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1D Spectroscopy 

Different metabolites 

share similar peaks 

Severe spectral overlap 

limits the amount of 

useful information 

Limited applicability and 

enthusiasm for 

spectroscopy 

 



1D MRS 



1D MRS 



MRS allows non-invasive quantitation of 

metabolite concentrations > 0.5mM 

 

Main algorithms for 1D MRS quantitation: 

 LC-Model and MRUI 

- MRUI: Time-domain fitting using a Graphical 

User Interface (Barkhuijsen 1985) 

 

- Frequency Domain fitting using Linear 

Combination of Basis-sets  

(Provencher 1993) 

  



LCModel Fitting 



•Somatic mutations of the isocitrate 

dehydrogenase 1 and 2 genes (IDH1 and 

IDH2) have recently been implicated in 

gliomagenesis and are found in 

approximately 80% of World Health 

Organization (WHO) grade II-III gliomas and 

secondary glioblastomas (WHO grade IV) in 

humans.  

 

•Vast majority of IDH1 mutant, high-grade 

gliomas have evolved from lower grade 

lesions.  

 

 

IDH1 R132H mutation and 2-HG 



IDH1 R132H mutation produces 2-HG 

Smeitnik, J. “Metabolism, Gliomas, and 

IDH1,” N Eng J Med 362: 1144-45, 2010 
Pope et al. 2012 

Andrenosi et al. 2012 

Elkhaked et al. 2012 

Choi et al. 2012 



A recent work by Dang and co-workers reported a 

mutation observed in the isocitrate 

dehydrogenase1 (IDH1) gene, which occurs in the 

majority of grade II and grade III gliomas and 

secondary glioblastomas, resulting in significant 

elevation of 2HG in these tumors. 

Dang et al. 2010, 

Nature 
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Scanner   :  Siemens 3T Trio-Tim  

 

Coil   :  12 Channel receive  

 

Subjects  :  24 brain tumor  

 

Mutant Tumor  :  9   (Mean age 43 years) 

 

Wild Tumor  : 15 (Mean age 59 years) 

 

Tumor Grade  : 14 primary GBM (grade IV),  

     6 oligodendroglioma (grade III), and 

     4 low grade (grade II) 



A 69 y.o. Anaplastic 

oligodendroglioma (WHO grade III) 

with IDH1 mutation 

MM/Lac/Fat 

NAA 

Glu/Gln/

2HG Cr 

Ch 

ppm 2 3 4 

-PRESS 

-8cm3 

-2s/30ms 

-128 averages 



Wild Type 

Mutant 

Pope J Neuro Oncology 2012 
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Cramer-Rao Lower Bound (CRLB) Values – 

2HG MRS Peak Fitting Error Estimation 

Wild Type: CRLB Values  > 60 %SD (60-999%) 

Mutant: CRLB Values  < 60 %SD 



Subtraction-based spectral Editing sequences (GABA, Glu, 

Taurine, GSH, myo-inositol, etc.) 

 

Multiple-quantum filter MRS techniques 

 

 

Possible Solutions to Signal overlap in 1D MRS 



Spectral Editing Techniques I 



Spectral Editing Techniques II 



MEGA Spectral Editing Techniques  

Mescher 

et al. 

NMR 

Biomed 

1998 





Subtraction-based spectral Editing sequences (GABA, Glu, 

Taurine, GSH, myo-inositol, etc.) 

 

Multiple-quantum filter MRS techniques 

 

Adding another dimension to 1D MRS 

 

Possible Solutions to Signal overlap in 1D MRS 



 

 Single-voxel localized 2D MRS  

: L-COSY and JPRESS 



            Richard R. Ernst 

1991 Nobel Prize 

            Kurt Wüthrich 

2002 Nobel Prize 

 

 Pioneers of  Two-Dimensional Nuclear 

Magnetic Resonance Spectroscopy 



Why 2D Spectroscopy? 

        1.9 

 

 

 

 

        3.0   2.3 

Verma et al. ISMRM 2014 



A quote from 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 making it possible 

to spread the signals in a second frequency 

dimension much like opening a Venetian 

blind.” 



