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 Purpose: To develop an in vivo two-dimensional localized correla-
tion spectroscopy technique with which to monitor the 
biochemistry of the human brain and the pathologic char-
acteristics of diseases in a clinically applicable time, in-
cluding ascertainment of appropriate postprocessing pa-
rameters with which to allow diagnostic and prognostic 
molecules to be measured, and to investigate how much 
of the chemical information, known to be available from 
malignant cultured cells, could be recorded in vivo from 
human brain.

 Materials and 
Methods: 

The study was approved by the institutional review board 
and was compliant with HIPAA. With use of a 3.0-T clini-
cal magnetic resonance (MR) unit and a 32-channel head 
coil, localized correlation spectroscopy was performed in 
six healthy control subjects and six patients with glio-
blastoma multiforme (GBM) with an acquisition time of 
11 minutes. Two-dimensional spectra were processed 
and analyzed and peak volume ratios were tabulated. The 
data used were proved to be normally distributed by 
passing the Shapiro-Wilk normality test. The fi rst row of 
the spectra was extracted to examine diagnostic features. 
The pathologic characteristics and grade of each GBM 
were determined after biopsy or surgery. Statistically sig-
nifi cant differences were assessed by using a  t  test.

 Results: The localized correlation spectroscopy method assigned 
biochemical species from the healthy human brain. The 
correlation spectra of GBM were of suffi ciently high quality 
that many of the cross peaks, recorded previously from 
malignant cell models in vitro, were observed, demonstrat-
ing a statistically signifi cant difference ( P   ,  .05) between the 
cross peak volumes measured for healthy subjects and those 
with GBM (which include lipid, alanine,  N -acetylaspartate, 
 g -aminobutyric acid, glutamine and glutamate, glutathione, 
aspartate, lysine, threonine, total choline, glycerophospho-
rylcholine,  myo -inositol, imidazole, uridine diphosphate glu-
cose, isocitrate, lactate, and fucose). The fi rst row of the 
spectra was found to contain diagnostic features.

 Conclusion: Localized correlation spectroscopy of the human brain at 
3.0 T with use of a 32-channel head coil was performed 
in 11 minutes and provided information about neurotrans-
mitters, metabolites, lipids, and macromolecules. The 
method was able to help differentiate healthy brain from 
the biochemical signature of GBM in vivo. This method 
may,  in the future, reduce the need for biopsy and is now 
applicable for the study of selected neurologic diseases.

 q  RSNA, 2011
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malignant cultured cells, could be re-
corded in vivo from the human brain. 

 Materials and Methods 

 Participants 
 This prospective study took place be-
tween May and September 2009 (con-
trol subjects) and between September 
and November 2009 (patients with 
GBM). This study was approved by the 
local institutional review board and was 
compliant with the Health Insurance 
Portability and Accountability Act. Six 
patients with GBM and six control sub-
jects were recruited at Massachusetts 
General Hospital  . Patients were referred 
by the neuro-oncology department at 
Massachusetts General Hospital and se-
lected by A.G.S., a radiologist with more 
than 20 years of experience  . GBM was 
diagnosed with routine histopathologic 
examination in the selected patients be-
fore the MR spectroscopy investigation. 
Patients were included if the tumor had 
a minimum diameter of 1.0 cm as mea-
sured with contrast material–enhanced 
T1-weighted MR imaging. Patients were 
excluded if tumors were positioned close 
to air-fi lled sinuses (eg, tumors were close 
to the sinuses of the frontal, ethmoid, and 

with increments in delay ( t  1 ) inserted 
before the terminal readout 90° radio-
frequency (RF) pulse. The series of 1D 
free induction decays are Fourier trans-
formed along the fi rst dimension in  t  2  
(fi xed time delay), followed by another 
Fourier transformation in  t  1 . This gen-
erates a 2D correlation spectrum con-
taining diagonal and off-diagonal (cross) 
peaks. Each cross peak indicates the pres-
ence of scalar coupling between the two 
protons it connects on the diagonal. 

 The 2D correlation spectroscopy 
method was fi rst applied to cells in 1984 
( 10 ), healthy animal tissue in 1988 ( 11 ), 
diseased and healthy human tissue in 
1993 ( 12 ), human brain in vivo in 1994 
( 13 ), and human immune defi ciency 
in vivo in 2008 ( 14 ). The fi rst “localized” 
in vivo correlation spectroscopy examina-
tion of the human brain was performed 
at 2.0 T in 1994 and took 102 minutes 
with a 240-cm 3  region of interest ( 13 ). 
Independently in 2001, Thomas et al ( 15 ) 
refi ned this method by acquiring spec-
tra in 35 minutes with use of a 27-cm 3  
region of interest and a 3.0-inch surface 
coil at 1.5 T; Ziegler et al ( 16 ) used the 
method to acquire spectra in vivo in 
34 minutes by using a quadrature trans-
ceiver coil and a 27-cm 3  region of inter-
est at 3.0 T. 

