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The identification of 2-hydroxyglutarate (2HG) by 1H magnetic resonance spectroscopy (MRS) in 

patients with isocitrate dehydrogenase mutant gliomas is a significant breakthrough in neuro-oncology 

imaging.  2HG is the first imaging biomarker that is specific to a genetic mutation in gliomas, making the 

diagnosis of IDH mutant gliomas possible without biopsy.  2HG also has a significant predictive value 

with respect to the stage and survival in gliomas because IDH mutation carries a favorable prognosis.  

Gliomas are highly heterogeneous and infiltrative in malignant transformation and recur beyond the 

borders of the initial tumor mass.  Therefore, a high-resolution 3D imaging platform to measure 2HG 

rapidly has an outstanding strength for monitoring IDH-mutant tumors.  The present work aims to 

develop new techniques that provide meaningful estimation of 2HG and other metabolites in gliomas in 

vivo.  As the first topic, novel triple refocusing MRS was developed at 3T for improving the 2HG signal 

sensitivity and specificity compared to prior methods.  The optimized triple refocusing sequence 
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conferred excellent discrimination of the 2HG 2.25-ppm signal from the adjacent resonances and 

consequently improved the precision of 2HG estimation substantially.  Another accomplishment was 

development of fast high-resolution imaging of 2HG in patients at 3T and 7T.  A new echo-planar 

spectroscopic imaging (EPSI) readout was designed incorporating dual-readout alternated gradients 

(DRAG-EPSI).  At 7T, DRAG-EPSI was utilized for increasing the spectral width for fully covering the 

spectral region of interest, which is not possible with conventional EPSI. DRAG-EPSI was used for 2D 

imaging of 2HG in 5 patients at 7T.  At 3T, at which the spectral width of conventional EPSI is 

sufficiently large for covering the spectral region of interest, DRAG-EPSI was utilized for reducing the 

readout gradient strengths, thereby improving the imaging performance and patient compliance.  DRAG-

EPSI induced frequency drifts smaller by 5.5-fold and acoustic noise lower by 25 dB compared with 

conventional EPSI.  In a 19-min scan, DRAG-EPSI produced, for the first time, 3D imaging of 2HG with 

precision at a resolution of 10×10×10 mm3 at 3T.  Data from 4 patients indicated that DRAG-EPSI may 

provide reliable 3D high-resolution imaging of 2HG at 3T in vivo. 
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CHAPTER ONE 

 

INTRODUCTION AND BACKGROUND 

 

1.1   INTRODUCTION TO THESIS 

Cancers reprogram their metabolism to meet the needs of rapid cell growth (1, 2), resulting in 

alterations in metabolic profiles.  The metabolic activity in tumors may be predictive of the genotype of the 

tumors and may also predict tumor grade and patient outcomes.  The majority of World Health Organization 

(WHO) grade II and III gliomas and secondary glioblastomas harbor isocitrate dehydrogenase (IDH) 

mutations in the cytosol (IDH1) and mitochondria (IDH2), and these mutations are associated with better 

response to therapy and more prolonged survival compared to IDH wildtype tumors (3-5).  The IDH 

mutation gives rise to the NADPH-dependent reduction of α-ketoglutarate to 2-hydroxyglutarate (2HG). 

As a result, 2HG, which is normally present in minute quantities, is elevated by orders of magnitude in IDH 

mutant gliomas (6-8).  Thus, the capability to detect 2HG noninvasively provides a novel tool for 

identifying IDH mutation in patients without need of tumor biopsy.   

The present work aims to develop new magnetic resonance spectroscopy (MRS) techniques 

to precisely image 2HG and other metabolites in gliomas.  To accomplish the goal, the projects are divided 

into three parts: 1) Develop a single voxel MRS sequence (1D) for 2HG detection with high sensitivity and 

specificity; 2) Develop an in vivo 2D high-resolution imaging technique for 2HG and other metabolites; 3) 

Develop 3D imaging of 2HG and other metabolites in gliomas. 

