867771 mHz
63.876285 mHz

» The effects of the main magnetic field and the applied slice gradient. In this
example, the local magnetic field changes in one-Gauss increments
accompanied by a change in the precessional frequency from chin to the top

of the head.
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Frequency Encoding

Kumar Welti Ernst JMR 18;69-83 1975; Edelstein et al. Spin Warp Imaging. PBM 1980

acquired per TR

-



Fourier Zeugmatography/Spin-Warp
[aglele]igle

Gradient applied along the y-
axis will cause the spins to
precess at a frequency
determined by their y position,
and is called phase encoding.
Next a gradient is applied
along the x-axis and the spin-
echo S collected. The
frequency components of the
echo gives information of the
X-position and the phase
values give information of the
y-position.

Kumar Welti Ernst JMR 18;69-83 1975;
Edelstein et al. Spin Warp Imaging.
PBM 1980
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K-Space

For a given data point in k-space, say (kx, ky), its signal S(kx,
ky) 1s the sum of all the little signal from each voxel I(x,y) in the
physical space, under the gradient field at that particular moment

uy N —2rm (ko x+k,v) 40
S ( k X0 k‘l ) — J‘ J‘ / ( X,V )G R Cil‘(,iv

From this equation, it can be seen that the acquired MR signal,
which 1s also 1n a 2-D space (with kx, ky coordinates), 1s the
Fourier Transform of the imaged object.

Kx =y/2m J,! Gx(t) dt
Ky =727 |t Gy(t) dt

The frequency and phase encoding gradients
control the imaging trajectory in k-space

MRI, Brown et al. 1999; Principles of MRI Liang and Lauterbur 2000; MRI Pulse Sequences, Zhoe et al.
2004; EPI Theory, Technique and Application, Stehling et al. 1998



Recent MRI of
Calf muscle

MRI: Day one




Magnetic Resonance Imaging (MRI)

MRI exploits Nuclear Magnetic
Resonance (NMR) to produce
water-based images

Signal from H in water
Gray scale caused by T1/T2 (

relaxation and 'H density A\,

within a voxel
MRI resolution |

512x512 voxels In a slice 75 —= \

Sub-millimeter voxel volume - f

Structural differences cause A%
T1/T2 relaxation variation among

voxels

P
- \ \\, ‘




Problems with Anatomical Imaging

» Despite its superb soft tissue contrast and multiplanar capability, anatomical MRI
IS largely limited to depicting morphological abnormality.

» Anatomical MRI suffers from nonspecificity. Different disease processes can
appear similar upon anatomic imaging, and in turn a single disease entity may
have varied imaging findings.

» The underlying metabolic or functional integrity of brain cannot be adequately
evaluated based on anatomical MRI alone.

» To that end, several physiology-based MRI methods have been developed to
Improve tumor characterization.

Diffusion Weighted (DW) MRI/Diffusion Tensor Imaging (DTI): In addition to early
diagnosis of cerebral ischemia, DW MRI Is extremely sensitive in detecting other
Intracranial disease processes, including cerebral abscess, traumatic shearing
Injury, etc.

Perfusion Imaging: Dynamic susceptibility-weighted contrast-enhanced (DSC)
perfusion MRI of the brain provides hemodynamic information.

» MR Spectroscopy for biochemical characterization, Improving Specificity of
cancer and more
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Point Resolved Spectroscopy, PRESS

o 180° 180°
RF U[\U [\ [\ n(\_(\m\(\n
VAV URY, IR

L——TE1/2 i (TE1+TE2)/2 —»l«TEz/z—J

> A slice-selective 90° pulse is followed by two slice-
selective 180° refocusing pulses

> Achieves localization within a single acquisition

> Suitable for signals with long T, - 'H MRS
Bottomley PA. Annal NY Acad Sci

1987: 508: 333-348. STEAM: Frahm MRM 1989
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Frontal Gray