 The neurochemicals reported to 
date in the 1D proton MR spectra are 
described by Danielsen and Ross ( 17 ) 
and Govindaraju et al ( 18 ). They are re-
ported for cells and tissues in a recent 
review ( 19 ). 

 The goal for the current study was 
to utilize in vivo 2D localized correla-
tion spectroscopy to monitor the bio-
chemistry of the human brain and the 
pathologic characteristics of diseases 
such as GBM in a clinically applicable 
time. This development includes ascer-
taining the appropriate postprocessing 
parameters with which to allow metab-
olites to be measured. We also wished 
to investigate how much of the chemical 
information, known to be available from 

             G liomas are primary brain tumors 
that infi ltrate normal brain, often 
appearing to have no particular 

“margin” on magnetic resonance (MR) 
images. Primary brain tumors are classi-
fi ed according to their appearance under 
the microscope; there are four grades 
of glioma, with glioblastoma multiforme 
(GBM) being the highest. Currently, 
biopsy is required to confi rm the na-
ture of a glioma. One-dimensional (1D) 
MR spectroscopy of the brain has been 
shown to enable the delineation of glioma 
from other types of brain tumors by 
means of an increased choline-to-creatine 
ratio, the presence of lactate, and an 
increase in  myo -inositol and lipid con-
centration with the concomitant reduc-
tion or absence of the  N -acetylaspartate 
(NAA) resonance ( 1–7 ). 

 Jean Jeener introduced two-
dimensional (2D) Fourier nuclear MR 
spectroscopy ( 8 ) with a two-pulse se-
quence: 90°  x   2  t  1  2 90°  x   2 Acq( t  2   ), which, af-
ter 2D Fourier transformation, produces 
a 2D spectrum. The importance of this 
discovery was realized by Aue et al ( 9 ), 
who developed it further; the method 
became known as correlation spectros-
copy or COSY. A correlation spectroscopy 
data set is a series of 1D spectra, each 

 Implication for Patient Care 

 The localized correlation spec- n

troscopy method is applicable to 
the study of tumors in humans. 

 Advances in Knowledge 

 Two-dimensional localized corre- n

lation spectra can be acquired 
from the human brain, in vivo, in 
11 minutes at 3.0 T. 

 The localized correlation spec- n

troscopy method can unambigu-
ously assign chemical information 
in the healthy human brain by 
separating those resonances 
that are composites in the one-
 dimensional spectrum along a 
second frequency; each cross peak, 
showing scalar coupling between 
protons on the diagonal, can be 
measured with statistical signifi -
cance, enabling the healthy brain 
to be differentiated from disease. 

 The localized correlation spectros- n

copy method, when applied to the 
study of glioblastoma in vivo, pro-
vides similar fi ndings to those 
recorded from cell culture models. 
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were transferred to Matlab (Mathworks, 
Natick, Mass), a numerical computing 
environment ( 23 ), for signal combination 
from multiple elements followed by row 
concatenation into a 2D matrix and 
reformatting. Felix  , a specialized and 
commercial 2D nuclear MR processing 
software ( 24 ), was used for spectral pro-
cessing and analysis. 

 The processing parameters were de-
duced by testing a range of parameters 
as described by Delikatny et al ( 25 ) to 
produce a correlation spectroscopy data 
set that was comparable with those re-
corded for cell suspensions. The data 
were postprocessed to maximize visibil-
ity of those molecules with intermedi-
ate and long T2 values. This inherently 
reduces the contribution of lipid to the 
resultant spectrum ( 25 ). 

 The processing parameters used for 
the F2 domain for both healthy brain 
and GBM were as follows: skewed sine-
squared window, 2048 points, and mag-
nitude reconstruction  . The  processing 
parameters for the F1 domain for both 
healthy brain and GBM were as fol-
lows: sine-squared window, linear pre-
diction to 90 points, zero-fi lling to 512 
points, and magnitude reconstruction. 
The creatine methyl resonance at 3.02 
ppm was used as an internal chemical 
shift reference in F1 and F2 ( 18 ). All 
cross peaks are reported as F2-F1 
peaks in parts per million  . 

 Statistical Analysis of Cross and Diagonal 
Peaks 
 Cross and diagonal peak volumes were 
measured by using the Felix software, 
with the creatine diagonal peak at 
3.02 ppm as the internal reference for 
both chemical shift and volume. The 
statistical signifi cance of all assigned 
cross and diagonal peaks was calculated 
by S.R. with use of a  t  test, and those 
metabolites with  P   ,  .05 are delineated 
in the  Table  . The data used for the  t  test 
were considered to be normally distrib-
uted by passing the Shapiro-Wilk nor-
mality test ( 26 ). The present statistical 
fi ndings were presented “as is” without 
any correction (eg, Bonferroni correc-
tion) ( 27 ) owing to possible substantial 
loss in the precision of results due to small 
sample size. Thus, assuming a mean 