  

1.1.1   SPECIFIC AIMS: 

AIM1: In vivo 1D Detection of 2-Hydroxyglutartate in Brain Tumors by Triple-Refocusing 

MR Spectroscopy at 3T 
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AIM2: In vivo 2D Echo-Planar Spectroscopic Imaging of 2HG and other metabolites in 

Glioma Patients with Dual-Readout Alternated Gradients (DRAG-EPSI) at 7T 

AIM3: In vivo 3D Imaging of 2HG in Glioma Patients Using Echo-Planar Spectroscopic 

Imaging with Dual-Readout Alternated Gradients (DRAG-EPSI) at 3T 

 

1.1.2   RESEARCH STRATEGY 

Significance: Gliomas are highly heterogeneous and infiltrative in malignant transformation.  

The capability to image 2HG with high resolution rapidly has great potential for patient care and cancer 

research.  At present, precise evaluation of 2HG at a relatively low concentration with abundant signals in 

the proximity remains challenging.  The 2HG and interference resonances are all strongly coupled, and 

consequently, the coherences evolve with time in complex fashion.  As an example, the 2HG C4-proton 

signal is not symmetric with respect to the first and second subecho times of PRESS (point-resolved 

spectroscopy), TE1 and TE2 (9).  This dependence of strongly-coupled resonances on the inter-RF pulse 

timings can be utilized for manipulating the J-coupled spin coherence evolution for detection of signals of 

interest.  Due to the effects of increased number of subecho times, triple refocusing provides an effective 

tool for selective detection of metabolite of interest.  

1H echo-planar spectroscopic imaging (EPSI) (10) has been used for fast imaging of  brain 

metabolites at 3T and 4T in vivo (11, 12), but its application for high-resolution imaging of J-coupled spin 

metabolites is  limited due to the small spectral widths (in particular at 7T), low SNR, and  the requirement 

of high gradient strength (13).  The new method, DRAG-EPSI, increases the spectral width, improves the 

signal-to-noise ratio (SNR), and reduces the burden on the gradient system, thereby improving the data 

quality, compared to the published EPSI methods.  This eventually enables 3D high-resolution imaging of 

2HG and other technically-challenging J-coupled metabolites with precision. 
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1.1.3   INNOVATION & APPROACH 

Triple refocusing (90˚- 180˚- 180˚-180˚) has three subecho times and may provide a means of 

manipulating the J-coupled spin signals more efficiently (Fig. 1.1).  The subecho times and RF pulse 

duration of a triple-refocusing sequence were tailored, with numerical simulation and phantom validation, 

for generating a well-defined 2HG signal at 2.25 ppm, with minimal spectral overlaps with the neighboring 

signals from Glu, Gln, and GABA between 2.2 and 2.3 ppm.   

 

Figure 1.1    Schematic diagram of a triple-refocusing sequence.  
Localization of VOI (volume of interest) is obtained with slice-selective 
90° and 180° RF pulses while the second 180° RF pulse is non-slice 
selective (NS180). The three subecho times (TE1, TE2, and TE3) can be 
tailored for detection of signals of interest. All RF pulses shown are 
vendor-supplied (termed SHARP by Philips Medical Systems). 

Several EPSI acquisition and reconstruction approaches were proposed.  First, odd/even echo 

editing was conventionally used for neuro-metabolic imaging at 1.5T, 3T, and 4T (11-14).  This echo editing 

results in a spectral width halved with respect to the acquisition dwell time.  Second, the interlaced Fourier 

transformation approach maintains the full spectral width, but it is achieved at the expense of the prevailing 

gradient delay artifacts (15, 16).  Third, a dual-readout EPSI with flyback gradients (17) was proposed to 

increase the spectral width. Data acquired using two sets of interleaved readout gradients with flyback 

gradients were combined to a single set of data, leading to a spectral width greater by two-fold with respect 
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to the acquisition dwell time.  This approach was used recently for brain tumor metabolic imaging at 7T, 

with an in-plane resolution of 10×10 mm2 (18).  Lastly, time-shift EPSI was proposed for increasing spectral 

width (19, 20).  Here I propose a new EPSI readout scheme, which was designed from a combination of the 

conventional bipolar readout gradient and dual-readout approaches.  Taking advantage of the two published 

schemes, this new method provides increased spectral width, high SNR, and small burden on the gradient 

system, compared to the published EPSI methods.  The new EPSI scheme, combined with our previously-

reported 2HG-optimized PRESS sequence (21), was used for high-resolution imaging of 2HG and other 

metabolites at 3T and 7T. 