5-10 minutes for each voxel MRS
Total duration = Nx10 minutes for N
voxelseee
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Single Voxel Spectroscopy

disadvantages

®requires large sample volume
(2x2x2 cm3or more)

® requires many averages for
adeguate SNR

®[imited coverage

®can only cover a small region in
one experiment
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Multi-Voxel Spectroscopy

the problem of limited coverage can
be fixed by taking conducting multiple
experiments from different locations

this is problematic as the total
experimental time will scale with the
number of different voxels you wish to
measure
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Courtesy: Prof. John Kurhanewicz



Proc. Natl Acad. Sci. USA

Vol. 79, pp. 3523-3526, June 1982
Biophysics

NMR chemical shift imaging in three dimensions

(in vivo biochemistry/*'P imaging /metabolite mapping)

T. R. BRown*, B. M. Kincaip*, AND K. UGURBIL?

*Bell Laboratories, Murray Hill, New Jersey 07974; and *Department of Biochemistry, Columbia University, New York, New York 10032

Communicated by John ] . Hopfield, March 10, 1982

ABSTRACT A method for obtaining the three-dimensional
distribution of chemical shifts in a spatially inhomogeneous sample
using Fourier transform NMR is presented. The method uses a
sequence of pulsed field gradients to measure the Fourier trans-
form of the desired distribution on a rectangular grid in (k,?) space.
Simple Fourier inversion then recovers the original distribution.
An estimated signal/noise ratio of 20 in 10 min is obtained for an
“image” of the distribution of a 10 mM phosphorylated metabolite
in the human head at a field of 20 kG with 2-cm resolution.

the resonant frequency of the spins) varying linear gradient,
[G(t)x)2, as shown in Fig. 1, how will this affect the FID? Under
these conditions, the phase of each spin at time ¢ after a rf pulse
will depend on both x and & as its instantaneous frequency is

now given by ‘f—d‘f = yH{t), where 7 is the gyromagnetic ratio

for the species under observation and H{t) = [H, + G(t)x](1
+ €). Here we have just augmented the externally applied field,

v "X, L) L)

ake into account the electron hield-



MRSI/cs|

greater coverage can be obtained by
spatially encoding time signals with phase-
encoding gradients

phase-encoded data is encoded in k-space
this allows for more voxels to be collected

in a single experiment as well as smaller
voxels

PN David Geffen
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1D Spatial Encoding

909 180¢ 1805 .
J “]\v !\“ T phase encoding
o, 11 1
G, — = 1]
LI LI 3

ADC

sample 1D spectroscopic imaging pulse sequence

each FID is phase encoded along one
dimension
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2D Spectroscopic Imaging

how do we fill out 2D k-t-space?

Akm

Ky

same as before except phase encoding happens
in two different dimensions now



Spatial Encoding

how do we use gradients to move
around k-space?

R(6) = /U G(r)dr

we can move anywhere in k-space so long as
we program our gradients correctly



David Geffen

2D Spatial Encoding R oniiadon

90° 180° 180°
T Yy y
A n TE phase encoding
A

.0 /
o _ L0 i

o — [ 1S

sample 2D spectroscopic imaging pulse sequence

each FID is phase encoded along one
dimension



3D Spatial Encoding

David Geffen
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sample 3D spectroscopic imaging pulse sequence

each FID is phase encoded along one
dimension

Brown 1982
Maudsley 1984



Sampling Considerations

% constant time, vary amplitude

1 1
= A=
Akg FOV, Y FOV
Ny
ko = nlks = = T NG it
T
k., = NG FOV, = vG,t
Tiy Uz

ky

A
XXX X X XX XX X X X X X X
e arar Xt X X XK X X X X X X X
P g A X X



MRSI

Each k-space point Is
Individually collected s
on a cartesian grid )

Image data Is obtained by
applying 2D FFT along <
spatial dimensions

Total acquisition y
time Is thus x

Ny X Ny, x TR x NEX



3D Spatial Encoding

the amount of time for a CSI scan Is thus

Nz X N, x N, x TR x N.