the 180° RF pulses   were optimized Mao 
pulses ( 21 ). The fi rst two RF pulses gen-
erate a spin echo, and the third RF pulse 
acts as a spatially selective and coherence 
transfer pulse. The RF pulse duration was 
2.6 msec for the sinc-shaped 90° pulse 
and 4.6 msec for the Mao-shaped 180° 
pulse ( 21 ). These settings are differ-
ent from those originally implemented 
by Thomas et al ( 15 ), where Shinnar-
Le Roux pulses for all RF pulses along 
with a 3.0-inch surface coil were used. 
The localized pulse sequence used with 
correlation spectroscopy has only one 
incremented delay,  t  1 , between the sec-
ond and third RF pulses. Even though 
the sequence localizes in a single shot, 
a phase cycle that eliminates all signals 
except the desired echo was used. The 
number of increments determines de-
sired resolution along the vertical fre-
quency axis (F1 domain)  , whereas the 
number of averages determines signal-
to-noise ratio. Data received by the 
32-channel head coil were construc-
tively combined to improve the signal-
to-noise ratio by using residual water 
signal and relative channel weighting, 
as described by Brown ( 22 ). 

 The spectroscopy sequence was 
applied with an initial echo time of 
30 msec, repetition time of 1.25 sec-
onds, and eight averages per increment. 
The voxel size was manually adjusted 
to contain predominantly GBM tissue, 
the spectral width in the horizontal fre-
quency axis (F2 domain) was 2000 Hz, 
the  t  1  increment size was 0.8 msec, the 
indirect spectral width used was 1250 Hz, 
and the number of increments was 64. 
The WET water-suppression method 
( 20 ) was applied before the acquisi-
tion sequence. The acquisition time was 
11 minutes. 

 Data Processing 
 Data processing was performed by C.E.M. 
(a spectroscopist with more than 30 
years of experience), S.R., P.S. (a bio-
physicist with more than 15 years of 
experience), and A.P.L. (a biochemist 
and radiation therapist with more than 
4 years of experience). Because there 
is no suitable software on the commer cial 
unit to process 2D MR spectroscopy data, 
the raw spectroscopy data from the unit 

temporal bones) or if motion artifacts 
were seen on images. Eight patients (me-
dian age  6  standard deviation, 59.5 years 
 6  6.5) were initially included in the study; 
two subjects were excluded because of 
motion during imaging. 

 Localized Correlation Spectroscopy 
 Localized correlation spectroscopy was 
performed with a TIM Trio unit (model 
VB17A; Siemens, Erlangen, Germany) 
equipped with a commercially available 
32-channel receive-only head coil (Sie-
mens). Spectroscopy was performed by 
O.C.A. (a physician and physicist with 
10 years of experience) and S.R. (a bio-
physicist with more than 10 years of 
experience). Before undergoing spec-
troscopy, patients were imaged with 
an MR imaging protocol that included 
T2-weighted three-dimensional turbo 
spin-echo imaging with variable fl ip an-
gle (repetition time = 3.2 seconds, echo 
time = 494 msec, section thickness = 
0.9 mm  ). 

 The region of interest was chosen 
after contrast-enhanced T1-weighted 
imaging. Care was taken to include as 
much of the lesion as possible while 
avoiding the surrounding tissue. Local-
ized shimming was performed with au-
tomatic adjustment of fi rst- and second-
order shim gradients by using the auto-
matic three-dimensional B 0  fi eld map-
ping technique (Siemens). Automatic 
shim was then improved by manual ad-
justment of the above-mentioned shim 
gradients to achieve a magnitude peak 
width of water at half-maximum of 14 Hz 
or less ( 19 ). After frequency adjustment, 
water-selective suppression was opti-
mized by using the water suppression 
enhanced through T1 effects (WET) 
technique ( 20 ). 

 The localized correlation spectros-
copy sequence (90° 2 180° 2  t  1  2 90°) used 
herein is made out of three shaped and 
spatially selective RF pulses and was 
performed by S.R. (a biophysicist with 
more than 10 years of experience). This 
is the minimum number of RF pulses 
that can be used for localization. RF 
shapes can be sinc, Shinnar-Le Roux, or 
any section-selective pulse with suitable 
spectral bandwidth. In this study, the ex-
citation pulses were sinc RF pulses and 



Radiology: Volume 259: Number 2—May 2011 n radiology.rsna.org 543

 TECHNICAL DEVELOPMENTS:  One- and Two-dimensional MR Spectroscopy for Diagnosing Glioma Ramadan et al

  

 Resonance Assignments for Human Brain and Glioma (Grade IV) at 3.0-T Localized Correlation Spectroscopy and an in Vitro Human 
Cell Line at 8.5 T 