 

1.2   IN VIVO MAGNETIC RESONANCE SPECTROSCOPY 

Magnetic Resonance Spectroscopy, known initially as nuclear magnetic resonance (NMR) 

spectroscopy, is widely used for measurements of chemical compounds, such as glutamate (22) and lipids 

(23), in in-vivo and ex-vivo conditions of human (24, 25) and animal brain tissues (26, 27).  The technique, 

which was invented more than a half-century ago, is one of the most robust non-invasive methods to 

understand human physiology today.  

MRS is non-invasive, radiation-free technology that is available on nearly all magnetic 

resonance imaging (MRI) scanners.  In vivo MRS was first demonstrated in mid-1980s and has been used 

to detect 1H, 13C, 31P, and 23Na signals of metabolites, such as 2HG, Glu, GABA, Lip, Cho, ATP, ADP, Cit, 

and NAA in human brain, breast, liver, prostate, heart, and muscle, for diseases like cancer, lesions, 

neuropsychiatric disorders, metabolic disorders, and musculoskeletal diseases (28-32). Among these 

applications and techniques, in vivo brain 1H MRS for gliomas and neuropsychiatric disorders is 

predominantly popularized (26, 29, 30), because of its unique capability to quantify some important 

metabolites in these diseases, such as 2HG, Glu, GABA, Gly, Cho, NAA, and Lac.  

Proton MRS detects the signals of low-molecular weight molecules, which are predominantly 

present in intracellular spaces.  In general, a 1H MRS spectrum is characterized by four factors: 1) The 
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resonance frequency of each signal; 2) The integrated signal strength is determined by the concentration of 

the metabolite; 3) T1 relaxation time; 4) T2 relaxation time.  The two relaxation times are largely determined 

by the mobility of the molecules, which is affected by the physical environment of the molecule. In general, 

the T2 relaxation time of the proton resonances, which is governed by the dipolar interaction (direct spin-

spin interaction), is relatively long when the molecule’s mobility is high, leading to well-detectable narrow 

MRS signals.  Prior studies in cell culture reported the water T1 and T2 in mitochondria and cytosol, 

suggesting that the water mobility in mitochondria may be lower than that in cytosol (33).   In contrast, 

prior in-vivo MRS studies showed that 2HG is well detectable in both IDH1 and IDH2 mutations, which 

are confined to cytosol and mitochondria respectively (9, 34, 35).  Whether the 2HG molecules produced 

by mutant IDH2 are present in mitochondria and/or in cytosol is unknown, requiring further study.  For 

large molecules such as DNA and membrane phospholipids, the mobility is very low and thus the MR 

signals  are very broad and not clearly detectable (36).  

 

Figure 1.2    Formula and diagram of single voxel MRS 

MRS can be categorized into single voxel localized MRS and multi-voxel MRS imaging (37).  
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1.2.1 SINGLE VOXEL MRS 

Single voxel MRS acquires signals from a single volume, typically from 1 to 30 cm3, defined 

by three slices in three orthogonal directions, as shown in Fig. 1.2.  The two popular sequences are PRESS 

and STEAM (STimulated Echo Acquisition Mode).  PRESS (38) is composed of one 90˚ and two 180° 

slice-selective RF pulses, giving a fully refocused echo.  STEAM (39) has three slice-selective 90° RF 

pulses, resulting in a stimulated echo whose signal intensity is 50% of the PRESS signal. Researchers 

showed PRESS has lower sensitivity to motion and diffusion, compared to STEAM (40).  However, 

STEAM can reach much shorter TE and is therefore used for detection of metabolites that have short T2s.  

 

1.2.2 MULTI-VOXEL MRS IMAGING 

1.2.2.1 Chemical Shift Imaging 

Multi-voxel MRS imaging (MRSI), can produce spectra from multiple locations 

simultaneously. As a conventional imaging method (Fig. 1.3), phase encoding gradients are applied during 

the VOI-prescription sequence and the ensuing free induction decay (FID) are recorded, which is termed 

chemical-sift imaging (CSI) (41, 42).  For an arbitrary voxel size, MRSI will show the same signal-to-noise 

ratio (SNR) as that of single-voxel MRS for an identical scan time (14, 43).  

 

MRSI requires recording of both spatial and spectral information.  To achieve the spatial 

localization of spectral information, a time dependent component needs to be added to the model which 

results in a prolonged acquisition window to resolve signals with different frequencies, as shown in Fig. 