X

for a 32x32x1 scan (2D) witha TR = 1sand 1
average, the scan time 1s 17 minutes

for a 32x32x16x1 scan (3D) with a TR = 1s
and 1 average, the scan time Is 4.5 hours

without acceleration techniques, CSI Is very
slow and inefficient (and low res)
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MR Spectroscopic Imaging (2-3 Phasd SR
Encoded)

localized spectra
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High resolution metabolite maps

= o
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Metabolic mapping quality — 3T vs 7T

tCho/tCr Tau/tCr

Figure 4. Metabolic maps acquired with FID-MRSI at 3T and 7T. Reliable quantification over the whole slice was
possible for Glu/tCr, GIn/tCr, GSH/tCr and Tau/tCr at 7T but not at 3T. Values are displayed in a.u.

Heckova et al. ISMRM 2016
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How long does it take to perform a
multi- voxel 2D/3D MRSI?

2D MRSI (2 spatial+1spectral):
Total duration = TR*NEX*Nx*Ny
=1s*1*32*32= 17 minutes

3D MRSI (3 spatial+1spectral):
Total duration = TR*NEX*Nx*Ny*Nz
=15*1*32*32*16= 4.53 hours
=1s*1*16*16*8= 34 minutes
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Acceleration Techniques

The goal

®to reduce the number of excitations in order to
reduce the total scan time (1-10 minutes)

The strategies

®Selective Averaging

®Parallel Imaging

®Turbo Spin Echo (TSE) techniques
®Echo-Planar (EP) techniques

® Concentric Ring Trajectories (SI-CONCEPT)

®Radial (Golden Angle View Ordering) and TV
regularizer
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» Ellipfical weighting

» Reduced spatial sampling of k-space with only the cenftral ellipsoid
being acquired (reduction factor typically = 2)

>
>
Aky
Selective Averaging 1 average
Average the parts of k-
space with greater intensity ; e

.......
.......
.......
.......
.......
.......
.......

.......................................

Significantly reduces total scan time
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Parallel Imaging

Multi-coil reconstruction
(SENSE/GRAPPA)

advantages
®reduced scan time
disadvantages

® reduced SNR from reduced
number of excitations

Larkman and Nunes PBM 2007; Preussmann 1999: Sodickson 1999



Echo-Planar Spectroscopic Imaging (EPSI)

echo-planar spectroscopic imaging uses a
repeated time-varying readout gradient to
collect the same spatially encoded

information as a function of time

90° 180° 180° ,
v 4 d phase encoding

Al

G*i |_ -| |_| |-| — UL MU

) L0 L L LG A L e L e et O P Y P P

. =1 I

ADC % e
what is the effect of the repeated bipolar gradient readout? 0\ David Geffen

, / School of Medicine

Mansfield 1984, Posse 1994, Lipnick 2008



David Geffen

Echo-Planar S|

G’read

ADC

n— 2

(=)

(T ) (+)
L
| -

two sets of echoes (odd and even) form
which are mirror images of each other

Mansfield 1984, Posse 1994, Lipnick 2008

‘ ) School of Medicine
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e t2 T tQ

@ o Gy At l
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jype— ) - I i ‘ | \ i | ‘ B,
K:.

the repeated nature of the readout gradients
spatially encodes as a function of time

Mansfield 1984, Posse 1994, Lipnick 2008
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EPSI