Localized 2D Correlated Spectroscopy (L- COSY) 

Thomas et al. (MRM2001) 

- Based on a spin-echo and a coherence-transfer-echo 

  Hahn (1952) / Maudsley, Wokaun and Ernst (1978) 



 t1 



 t1 



 t1 



Previous process 

is repeated until 

we have 64 or 96 

or 128 FIDs as 

shown below 



F2 

F1 



Brain Phantom 3T MRI/MRS Scanner 



NAA 

Amide 



GSH 

Amide 
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Lactate 



2
D

 M
R

S
 –

 G
ra

y 
M

a
tt

e
r 

M
e

ta
b

o
li

te
s

 

Lactate 

Glutamine 

Glutamate 





Lac 

PE 

A 2D L-COSY spectrum of Brain Tumor in vivo 

A 60 yo male diagnosed with GBM 

- 3T MRI Scanner 
-TR/TE=2s/30ms 
-26 minutes 

3x3x3cm3 

-96 t1 incr. 

-8NEX/  t1 

Thomas et al. (2010) 



PUFA 

A 2D L-COSY spectrum of Brain Tumor in vivo  

A 60 yo male diagnosed with GBM 

- 3T MRI Scanner 
-TR/TE=2s/30ms 
-26 minutes 

3x3x3cm3 

-96 t1 incr. 

-8NEX/  t1 

 

•                          Visible Peaks: 
–                 Cross Peaks:  

•          Methine to methylene  
          (C2 to C3/C4) + Glu/Gln 
•        Methylene to methine 
         (C3/C4 to C2) + Glu/Gln 

 
 
 

Thomas et al. (2010) 
Poptani (1999) 





7T 2D L-COSY of Temporal Lobe Ganglioma 

Temporal 

Lobe 

20x35x25 

mm3 

Verma et al. ISMRM 2014 



7T 2D L-COSY of Occipital Lobe Low Grade 

Superior 

Occipital Lobe 

25x25x25 

mm3 

Verma et al. ISMRM 2014 



Localized 2D J-Resolved MRS:JPRESS 

Ryner, Sorenson and Thomas, JMR (1995) & MRI (1996) 



2D J-Resolved Composite Spectrum of Various 

Metabolites 

- GE 1.5T MRI/MRS scanner 

 

- Quadrature Head MR coil 

 

- N-Acetyl Aspartate 

-Choline 

-Glutamine/Glutamate 

-Myo-inositol 

-Glucose 

-GABA 

-Taurine 

-Aspartate 

-Alanine 



 

 

Absolute Quantitation of 2D MRS– Metabolic 

Assay 



2D JPRESS/L-COSY Quantitation 
ProFit (Prior-Knowledge Fitting) is used for 
2D quantitation 

 

Based on a linear combination of the prior 
knowledge spectra: 

 

Part of the fitting is done in time 
domain and part in frequency 
domain 

 

Part of the fitting is done using a 
linear approach and part using a non-
linear approach.  

 

Divided in three parts: (1) basis set 
generation (or prior knowledge 
generation), (2) reconstruction, which 
is applied both to the basis set and to 
the data being fitted and (3) fitting of 
the data using the prior knowledge.  

 

Schulte et al. (2006)/ Frias-Martinez et al. (2008) 



Prior Knowledge Generation 
GAMMA library in combination with the chemical shift  

     and J-coupling values reported in the literature  

One set for 3T another for 1.5T (100 Δt1, 2000 Hz) 

15 metabolites Phantom 

20 metabolites (in vivo):creatine (Cr),  

N-acetylaspartate (NAA),  

glycerylphosphocholine (GPC),  

phosphorylcholine (PCh),  

alanine (Ala), aspartate (Asp),  

γ-aminobutyric acid (GABA),  

glucose (Glc), glutamine (Gln),  

glutamate (Glu), glycine (Gly),  

glutathione (GSH),  

lactate (Lac), myo-inositol (mI),  

N-acetylaspartylglutamate (NAAG),  

phosphoethanolamine (PE),  

taurine (Tau),  

scyllo-inositol (Scy) and  

ascorbate (Asc).  