1.3.  The function of phase encoded gradients Gx and Gy is to navigate free induction decay acquisition 

through the K-space trajectory as if the frequency ωk is another “spatial” axis.  A 3D Fourier transformation 

will convert the K-space and time domain into spatial (2D) and frequency domain (1D), respectively. 

However, this requires recording of each K-space point at a time and potentially a very long scan time is 
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required when the voxel size is small (i.e., large number of voxels) or 3D spatial imaging is needed.  The 

scan time in CSI is calculated by the product of TR times the number of phase encoding steps, which is   

𝐶𝐶𝐶𝐶𝐶𝐶(2𝐷𝐷) 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑇𝑇𝑇𝑇 × (𝑁𝑁𝑥𝑥 × 𝑁𝑁𝑦𝑦)      Equation 1.1 

where Nx and Ny are number of phase encoding in x and y directions, respectively.  

 

Figure 1.3    Formula and diagram of CSI 

For example, if TR = 2 s, FOV = 200×240 mm2, and voxel size = 10×10 mm2.  The acquisition 

matrix size is 20×24 (Nx × Ny). The 2D-CSI scantime for NSA = 1 is 2×20×24 s = 16.0 min.  If the voxel 

size is reduced to 5×5 mm2, then the scan time becomes 2×40×48sec = 64.0 min. For a 3D-CSI, TR = 2 s, 

FOV = 200×240×160 mm3, voxel size = 10×10×10 mm3, and matrix size = 20×24×16 (Nx × Ny × Nz), 

the scan time will be 4.3 hours for NSA = 1 which is not practical for a human scan. 

To overcome this issue, several fast spectroscopic imaging methods were proposed for in vivo 

imaging of brain metabolites, including parallel spectroscopic imaging (44), echo planar spectroscopic 

imaging(10, 45, 46), spiral spectroscopic imaging (47), rosette spectroscopic imaging (48), compressed 

sensing spectroscopic imaging (49) and hybrids of some methods (50-52).  
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1.2.2.2 Echo Planar Spectroscopy Imaging 

Echo planar spectroscopy imaging (EPSI) was introduced as one of the fast alternatives of CSI. 

As shown in Fig. 1.4, EPSI replaces one of the phase encoding step with pairs of bipolar frequency encoding 

gradients which can reduce the scan time by Ny fold.  Therefore, for matrix size = 20×24×16, EPSI only 

needs 10.7 minutes (2×20×16 s) for NSA = 1, instead of 4.3 hours by CSI.  To be noticed, the SNR is �𝑁𝑁𝑦𝑦 

times lower for each NSA in EPSI campared to CSI, but EPSI can choose to scan NSA = 2 (scantime = 

21.4 min) which may be sufficient for imagign of many metabolites in the brain.  This is not achievale with 

CSI.  

 

Figure 1.4    Formula and diagram of EPSI 

The scan time reduction of EPSI comes with a cost.  Because of the data were acquired using 

an alternated-gradient readout with a dwell time of ∆t, the data acquired during positive and negative 

polarity gradients present opposite gradient delay effect, resulting in ghost artifact, and thus cannot be 

combined directly.  To overcome this challenge, in conventional EPSI, the data acquired during the 

positive- and negative-polarity gradients are separated into odd- and even-echo sets and each data set is 

∆t 
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processed for eddy current compensation and phase correction.  The two sets of data may then be averaged 

to improve SNR.  The ghost artifacts due to asymmetries in gradient switching can be removed with the 

odd/even echo editing (53), but the dwell time of the reconstructed data is twice (2Δt) the acquisition dwell 

time, resulting in spectral width of 1/(2∆t).  The spectral width of this conventional EPSI in human MR 

scanners is typically about 1 kHz (12, 14), which is ~7.8 ppm at 3T and ~3.3 ppm at 7T.  To increase the 

spectral width of conventional EPSI, a substantially high strength bipolar gradient is needed, which creates 

challenges in data acquisition and processing, including central frequency drift from system overheat and 

reduced patient compliance with high acoustic noise.  My present work aims to overcome this challenge by 

using a different acquisition and reconstruction method and apply it for 3D high-resolution 2HG imaging. 