A single line in k-space A ky
is collected in a single x
excitation ‘

Image data is obtained by
applying 2D FFT along <
spatial dimensions

Total acquisition s X X -x X% kX
time is thus X X X X X X % X X

N, x TR x NEX Y

Mansfield 1984, Posse 1994, Mulkern 2000, Lipnick 2008

: /' School of Medicine




7% David Geffen

EC h O- P | a Nar SI \UCA) School of Medicine

the amount of time for a MRSI scan is thus
N, X N, x TR x NEX

for a 32x32x16 scan (3D) witha TR =1sand 1
average, the scan time is 8.5 minutes

Using all 3 phase-encoding,
3D MRSI (3 spatial+1spectral):
Total duration = TR*NEX*Nx*Ny*Nz
=15*32*32*16= 4.5 hours

significant reduction in scan time!
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advantages
®significantly reduced scan time

®echo-planar readout creates undesired eddy
currents which can distort spectra

® reduced SNR from reduced number of
excitations

®very demanding on the hardware (reduced
spectral bandwidth)
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Why Concentric Circular
samplinge
8 rings

16 PE lines

More efficient k-space sampling due fo symmeiry of concentric circles —
half the number of excitations required for similar k-space coverage

Outer corners of k-space contain little signal and are usually filtered away
anyway

Matsui 1986, Zhou 998, Wu 2009; Furuyama 2012
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Concentric Circles (SI-CONCEPT)

A single ring in k-space
is collected in a single
excitation

Image data cannot be
processed by 2D FFT since <
It Is not cartesian

Total acquisition

time is thus VIR
| _
§N$ x TR x NEX Y

JK Furuyama, NE Wislon, MA Thomas MRM 2012



What is Concentric Circular ?
excitation ' ‘

Circular k-space trajectory defined
o
K (1) = - knsin%/ZTlr(t - TE))

Gy=Gsi ky(t) = knCOS(ZTTr(t K TE))

signal
sampli

where k., Is the radius of the-nth ring
and T is The speciral dwell-time. in the
direct dimension

Gradient waveforms are thus given by

N 4T[2kn 21T
Gx(t) = - VT COS(T(t - TE))
R 4TI'2kn A,
G,(t) = - T sm(T(t TE))

JK Furuyama, NE Wislon, MA Thomas MRM 2012

Matsui S, Kohno H, J. Magn. Reson. 70, 157-162 (1986)



SI-CONCEPT Pulse Sequence

902 1802 1802
TE
-oﬂo 'H‘ﬂ'h' H'n\!
o I TEIT AAAAAAAAAAAAAAAAAAAAAAAAAAANANAN
z VUV VYUYV YV VYV VYV VUV VYUV VUV VT VU
. L] 11 B AANAAAAAAAAAAAAAAAAAAAAAAAAAAAAAN
y VYUV VYV VUV VYV VvV VUV Vv VUV VvV VTV vy
Gz ﬂﬂ |_ |_| |_| * not drawn to scale by any means

Repeatedly tracing the same circle in k-space
encodes both spatial and spectral information

JK Furuyama, NE Wislon, MA Thomas MRM 2012



Concentric Circles

Convert polar data to cartesian?

>

X X X X X _ X X X X X >~
<

how?

\J
X X X X X X X X X X
X X X X X - X X X X X
X X X X X.X X X X X
X X X X X . X X X X X
X X X X X . X X X X X
RET AL BN O IR o X X
PRI oS E o o S D G S S
X X X X X - X X X X X
X X X X X-X X X X X

s

X\ X
X N
X X
P

X

Gridding takes any ~e—,

arbitrary k-space
trajectory
. Jackson 1991
and convolyes It . Adalsteinsson 1998
onto a cartesian grid ke —— k., Furuyama, 2012




Concentric Circular Imaging
- Polar Data

gphantom H

004

3 ImA T i =

5M0/2010 = 3 collected data

20

JK Furuyama, NE Wislon,

a0 i
[H @ =
MA Thomas MRM 2012
40 4
cm 50
G0
L 2 4 é a3 10
e =1 ring # 4
TR O el
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MRSI vs. EPSI vs. SI-CONCEPT

N, x N, x TR x NEX il

N, x TR x NEX _EPS|

L N, x TR x NEX

5V X LI SI-CONCEPT

Faster!