Molecules Coupling
All Peaks for 
in Vitro Cells (ppm) * †   

All Peaks for in Vivo 
Control Brain (ppm)  †   

All Peaks for 
in Vivo GBM (ppm)  †   

Peak Volume Ratio  ‡  

Control Brain 
to Creatine GBM to Creatine

Lipid  §  (CH 2 )n 2 CH 2  2 CH 3 0.87-0.87 0.91-0.91 0.89-0.89 0.26 (0.02) 1.61 (1.14)
Lipid  §  (CH 2 )n 2 CH 2  2 CH 3 1.33-1.33 1.35-1.35 1.31-1.31 0.32 (0.12) 6.84 (5.28)
Lipid  2 O 2 C(O) 2 CH 2  2 CH 2  2 ... 1.61-1.61 ... 0.15 (0.10) ...
 Peak A (CH 2 )n 2 CH 3 1.33-0.87 ... 0.91-1.29 ... 0.25 (0.13)
 Peak B HC=CH 2 CH 2  2 CH 2  2 CH 3 2.08-1.33 ... 2.01-1.29 ... 0.30 (0.20)
 Peak C HC=CH 2 CH 2  2 CH 2  2 CH 3 2.00-5.31 ... ... ... ...
 Peak D  2 HC=CH 2 CH 2  2 CH=CH 2 5.32-2.82 ... 5.33-2.79 ... 0.06 (0.04)
Lipid  §  HC=CH ... 5.23-5.23 5.29-5.29 0.03 (0.01) 1.12 (0.10)
 Peak E  2 C(O) 2 CH 2  2 CH 2  2 CH 2 1.62-1.33 ... 1.66-1.29 ... 0.09 (0.04)
 Peak F  2 O 2 C(O) 2 CH 2  2 CH 2 2.30-1.62 ... 2.24-1.60 ... 0.10 (0.12)
 Peak G RO 2 CH 2  2 CH(OR) 4.12-5.26 ... ... ... ...
 Peak G 9 RO 2 CHH 9  2 CH 2 OR 4.09-4.29 ... ... ... ...
Z methyl and methine 0.9-1.5 ... ... ... ...
Ala  §   2 CH 2 CH 3 3.77-1.47 ... 3.78-1.49 ... 0.01 (0.01)
NAA  §   2 CH 2 CH 2  2 ... 4.35-2.56 4.43-2.55 0.19 (0.02) 0.08 (0.04)

 2 CH 3 ... 2.00-2.00 2.00-2.00 1.76 (0.04) 1.25 (0.81)
 2 CH 2  2 ... 2.62-2.62 2.60-2.60 0.31 (0.02) 0.38 (0.18)
 2 CHH ... 2.47-2.71 ... 0.08 (0.01) ...

GABA  §  H 2 N 2 CH 2  2 CH 2  2 2.28-1.89 2.27-1.92 ... 0.10 (0.00) ...
Glx  §   2 CH 2  2 CH(NH 3 +) 3.78-2.14 3.75-2.10 3.78-2.11 0.10 (0.01) 0.18 (0.01)
GSH  §   2 CH 2  2 CH 2  2 CO ... 2.55-2.14 2.58-2.12 0.06 (0.00) 0.09 (0.05)

 2 CH 2 CH 2  2 SH ... 4.61-2.97 ... 0.08 (0.03) ...
NH(GSH)+CH(adenosine) ... ... 8.26-8.26 ... 0.12 (0.02)

Asp  §   2 CH 2  2 CH 2  2 ... 3.87-2.67 3.86-3.68 0.06 (0.01) 0.02 (0.01)
Ile  2 CH 2 CH(CH 3 ) 2 CH 2 CH 3 2.04-0.95 2.00-0.99 ... 0.02 (0.00) ...
Leu  2 CH 2 CH 3 1.71-0.95 ... 1.68-0.95 ... 0.06 (0.03)
Lys  §   2 CH 2  2 CH 2  2 NH 3 + 3.00-1.67 3.02-1.68 3.02-1.64 0.03 (0.01) 0.04 (0.01)
Thr  §   2 CH 2 CH(OH) 2 CH 3 4.26-1.31 4.27-1.36 4.05-1.31  ||  0.08 (0.01) 0.15 (0.08)
Val  2 CH 2 (CH 3 ) 2 1.01-2.28 ... ... ... ...
tCr  #  N(CH 3 ) 3.02-3.02 3.02-3.02 3.02-3.02 1.00 (0.00) 1.00 (0.00)

 2 CH 2  2 ... 3.92-3.92 3.91-3.91 0.72 (0.03) 1.12 (0.10)
CH 3  2 N 2 CH 2 ... 3.02-3.92 3.02-3.95 0.03 (0.01) 0.02 (0.01)

tCho  §  (CH 3 )3 2 N+ 2 CH 2  2 CH 2  2 OH 3.51-4.05 3.51-4.05 ** 3.52-4.08 0.05 (0.00) 0.02 (0.00)
(CH 3 )3 2 N+ 2 CH 2  2 CH 2  2 OH ... 3.20-3.20 3.20-3.20 0.74 (0.04) 1.20 (0.20)
(CH 3 )3 2 N+ 2 CH 2  2 CH 2  2 OH ... 4.05-4.05 ... 0.23 (0.02) ...