There are advantages and disadvantages of single-voxel MRS and multi-voxel MRS, and thus 

they are used in the different application (29, 30, 43).  For single-voxel MRS, the MRS sequences are 

readily available in most of human MR scanners.  B0 and B1 shimming on the single localized volume is 

relatively straightforward, and the data processing is readily manageable.  For these reasons the data quality 

(e.g., SNR and spectral resolution) is in general higher in single voxel MRS than MRSI.  Therefore, single 

voxel MRS is widely used for studying technically-challenging neuro-transmitters (GABA, glutamate, etc.) 

in neuropsychiatric diseases such as autism (54, 55), schizophrenia (56, 57), and depression (58, 59).  The 

advantage of MRSI is the ability to map the spatial distribution of metabolites  (14, 60).  However, it is 

challenging to achieve excellent shimming and water suppression in MRSI (61, 62).  Practically in 1H MRSI, 

lipid signals from the brain skull contaminate the data and make it difficult to detect low concentration 

metabolites (61, 63).  Furthermore, the data processing needs to be optimized for extensive data sets, i.e., 

5000 spectra in 3D MRSI (12, 64).  Because of the pros and cons mentioned above, MRSI is usually used 

for imaging large signal metabolites such as NAA, Cho, Cr in brain tumors, the concentrations of the 

metabolites may be substantially altered heterogeneous in a large volume (14, 18, 65).   
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1.3   BASIC NMR THEORY 

Spin is an intrinsic angular momentum inherent to any fundamental particle including protons. 

In fact, no particles physically spin.  The concept of spin was derived from the quark theory. In the physical 

world, a rapidly rotating top will precess in a direction determined by the torque exerted by its weight. 

Similarly, a nucleus with a spin angular momentum will precess in a static magnetic field perpendicular to 

the field direction.  Because a nuclear spin possesses a magnetic moment arising from the angular 

momentum of the nucleus, this magnetic moment will create torque when placed in a static magnetic field.  

If the external static magnetic field is B0, the magnetic moment (μ) has associated magnetic 

energy given by  

𝐸𝐸 =  − 𝝁𝝁 ∙ 𝑩𝑩��⃗ 𝟎𝟎 =  − 𝜇𝜇𝑧𝑧 × 𝐵𝐵0         Equation 1.2 

where the magnetic moment (μ) is related to angular momentum L through 

𝝁𝝁 =  𝛾𝛾𝑳𝑳          Equation 1.3 

where γ is gyromagnetic ratio of nucleus under investigation. 

The angular momentum in z-direction, Lz, is given by  

𝐿𝐿𝑧𝑧 = 𝐿𝐿 × cos𝜃𝜃 = � ℎ
2𝜋𝜋
��𝐼𝐼(𝐼𝐼 + 1) ×  cos𝜃𝜃      Equation 1.4 

where h is Planck’s constant (6.626068 × 10−34𝐽𝐽𝐽𝐽), and I is the spin quantum number which can only be 

integral or half-integral. 

Based on quantum mechanical theory, the angle θ between μ and B0 is given by 

cos𝜃𝜃 = 𝑚𝑚
�𝐼𝐼(𝐼𝐼+1)

         Equation 1.5 

where m, a second quantum number, can have 2I+1 values, given by  

𝑚𝑚 = 𝐼𝐼, 𝐼𝐼 − 1, 𝐼𝐼 − 2, 𝐼𝐼 − 3, … ,−𝐼𝐼 + 1,−𝐼𝐼      Equation 1.6 

Therefore, Eq. 1.4 and 1.5 give 

𝐿𝐿𝑧𝑧 = ( ℎ
2𝜋𝜋

) × 𝑚𝑚         Equation 1.7 

and  
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𝐸𝐸 =  −𝛾𝛾 � ℎ
2𝜋𝜋
� × 𝑚𝑚 × 𝐵𝐵0        Equation 1.8 

Since m is a discrete number, multiple energy states are being created by the magnetic moment. 

For instance, a proton (1H) has a spin of I = ½ with two m ( - ½ and ½ ) for two energy states, respectively. 

The transition from a low energy state to a high energy stage can be achieved when the energy of the applied 

electromagnetic wave is same as the energy difference between two states.  

The energy of an electromagnetic wave is given by 

𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = ℎ𝑣𝑣0         Equation 1.9 

where 𝑣𝑣0 is the applied wave frequency.  