3 T 2D COSY 

ProFit in-vivo  

Ratio/Cr CRLB 

Cr303 1±0 0.48±0.26 

Cr391 0.87±0.15 0.97±0.59 

NAA 1.4±0.32 0.56±0.27 

GPC 0.11±0.05 4.8±4.8 

PCh 0.11±0.05 4±4.42 

Cho 0.1±0.01 2.37±0.77 

Ala 0.11±0.03 5.2±3.03 

Asp 0.4±0.1 4.7±3.4 

GABA 0.34±0.27 7.6±4 

Glc 0.28±0.11 4.2±2.9 

Gln 0.25±0.16 10±7.1 

Glu 1.37±0.35 2.28±1.77 

Gly 0.12±0.08 7.38±4 

GSH 0.16±0.08 4.02±2.9 

Lac 0.17±0.08 4.6±2.06 

mI 0.86±0.1 2.02±1.28 

NAAG 0.35±0.1 1.71±1.22 

PE 0.21±0.11 5±0.28 

Tau 0.2±0.07 4.07±1.31 

Scy 0.05±0.00 4.6±2.7 

Asc 0.28±0.18 3.48±1.2 

NAA+NAAG 1.6±0.23 0.27±0.04 

GPC+PCh+Cho 0.29±0.04 0.86±0.46 

Gln+Glu 1.53±0.34 1.79±0.34 

 

3T Human 

Brain 

COSY data 

processed 

using ProFit 

2008 ISMRM  



 

-2D L-COSY/JPRESS enable resolving more 

peaks than 1D MRS 

 

-For applications in cancer and other 

pathologies, there is a need for multi-voxel 

based 2D MRS 

 



 

 

 

2D  spectral+  2D Spatial Encoding 

 



 t1 

Total Scan time  

 TR * N 
(t1 Encodings)

 *  Averages 

= 2s*128*8= 34minutes 



 t1 

Total Scan time  

 TR* N (t1 Encodings) *N (y-Phase Encodings) N (X-Phase Encodings) * N
 
(t1 Encodings)

 * Averages 

= 

2s*128*1*16*

16 

= 546minutes 

Or 

=2s*128*1*16 

= 18.2 hours 



4D Spectroscopic Imaging 

For greater spatial coverage, 2D 

spectroscopy can be combined 

with a 2D spectroscopic imaging 

sequence to yield enhanced 

spatially localized metabolic 

information (2D spatial + 2D 

spectral) 

EPCOSI published in 2010 

combining EPSI and L-COSY 

Lipnick et al. Magn. Reson. Med. 64, 947-956 (2010) 



Scan time = N (X-Phase Encodings) * N
 
(t1 Encodings)

 * TR 

90x

◦

RF

Gz

Gy

Gx

ADC

180x

◦
90x

◦

n-2

n-2

t1

Multi-voxel Based Echo-Planar Correlated 

Spectroscopic Imaging (EP-COSI) 

 

    Lipnick et al, MRM 2010  

= 1.5s*50*1*16 = 20minutes 

4D EP-COSI  



Result of EP-COSI is a 4 dimensional data set 

s(kx, ky, t2, t1) [for a 8-channel Parallel acq.] 

512(2*2*2*4)x100x16x16x8 > 3GBytes 

Data is reorganized into a 4D matrix (t2, t1, x, y) 

Must separate signal acquired during positive and negative 

gradient acquisitions (signals co-added at the end to increase 

S/N) 

4D EP-COSI Post-Processing 

   Lipnick et al.  

   MRM 2010 



Single-slice based multi-voxel 2D MRS 

Total duration for a 4D EP-JRESI/EP-COSI scan 

for 16kx*16ky, TR = 1s, 64t1 increments and 1 

average, the scan time is  17 minutes 

How can we accelerate 4D EP-JRESI and EP-

COSI more to be clinically feasible? 