Eth H 3 N+ 2 CH 2  2 CH 2  2 OH 3.87-3.15 ... 3.85-3.10 ... 0.04 (0.02)
GPC  §  (CH 3 )3 2 N+ 2 CH 2  2 CH 2  2 3.67-4.33 3.68-4.27 4.34-3.66 0.03 (0.01) 0.06 (0.03)

HO 2 CH 2  2 CH(OH) ... 3.92-3.66 3.67-4.33 0.07 (0.00) ...
PC (CH 3 ) 3  2 N+ 2 CH 2  2 CH 2  2 4.17-3.56 4.21-3.55 3.66-4.17 0.02 (0.02) 0.03 (0.01)
PE  ††  H 3 N+ 2 CH 2  2 CH 2  2 , CH 2  2 CH 2 3.98-3.22  4.00-3.24 3.99-3.21 0.05 (0.00) 0.03 (0.02)
Phe  2 CH 2 CH 2  2 ... 7.33-7.33 ... 0.05 (0.01) ...
m-Ino  §   2 CH(OH) 2 CH(OH) 3.64-3.28 3.63-3.29 3.29-3.60 0.04 (0.01) 0.02 (0.00)

... 3.55-3.55  ‡‡  3.54-3.54  ‡‡  0.30 (0.03) 0.39 (0.05)
Glc  2 HOCH 2  2 C 2 CH 2 CH 2 ... 3.71-3.42 3.72-3.42 0.04 (0.01) 0.06 (0.01)
Imi-1  §   2 C 2 CH 2 NH 2 CH 2 N ... 7.07-7.07 7.06-7.06 0.04 (0.00) 0.21 (0.06)
Imi-2  2 C 2 CH 2 NH 2 CH 2 N ... 8.03-8.03 ... 0.03 (0.00) ...
HF  §  NH (NAA)+Hisd+Hism+Homo ... 7.82-7.82 7.88-7.88 0.04 (0.00) 0.14 (0.05)
Hism  2 CH 2  2 CH 2  2 ... ... 2.97-3.32 ... 0.05 (0.01)
UDPG  §  ... ... 5.96-5.96 ... 0.11 (0.02)

(continues)
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correlation value of 0 (independent sam-
ples), a total of six tests, and an  a  (prob-
ability of error per test) value of .05, the 
chance of fi nding one or more signifi cant 
differences in six tests without Bonfer-
roni correction will be 26.5%. 

 Results 

 At 3.0 T and with use of a 32-channel 
head coil and the experimental condi-
tions described earlier, localized cor-
relation spectroscopy was performed in 
11 minutes. A typical 2D localized cor-
relation spectrum of a GBM is shown 
in  Figure 1  ; the spectral assignments 
are summarized in the  Table . Peak vol-
ume ratios, referenced to the creatine 
diagonal peak, are also summarized in 
the  Table . The spectroscopic data were 
postprocessed to maximize the visibil-
ity of those molecules with interme-
diate and long T2 values (eg, amino 
acids, NAA, aspartate, glutamate and 
glutamine, lactate, and the cell surface 
fucosylated species) ( Table ). With these 

Molecules Coupling
All Peaks for 
in Vitro Cells (ppm) * †   

All Peaks for in Vivo 
Control Brain (ppm)  †   

All Peaks for 
in Vivo GBM (ppm)  †   

Peak Volume Ratio  ‡  

Control Brain 
to Creatine GBM to Creatine

... ... 5.96-7.90 ... 0.03 (0.01)
Icit  §  CH 2  2 CH 2 ... ... 3.50-2.89 ... 0.04 (0.02)
Lac  §   2 (OH)CH 2 CH 3 4.10-1.30 ... 4.05-1.31 ... 0.05 (0.02)
Tau H 3 N+ 2 CH 2  2 CH 2 3.25-3.42 ... ... ... ...
Fuc I  §  CH 3  2 CH 2 4.27-1.33 ... 4.11-1.31 ... 0.07 (0.02)
Fuc II 4.28-1.25 ... ... ... ...
Fuc III  §  CH 3  2 CH 2 4.30-1.41 ... 4.15-1.45 ... 0.01 (0.01)
Fuc IV 4.38-1.31 ... ... ... ...

 Note.—Ala = alanine; Asp = aspartate; Eth = ethanolamine; Fuc = fucose; GABA =  g -aminobutyric acid; Glc = glucose; Glx = glutamate and glutamine; GPC = glycerophosphocholine; GSH = 
glutathione; HF = high-frequency peak from NAA amine group and imidazole from histamine and histadine; Hism = histamine; Icit = isocitrate; Ile = isoleucine; Imi-1 = imidazole from histamine, 
histadine, and homocarnosine; Imi-2 = imidazole from histamine and homocarnosine; Lac = lactate; Leu = leucine; Lys = lysine/polyamine; Meth = methionine; m-Ino =  myo -inositol; PC = 
phosophocholine; PE = phosphoethanolamine; Phe = phenylalanine; Tau = taurine; tCho = total choline; tCr = total creatine; Thr = threonine; Tryp = tryptophan; Tyr = tyrosine; UDPG = uridine 
diphosphate glucose; Val = valine; Z = cholesterol. 

 * From references  28 and 29 . 

  †  Cross peaks are given as F2-F1 peaks. 

  ‡  Numbers in parentheses are standard deviations. 

  §  Data were found to be signifi cantly different ( P   ,  .05). 

  ||  Includes lactate. 