Therefore, for proton, 

∆𝐸𝐸 =  𝛾𝛾 � ℎ
2𝜋𝜋
� × 𝐵𝐵0 =  ℎ𝑣𝑣0        Equation 1.10 

which results in the famous Larmor equation, 

𝜔𝜔0 = 2𝜋𝜋 × 𝑣𝑣0 = 𝛾𝛾𝐵𝐵0        Equation 1.11 

where 𝜔𝜔0  is the so-called Larmor frequency. Therefore, the precession frequency 𝜔𝜔0  is directly 

proportional to the applied magnetic field B0.  The Larmor frequency of a proton is approximately 64MHz 

at 1.5 Tesla, 128 MHz at 3 Tesla, and 298 MHz at 7 Tesla. 

 

1.4   CHEMICAL SHIFTS 

The local chemical environment plays a vital role in determining the resonance frequencies. 

In fact, this effect comes from the small net magnetic field applied by the molecule’s electron which rotates 

around the nucleus with a negative charge.  The effective field at the nucleus can be expressed as  

𝐵𝐵0𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐵𝐵0(1 − 𝜎𝜎)        Equation 1.12 

where σ is the shielding constant with no unit.  This effect makes the resonance frequency depend on B0 

and it would be difficult to compare chemical shifts measured at different field strengths.  To make the 

comparison easy, it is standard to express chemical shifts in parts per million (ppm) relative to a reference 
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compound, which is tetramethylsilane (TMS) for 1H and 13C MRS.  The chemical shifts (δ) can then be 

written as  

𝛿𝛿 = �𝑣𝑣 − 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟� ∗ 106/𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟       Equation 1.13 

where 𝑣𝑣 is a signal of interest and 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 is the reference signal.  For 1H MRS, chemical shift of TMS is 0 

ppm. For in-vivo 1H MRS, TMS signal is not available as a reference, therefore one of the indigenous 

spectral signals, such as water set to 4.68 ppm or the N-acetyl resonance of N-acetylaspartate (NAA) in the 

brain set to 2.01 ppm, is often used as a chemical shift reference.  

 

1.5   J-COUPLING EFFECTS 

Besides the chemical shift effect, Gutowsky discovered in 1951 that there is  multiplicity effect 

on magnetic resonance signals (66).  This effect is known as J-coupling, scalar-coupling, or indirect spin-

spin coupling effect. The J-coupling comes from electrons’ interactions through chemical bonds with the 

neighboring nucleus.  

The multiplicity of J-coupling effect provides information on the structures of chemical bonds 

and thus can be used to predict a chemical structure and quantification.  The J-coupling effect can be 

homonuclear or heteronuclear, and the interaction is reciprocal, namely, when A splits B, then B slips A. 

The strength of the signal split depends on 1) the relationship between the difference in two couple spins’ 

chemical shift frequencies, and 2) the number of spins coupled.  

In a simplified system, A1B1, A and B spin signals will be symmetrically split on 𝛿𝛿𝐴𝐴+𝛿𝛿𝐵𝐵
2

.  When 

|𝛿𝛿𝐴𝐴 − 𝛿𝛿𝐵𝐵| = 0, there is no split. In strongly coupled condition, |𝛿𝛿𝐴𝐴 − 𝛿𝛿𝐵𝐵| ~ 𝐽𝐽𝐴𝐴𝐴𝐴, the patterns of peaks look 

like Fig. 1.5, which is computer simulated. As the two spins’ chemical shift distance gets larger, where   

|𝛿𝛿𝐴𝐴 − 𝛿𝛿𝐵𝐵| ≫ 𝐽𝐽𝐴𝐴𝐴𝐴 which is known as the weakly coupling limit, the four peaks (two from A spin, two from 

B spin) will become identical.  The coupling strength JAB is independent of field strength B0 while the 

chemical shift frequency difference |𝛿𝛿𝐴𝐴 − 𝛿𝛿𝐵𝐵| increases as field strength increase.  Therefore, at extremely 
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high magnetic field (15 to 25 Tesla), which is used for chemistry and ex vivo experiments, weak coupling 

is common and easy to interpret.  