Is further acceleration feasible in MRSI?: 

EPSI/Spiral based  MRSI 

Non-uniformly undersampled (NUS) acquisition (2X, 
4X, 8X and more) 

Non-linear reconstruction for post-processing 

Can 2D MRS+2D/3D MRSI be acquired in < 20 
minutes? 

•          Lustig  et al. Magn Reson Med 2007 

•          Furuyama et al. Magn Reson Med 2012 

•          Thomas  et al. NMR Biomed 2014 

•          Sarma et al. AJNR 2014 (in press) 

•          Burns et al. NMR Biomed 2014 (in press) 



Sparse Reconstruction of 3D MRSI data 

Can missing MRSI samples be 

reconstructed in post-processing?   



3 Compressed Sensing Tenets 

 Sparse representation in some transform domain (e.g. 

wavelet, finite difference) 

 Incoherent artifacts due to undersampling 

 Nonlinear reconstruction enforcing both sparsity and 

consistency with acquired data 



Aliasing 

 Shannon-Nyquist theorem says... 

Sampling frequency must be at least 2x the highest 

frequency signal 

 If not, aliasing will occur 

 Aliasing can be coherent or incoherent depending on 

undersampling pattern 



Aliasing 

 Incoherent aliasing looks like noise 

 However, “noise” is not random and can be accounted 

for → exact recovery of under sampled signals 

(Candes,Tao '04) 

 Lustig et al. outline an intuitive (and surprisingly 

effective) way to accomplish this based on iterative 

thresholding 



Split Bregman Algorithm 

 Very fast for CS type problems (L1 min) 

 Easy to code/implement 

 Can handle variety of or multiple regularization terms 

→ IST based algorithms can only handle minimization of 

basic L1 term or term with invertible operator (does 

not work for TV) 



Compressed Sensing 

Donoho, IEEE Trans. Info. Theory, 2004 

Candés et al, IEEE Trans. Info. Theory, 2004 



4D SI with Compressed Sensing 

Retrospective study of healthy calf muscle 

fully sampled 33% of original data 



4D SI with Compressed Sensing 

Retrospective study of healthy calf muscle 

fully sampled tibialis anterior 33% of original data 



4D SI with Compressed Sensing 

Retrospective study of diabetic calf muscle 

fully sampled 33% of original data 



4D SI with Compressed Sensing 

Retrospective study of diabetic calf muscle 

33% of original data fully sampled tibialis anterior 



4D SI with Compressed Sensing 

Retrospective study of human calf muscle reconstructed using 

only 33% of the fully sampled data  

 

 

 

 

 

 

 

Disease (diabetes) identification despite reduced data size 

healthy diabetic 



4D SI with Compressed Sensing 

Prospective study in human prostate cut scan times from 24 

minute scans to 6 minutes 

 

 

 

 

 

 

 

The time saved by CS allows for many different modalities with 

long scans to finally be clinically viable 

 



 

 

5D 1H MR Spectroscopic Imaging: 2 Spectral 

+ 3 Spatial Dimensions 



5D Echo-Planar J-resolved Spectroscopic Imaging with 

NUS 

• 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 2015 and 2016   



Sampling Mask and Reconstruction 

The Sampling Density function used to sample the (ky, 

kz, t1) volume: 

where ρ(ky, kz, t1) is the probability of sampling a 

point in the (ky, kz, t1) plane. ny, nz, and n1 are the 

number of points in the ky, kz, and t1 dimensions 

respectively.  

Wilson NE, et al. MRM 2016 

[1] 

[2] 



16x Sampling Mask 



   Wilson et al, MRM 2015 (early view)   5D EP-JRESI 8X NUS-21 min  



How can we record 3D volume based 2D MRS 

accelerate 4D EP-JRESI and EP-COSI to be included 

in multiparameteric MRI protocol? 



Conclusions 

Spatially resolved 2D MRS has great potential for the 

biochemical characterization in cancer and other 

pathologies noninvasively 

Considering the tumor heterogeneity and the VOI size, 

multi-slice-based multi-voxel 2D MRS techniques need 

fufther optimization to be included in multiparametric 

MR protocols  
 



THANK YOU 