Hingerl et al. Inv Rad. 2020
.....Brain coverage among all
measured matrix sizes ranging
from a 32 x 32 x 31 matrix with
6.9 x 6.9 x 4.2 mm nominal voxel
size acquired in ~3 minutes to an
80 x 80 x 47 matrix with 2.7 x
2.7 x 2.7 mm nominal voxel size
in ~15 minutes for different
brain regions.

Emir and coworkers, MRM 2020
“A density-weighted concentric-ring
trajectory metabolite-cycling MRSI
technique was implemented to collect data
with a nominal resolution of 0.25 mL within

3 minutes and 16 seconds.”




>

Advantages of Concentric Circular Trajectories

Less demanding on gradient hardware — higher spectral BW achievable
(required at higher field strengths to prevent spectral aliasing)

Eddy currents not as severe especially for inner k-space data

Continuous readout during acquisition (EP-COSI without ramp sampling only
samples during ~75% readout)

Inherently less sensitive to motion artifacts
Lower maximum slew rates for equal resolutions and spectral BW
(> 50% less for actual scan parameters used)

« Sampling during fime-varying readout gradients leads to increased
noise variance!'
- SNR gains from averaging compensate so that sensitivity per
time In both sequences is similar

 More complicated post-processing
- Data must be regridded in order to apply FFT
- Alternatively, projection-reconstruction (PR) algorithms can be
applied using inverse radon transform

1) Pipe J and Duerk J, MRM 1995



Further Acceleration???
Projection Reconstruction/Radial

Original MRI Sequence

Lauterber P, Nature 242, 190-191 (1973)

Series of projections taken at different angles



Radial Spectroscopic Imaging

Sampling schemes using (A) Cartesian encoding; (B) radial encoding; (C) Golden angle radial
projections successively incremented by 111.25° Ak=FOV. No of spokes, n,=(11/2)*n, where n = base
resolution, distance between spokes < Ak. (D) Undersampled radial acquisition (2X) compared to (C).

Saucedo, M. Sarma, MA Thomas
ISMRM 2020
MRM 2021




Radial Spectroscopic Imaging

AF =4.5 (11 spokes)

AF = 1.0 (50 spokes) AF = 6.3 (8 spokes) AF = 8.3 (6 spokes)

(Left) VOI localization in a 33 year-old healthy
male volunteer. (A) tNAA maps from fully-
sampled (AF = 1.0) REPSI and EPSI brain
data (leftmost column), and tNAA maps from
CS reconstructions of prospectively
undersampled brain data acquired with 11, 8,
and 6 radial spokes or k-lines. These maps
are interpolated by a factor of two. (B) CRLB
maps for the tNAA maps shown in (A).

codes)

AF =1.0(32 ky encodes, AF=4.0(8 ky en

A. Saucedo, M. Sarma, MA Thomas
MRM 2021



Single-voxel localized 2D MRS
. L-COSY and JPRESS



1D MRS Quantitation

» LC-Model for 1D MRS
quantitation.

» Works In frequency
domain using prior
knowledge

Provencher (2001)



A quote from 1991 Nobel
laureate Richard Ernst

“One-dimensional spectra that are rendered
inscrutable because of severe overlap may
be unravelled by separating interactions of
different physical origins, e.g. chemical
shift and couplings, thus maRing it possible
to spread the signals in a second frequency

dimension much [ike opening a Venetian

blind.”