 

Figure 1.5    Simulated A1B1 and A1B3 NMR spectra 

For in vivo MRS in human (1 to 7 Tesla), strongly coupled systems together with large number 

of spins are often encountered.  In these cases, the symmetricity of signals would be destroyed, and the 

signal pattern becomes very complicated.  As shown in Fig. 1.5, an A1B3 spin system exhibits an irregular 

pattern throughout the spectrum under the strong coupling condition, (|𝛿𝛿𝐴𝐴 − 𝛿𝛿𝐵𝐵| ~ 𝐽𝐽𝐴𝐴𝐴𝐴).  Therefore, a 

computer simulation is the only way to accurately assign the peaks of strongly coupled systems in in vivo 

MRS. 
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1.6   PRODUCT OPERATOR ALGORITHM AND COMPUTER SIMULATION 

Quantum-mechanical simulations can be used to optimize the MRS sequence for detection of 

signals of interest and to create model spectra of metabolites for spectral fitting.  The time evolution of the 

density operator is calculated numerically incorporating the shaped radio-frequency and gradient pulses. 

The product operator-based transformation matrix method (67, 68) provides an efficient tool for calculating 

MR spectra at numerous echo times.  An echo time that gives the maximum signal of interest is then selected 

for the sequence used in the patient study.  The density matrix simulations are programmed with Matlab 

(The MathWorks Inc.).  Published chemical shift and coupling constants are used in the simulation (69-71). 

The time evolution of the density operator is described by the Liouville-von Neumann 

equation (67) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −𝑖𝑖[𝐻𝐻,𝜌𝜌]        Equation 1.14 

which has a solution 

𝜌𝜌 = exp (−𝑖𝑖𝑖𝑖𝑖𝑖)𝜌𝜌0exp (𝑖𝑖𝑖𝑖𝑖𝑖)       Equation 1.15 

for a time-independent Hamiltonian H.  The Hamiltonian H may include the chemical shift (CS) and scalar 

coupling (J) terms and the radio-frequency (RF) and gradient (G) pulse terms, 

𝐻𝐻 =  𝐻𝐻𝐶𝐶𝐶𝐶  + 𝐻𝐻𝐽𝐽 + 𝐻𝐻𝑅𝑅𝑅𝑅 + 𝐻𝐻𝐺𝐺       Equation 1.16 

in the rotating frame. 

 

1.6.1 PRODUCT OPERATOR ALGORITHM 

For design and analysis of MR sequences with RF pulses, there are different models to 

describe NMR phenomena (72).  First of all, the classical vector model is the simplest form of describing 

spin dynamics by ignoring J coupling effect and simulating the magnetization using Bloch equations.   The 

classical vector model is sufficient for basic experiment of MRS including composite pulses (73, 74), slow 

chemical exchange (75, 76), spin imaging (77).  Secondly, to encounter J coupling effect, semiclassical 

vector model, where it assigns a vector to each individual transition, were proposed (72).  Although the 
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method was successful for some experiments, it cannot describe the interdependence of z-components with 

single transitions that have same energy states, thus requires careful handling of the process (78-80).  In 

contrast to the classical and semiclassical vector models, product operator (PO) approach can adequately 

describe polarization transfer and multiple quantum coherences by rotating the products of angular 

momentum operators.  

The subject of product operators is introduced through their matrix representations by R.R. 

Ernst (72) ,  

𝜌𝜌0 = 2𝑞𝑞−1 ∏ (𝐼𝐼𝑘𝑘𝑘𝑘)𝑎𝑎𝑠𝑠𝑠𝑠𝑁𝑁
𝑘𝑘=1         Equation 1.17 

where N = total number of I = ½ nuclei in the spin system, k = index of nucleus, v = x, y or z, q = number 

of single-spin operators in the product, ask = 1 for q nuclei and ask = 0 for the N-q remaining nuclei. For 

example, for the two-spin system, 16 product operators can be constructed. 

𝜌𝜌0𝑁𝑁=2 = 2 × [𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐼𝐼1 (4 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)] × [𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐼𝐼1 (4 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)]  

Equation 1.18 

namely, 

q = 0  ½ E;    (E is unity operator) 

q = 1  I1x, I1y, I1z, I2x, I2y, I2z; 

q = 2  2I1xI2x, 2I1xI2y, 2I1xI2z, 2I1yI2x, 2I1yI2y, 2I1yI2z, 2I1zI2x, 2I1zI2y, 2I1zI2z; 

 

1.6.2 PRODUCT-OPERATOR-BASED DENSITY MATRIX SIMULATION 

For a spin system with N coupled protons (spin = 1/2), 4N product operators can constitute a 

complete set in Liouville space (72). The density matrix may be written as a linear sum of the PO terms α 