  #  Used as an internal reference. 

 ** Also includes  myo -inositol. 

  ††  Includes histadine, phenylalanine, and tyrosine. 

  ‡‡  Also includes total creatine. 

(continued)

 Resonance Assignments for Human Brain and Glioma (Grade IV) at 3.0-T Localized Correlation Spectroscopy and an in Vitro Human Cell 
Line at 8.5 T 

postprocessing parameters (see Materi-
als and Methods), the lipid cross peaks 
A, B, E, and F (see  Table  for chemi-
cal shifts) are only just visible above the 
noise level ( 25 ). If a different postpro-
cessing method was used (ie, to enhance 
those molecules with a short T2), the 
lipid cross peaks would be clearly vis-
ible (not shown) ( 25 ). 

 A typical 2D correlation spectrum 
of healthy brain (processed as in  Fig 1 ) 
is shown in  Figure 2  . The spectral as-
signments and peak volume ratios are 
also listed for comparison in the  Table . 
A major difference from the localized 
correlation spectrum of the glioma is 
the presence of strong cross peaks from 
NAA at 4.35-2.56 ppm,  g -aminobutyric 
acid (the major inhibitory neurotrans-
mitter) at 1.89-2.28 ppm, aspartate at 
3.87-2.67 ppm, and glutamine plus the 
excitatory neurotransmitter glutamate 
at 2.14-2.45 and 2.14–3.78 ppm  . 

 Cross peaks observed at 3.50-2.89 
ppm in GBM spectra are tentatively 
assigned to isocitrate, a substrate of iso-

citrate dehydrogenase, constituting the 
fi rst report in the spectra from GBM. 
There were no isocitrate cross peaks 
seen in 2D data from healthy control 
subjects. 

 A goal of this study was to ascer-
tain which spectral characteristics, from 
these experimental in vivo conditions, 
were recorded previously from cultured 
malignant cells and biopsy specimens. 
In  Figure 3  , we compare the spectra 
obtained with 8.5-T 1D proton MR spec-
troscopy and correlation spectroscopy in 
a highly tumorigenic malignant colorectal 
cell line. As described earlier, the post-
processing conditions used for  Figures 1 
and 2  reduce the contribution to the lipid 
cross peaks (peaks A–F) but maximize 
those molecules with a longer T2. 

 Of interest is a difference in the 
localized correlation spectra between 
patients with GBM and healthy con-
trol subjects ( Figs 1, 2 ) in the methyl-
methine coupling region CH(OH) 2 CH 3  
(F2: 1.00–1.60 ppm; F1: 3.90–4.50 ppm  ). 
In this region in healthy brain, only the 
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between the healthy subjects and those 
with GBM ( Table ). 

 The fi rst row of each localized cor-
relation spectroscopy data set (acquired 
with an echo time of 30 msec), although 
not of the quality of a single-voxel spec-
trum collected with conventional means, 
is of suffi cient quality to allow the dif-
ferentiation of healthy brain from GBM 
on the basis of resonance ratios ( 19 ) 
( Fig 5  ). The spectra extracted from 
the fi rst rows of the localized correla-
tion spectra ( Fig 5 ) might have a lesser 
signal-to-noise ratio and slightly broader 

amino acid threonine is visible. In the 
glioma, multiple resonances are seen and 
are compared in  Figure 4   with low and 
high tumorigenic cell lines ( 28 ). These 
cross peaks are tentatively assigned in 
the  Table  to lactate, threonine, and a 
range of cell surface fucosylated species 
reported previously to be representa-
tive of loss of cellular differentiation 
( 30 ) and hence a prognostic marker. 

 When the cross peak volume ra-
tios from healthy brain and GBM were 
compared, a statistical signifi cance test 
( P   ,  .05) showed lipid, alanine, NAA, 
 g -aminobutyric acid, glutamate and 
glutamine, glutathione, aspartate, lysine, 
threonine, total choline, glycerophospho-
rylcholine,  myo -inositol, imidazole, uridine 
diphosphate glucose, isocitrate, lactate, 
and fucose to be statistically different 

 Figure 1 

  

  Figure 1:  Localized correlation spectrum in a 
68-year-old patient with GBM. Spectroscopy was 
performed at 3.0 T by using a 32-channel head coil 
and a voxel size (shown in inset) of 25  3  25  3  
20 mm 3 , increment size of 0.8 msec, 64 incre-
ments, eight averages per increment, repetition 
time of 1.25 seconds, total experimental time of 
11 minutes, acquired vector of 1024 points, acquisi-
tion time of 512 msec, spectral width in F2 of 2000 Hz, 
and spectral width in F1 of 1250 Hz. In this case, 
the tumor fi lled the entire voxel; hence, the contribu-
tion from normal brain tissue is minimal. A summary 
of assignments and volumes of diagonal resonances 
and cross peaks is shown in the Table.  Cr  = cre-
atine,  Fuc  = fucose,  Glx  = glutamate and glutamine, 
 GPC  = glycerophosphocholine,  Icit  = isocitrate, 
 Lac  = lactate,  Lys  = lysine/polyamine,  PC  = phos-
phocholine,  Tau  = taurine.   