Why 2D Spectroscopye¢

Verma et al. ISMRM 2014






LLocalized 2D Correlated Spectroscopy (L- COSY)

- Based on a spin-echo and a coherence-transfer-echo
Hahn (1952) / Maudsley, Wokaun and Ernst (1978) Thomas et al. (MRM2001)
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Brain Phantom 3T MRI/MRS Scanner
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Localized 2D COSY Spectra of a 27yo healthy breast

50 40
F2 (ppm)

60 50 44
F2 (ppm)

-1x1x1 cm3
- 40 1, incr.
- SNEX/ A t,
'10_T.i£;ﬂes *(t’j\(::% \

~30 minutes for 3 locations
(Thomas JMRI2001)



DCE-MRI

» Graphs of DCE-MRI
curves for malignant
p O Tl e N TS ‘ Contrast Enhancement

» Plofs show uncertainty
IN enhancement
curves

» Patient | shows a
plateau shaped curve
which cannot
differentiate —
malignant from |

patient Il
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Malignant Patient with Type Il
eENNANCEMENT gy

N [
= I Y
P
-~ A\

= 2

G 25 3 4
¥ . P . y P TS
i time {unit = 1rnin 30sec)

———

-56 yo malignant
patient
-1x1x1 cm3
-45 tl1 incr.
-SNEX/ A t1
-12 minutes

Lipnick 2010



2D L-COSY of Breast
Cancer

25 z 35 4 45 5
time {unit = 1min 30sec)

A 55 yo malignant patie

-1x1x1 cm3
-45 t, incr.

-12 minvutes

Lipnick 2010




2D L-COSY of Breast Cancer

2 25 3 35 4 45 5
time {unit = 1min 30sec)

A 55 yo malignant patie

-1x1x1 cm3
-45 t, incr.

-12 minvutes




4D 'H MR Spectroscopic
Imaging: 2 Spectral + 2 Spatial
Dimensions
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Total Scan time

. = 25*128*8= 34minutes
TR*N (tt Encodings) Averages



90° 180°, 90°
e \ ——— e |\ > Gt | e A > t, oo

25*128*1*16*1

SANANAYE
6

' . = 546minutes
Or
V-‘ —-— =2s*128*1*16

Total Scan time
TR*N (tl Encodlngs) *N (y-Phase Encodings) N (X-Phase Encodings) *N (t2 Encodings) *Averages




Echo-Planar Correlated Spectroscopic
Imaging (EP-COSI)

Scan time = N (X-Phase Encodings) *N (t Encodings) TR

= 2s*128*1*16 = 68minutes Lipnick et al, MRM 2010



EP-COSI of Human [ d
Calf in vivo

|
3T MRI, TR/TE=1.5s/30ms,

CP-Ext (T/R), 16x16 (x,y), FOV 16cm,
Extracted VOI of 1x1x2cm?® and
Total Duration of 20 minutes




5. 2D spectral+ 3D Spatial
Encoding



5D Echo-Planar J-resolved Spectroscopic Imaging

90° 1802

|

3D CSI/MRSI (32x32x16) -410 minutes
3D EPSI (32x16) — 12.8 minutes
3D EPSI+2DJRES (32x16x64)- 819 minutes
5D EPJRESI (16x8x64) 8X NUS- 21 minutes

Wilson et al, MRM 2016
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5D EP-JRESI 8X NUS-21 min Wilson et al, MRM 2016



5D EP-JRESI 8X- OSA

Metabolites > |  NAA

Healthy Controls
Occipital White 16.94

Occipetal Gray 1.62
Left Insular Cortex 7.30

Left Parietal Insular
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OSA patients post CPAP

Occipital White 9.20
Occipetal Gray 6.03
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Overview of an MRI scanner

Scanner control
——— MRI signal return
Experimental control
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Conclusions

MRI has become a revolution in Medicine during our time, thanks to
NMR!

MRI sequences can be easily translated into MR Spectroscopic
Imaging

EPSI, Spiral, SI-CONCEPT and Radial EPSI have been implemented
on MRI scanners on 3T, 7T and 9.4T MRI scanners

Accelerated Polar and Radial MRSI data need gridding to Cartesian;
acquisition less than 5 minutes may facilitate functional MRSI

3spatial+2 spectral accelerated acquisition & the MRSI data can be
post-processed using linear and non-linear reconstruction
(Compressed Sensing)

6D MRSI (3spatial+3 spectral) and more...................