 Figure 2 

  

  Figure 2:  Localized correlation spectrum in a 
42-year-old healthy volunteer. Spectroscopy was 
performed at 3.0 T by using a 32-channel head 
coil, voxel size (voxel placement was in the occipital 
lobe) of 30  3  30  3  30 mm 3 , increment size of 
0.8 msec, 64 increments, eight averages per 
increment, repetition time of 1.25 seconds, total 
experimental time of 11 minutes, acquired vector of 
1024 points, acquisition time of 512 msec, spectral 
width in F2 of 2000 Hz, and spectral width in F1 of 
1250 Hz. A summary of assignments and volumes 
of diagonal resonances and cross peaks is shown in 
the Table.  Asp  = aspartate,  Cho  = choline,  Cr  = cre-
atine,  GABA  =  g -aminobutyric acid,  Glx  = glutamate 
and glutamine,  GSH  = glutathione,  His  = histadine, 
 m-Ino  =  myo -inositol,  MM  = macromolecules  , 
 PE  = phenylalanine,  Thr  = threonine.   
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optimized acquisition protocol and post-
processing parameters, were acquired 
in 11 minutes—a clinically acceptable 
time. The excellent signal-to-noise ratio of 
the in vivo GBM spectra allowed a com-
parison to be made with biologically well-
documented cell lines grown in vitro. 
This comparison was unexpected. The 
method allowed each cross peak volume, 
referenced to creatine, to be recorded and 
healthy versus disease to be compared—
demonstrating a statis tically signifi cant 
difference between the healthy and 
GBM cohorts for lipid, alanine, NAA, 
 g -aminobutyric acid, glutamate   and glu-
tamine, glutathione, aspartate, lysine, 
threonine, total choline, glycerophos-
phorylcholine,  myo -inositol, imidazole, 
uridine diphosphate glucose, isocitrate, 
lactate, and fucose. It is anticipated that 
the additional biochemicals recorded 
and assigned with this method will fur-
ther improve the existing 1D MR spec-
troscopy methods known to contribute 
to disease management and treatment 
decisions ( 7,33 ). 

 There remain two important issues 
to be addressed in the localized cor-
relation spectroscopy method. The fi rst 
is the spectral asymmetry. This occurs 
owing to the water-suppression tech-
nique WET ( 20 ), which operates by ex-
citing the water region and spoiling it 
by using a magnetic fi eld gradient pulse. 
Adjacent resonances can be affected by 
this suppression process. For example, 
NAA has a CH group that resonates 
at 4.4 ppm and is coupled to the  � 2.6-
ppm CH 2  group. When the CH is par-
tially affected by water suppression, 
its magnetization correlation with the 
neighboring CH 2  resonance is reduced. 
The CH 2  moiety of the NAA is not affected 
and thus yields stronger cross peaks 
than does the CH group. If we assume a 
generic correlation spectroscopy pulse 
sequence of 90°  x   2  t  1  2 90°  x   2 Acq( t  2 )   and 
use product operator formalism ( 34 ), 
ignoring relaxation effects, the two sym-
metrical cross peaks arise from  2 sin 
( v  1   t  1 ) sin ( p   J   t  1 )  I  1   z    I  2   y   and  2 sin ( v  2   t  1 ) 
sin ( p   J   t  1 )  I  1   y    I  2   z    , where  v  and  I  are 
chemical shift and vector operators, 
respectively, and  J  is the scalar cou-
pling constant. Thus, if spin 2 resonates 
closer to water resonance than spin 1, 

 Discussion 

 The localized correlation spectra, ac-
quired in vivo from patients with GBM 
and healthy control subjects at 3.0 T by 
using a 32-channel head coil with an 

line widths than their typical point-
resolved spatially localized spectroscopy 
1D counterparts owing to a smaller 
number of averages and magnitude cal-
culation; however, the major diagnostic 
parameters are present. 

 Figure 3 

  
  Figure 3:  Spectra from 1D proton MR spectroscopy at 8.5 T (100 images) (top image) and sym-
metrized   correlation spectroscopy (32 averages per increment, 220 increments) (bottom image; 
horizontal axis represents F2 domain, and vertical axis represents F1 domain) of LIM 1215 (highly 
tumorigenic) malignant colorectal cells. Data were obtained at 37°C  . Line broadening of 3.0 Hz was 
applied to the 1D MR spectrum, and sine-bell and Lorentzian-gaussian (Lorentzian broadening = 
 2 30.0, gaussian broadening = 0.20  ) window functions were used in  t  

l
  and  t  

2
  domains, respectively, 

for the data from correlation spectroscopy. Contour plots were generated with the lowest level set 
close to the noise level and subsequent levels increasing in powers of 2.  A  = lipid peak A,  Ala  = 
alanine,  B  = lipid peak B,  C  = lipid peak C,  Chol  = choline,  F  = lipid peak F,  Fuc  = fucose,  G  = lipid 
peak G,  Glu/Glut  = glutamate and glutamine,  GPC  = glycerophosphocholine,  His  = histadine,  Ile  = 
isoleucine,  Inos  = inositol,  Lac  = lactate,  Leu  = leucine,  Lys  = lysine/polyamine,  PC  = phosphocho-
line,  Tau  = taurine,  Thr  = threonine,  Val  = valine. (Reprinted, with permission, from reference  28 .)   
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made tentative assignments of lactate, 
threonine, and fucosylated species. The 
chemical shifts of these molecules, how-
ever, are slightly different in vivo ( Table ). 
This may be explained by the fact that 
the intracellular pH in healthy tissue is 
more acidic than the extracellular pH is. 
This relationship is reversed in tumors, 
where intracellular pH is more basic 
than the extracellular pH ( 45,46 ). This 
pH effect was seen in localized correla-
tion spectra of glioma, where the CH 3  
and CH groups of lactate are affected 
differently by pH variation ( 45,47 ). 

 The assignment of the fucosylated 
species in the GBM spectra obtained 
with localized correlation spectroscopy 
is important. A molecule(s) with a long 
T2 was identifi ed at 1.33 ppm in the 

of isocitrate dehydrogenase 1 enzyme, 
which would lead to the accumulation 
of isocitrate and supports the assignment 
of isocitrate in the localized correlation 
spectra of GBM ( 40–43 ). In addition, 
threonine was recorded in the local-
ized correla tion spectra of all healthy 
volunteers but not in the GBM. This 
is consistent with fi ndings that Akt  , 
a serine-threonine phosphotransferase 
enzyme, is elevated in 80% of human 
GBM cases ( 44 ). 

 The comparison of the 0.90–1.70 
ppm (F2) and 3.90–4.50 ppm   (F1) re-
gions of the localized correlation spectra 
from an in vitro model of tumorigenisis 
with the localized correlation spectra 
from GBM shows that the profi les are 
remarkably similar. From this, we have 

the signal expressed in the fi rst equa-
tion will be weaker. This explains the 
asymmetry seen in localized correlation 
spectra acquired in this manner and is 
supported by the fi ndings of Banakar 
et al ( 35 ), who report that asymmetry in 
localized correlation spectroscopy was 
not observed in a brain phantom when 
H 2 O was replaced by D 2 O. 

 The second important issue is the 
need, in the clinical environment, to min-
imize time in the imaging unit achieved 
by limiting the number of points to 64 
along the vertical F1 dimension. This 
is in contrast to the acquisition of at 
least 1024 points in the F2 dimension. 
This undersampling along F1 leads to 
a coarse and low digitization that re-
stricts the spectral resolution in that 
dimension. Linear prediction and zero-
fi lling partially solve this problem. Never-
theless, the quality of a localized corre-
lation spectrum of GBM compared well 
with the correlation spectrum obtained 
from cells at a higher fi eld strength of 
8.5 T, where 2048 points were collected 
in the F2 dimension and 220 points were 
collected in the F1 dimension. This can 
be attributed in part to the improved 
sensitivity of the 32-channel coil. 

 When comparing the results from 
the localized correlation spectroscopy 
method with those from previous 1D 
MR spectroscopy studies, there are sev-
eral interesting biochemical features. 
Ganglioside ceramide was reported pre-
viously in GBM and assigned at 5.3 ppm 
( 36 ). A distinctive molecular fragment 
in ceramides, RHC=CH 2 CH(OH)R  , is 
expected to give rise to a cross peak at 
5.3-3.9 ppm ( 37 ). This cross peak was 
absent from all localized correlation GBM 
spectra, rendering this assignment un-
likely and exposing a weakness of 1D 
MR spectroscopy and strength of the 
2D localized correlation MR spectros-
copy method. 

 The (glutamate-glutamine)–to-creatine 
ratio in patients with GBM agrees with 
reports of higher levels of glutamate in 
the tumor than in peritumoral tissue ( 5 ), 
which is consistent with reports that 
GBM secretes large amounts of gluta-
mate ( 38,39 ). 

 The genomic analysis of GBM reports 
recurrent mutations in the active site 

 Figure 4 

  

  Figure 4:  Tentative assignments, for the localized 
correlation spectroscopy region (F2: 0.90–1.70 
ppm; F1: 3.90–4.50 ppm  ) of the human glioblas-
toma, to lactate ( Lac ), threonine ( Thr  ), and cell 
surface fucosylated moieties ( Fuc I–IV   ) as reported 
previously from cultured cell lines ( 28,30–32   ). 
Horizontal axis represents F2 domain, and vertical 
axis represents F1 domain. Image  A  was obtained 
from the correlation spectrum of GBM in Figure 1. 
Image  B  was obtained from a highly tumorigenic 
colorectal LIM 1215 cell line. Image  C  was obtained  
 from the low tumorigenic colorectal LIM 1863 cell 
line. Note that the expanded GBM has been rotated 
to allow direct comparison with the published data 
from in vitro correlation spectroscopy. ( B  and  C  were 
reprinted, with permission, from reference  28 .)   
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(echo time = 30 msec) in a patient with GBM (top) and a healthy 
control subject (bottom).   
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