𝜌𝜌 = ∑ 𝑐𝑐𝑖𝑖𝑎𝑎𝑖𝑖4𝑁𝑁
𝑖𝑖=1          Equation 1.19 

where ρ and α are 2N×2N square matrices with complex entries, and the coefficient c is real. The density 

operator can be expressed as a column vector σ which is composed of the coefficients c, 
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𝜎𝜎 = �
𝑐𝑐1
𝑐𝑐2
⋮

𝑐𝑐4𝑁𝑁
�         Equation 1.20 

The density operator evolution during a radio-frequency pulse can be put in terms of a single 

matrix multiplication, 

𝜎𝜎′ = �
𝑐𝑐1′

𝑐𝑐2′
⋮

𝑐𝑐4𝑁𝑁
′
� = �

𝑇𝑇1,1
𝑇𝑇2,1
⋮

𝑇𝑇4𝑁𝑁,1

 
𝑇𝑇1,2
𝑇𝑇2,2
⋮

𝑇𝑇4𝑁𝑁,2

⋯
⋯
⋮
⋯

𝑇𝑇1,4𝑁𝑁
𝑇𝑇2,4𝑁𝑁
⋮

𝑇𝑇4𝑁𝑁,4𝑁𝑁

��
𝑐𝑐1
𝑐𝑐2
⋮

𝑐𝑐4𝑁𝑁
� = 𝑇𝑇𝑇𝑇     Equation 1.21 

where the transformation matrix T is a 4Nx4N square matrix with real entries.  The T-matrix is constructed 

for each spatially/spectrally-selective shaped radio-frequency pulse and used for calculating the time 

evolution of the density operator during the MRS sequences for each metabolite. 

For a time-dependent radio-frequency pulse whose envelope consists of n numbers as a 

function of time, HRF and consequently H may be constant during each time period Δt.  The density operator 

following the RF pulse is calculated using a (total) time evolution operator Vtotal, 

𝜌𝜌 = V𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−1  𝜌𝜌0𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡        Equation 1.22 

where 

𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑉𝑉1𝑉𝑉2⋯𝑉𝑉𝑖𝑖 ⋯𝑉𝑉𝑛𝑛       Equation 1.23 

The time evolution operator for the i-th period of the radio-frequency pulse, Vi, is obtained using 

𝑉𝑉𝑖𝑖 = 𝑈𝑈 exp�−𝑖𝑖𝐻𝐻𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∆𝑡𝑡�𝑈𝑈−1       Equation 1.24 

where Hi
diag (= U–1HiU) and U are the diagonalized matrix and the unitary matrix of the Hamiltonian of the 

i-th period, Hi, respectively. 

When a gradient pulse is applied during a radio-frequency pulse for slice selection, since HG 

and consequently H are position dependent, the space is divided into small segments and the calculation of 

Eq. 1.22 is undertaken for individual segments, assuming uniform HG within each segment.  The simulation 

for slice selection is usually conducted on a 20 mm thick slice at the center of a 30 mm sample.  The sample 

space is divided into 150 segments, the spatial resolution being 1% with respect to the slice thickness (i.e., 

0.01 = 30/150/20). The 90˚ and 180˚ slice-selective radio-frequency pulse envelopes consist of 500 and 200 
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digits for radio- frequency amplitude/phase variations, respectively.  The bandwidths of the slice-selective 

90° and 180° pulses are 4220 and 1260 Hz, respectively.  With a radio-frequency carrier at 3 p.p.m., the 

slices of resonances between 1 – 5 ppm are all included within the sample dimension for both 90˚ and 180˚ 

radio-frequency pulses. For the 180° pulse, two density matrices are calculated with two orthogonal radio-

frequency phases (i.e., 0 and π/2), and the slice-localized density matrix is obtained via subtraction between 

the matrices, 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝜌𝜌𝜙𝜙=0−𝜌𝜌𝜙𝜙=𝜋𝜋2

2
        Equation 1.25 

The square matrix 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 slice was then converted to a column vector σ, whose i-th element is calculated 

from 

𝑐𝑐𝑖𝑖 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑎𝑎𝑖𝑖𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)        Equation 1.26 

where αi is the normalized i-th PO term of the spin system and i = 1, 2, …, 4N.  A single-column matrix is 

calculated from each PO term as an initial density operator prior to the radio- frequency pulse, and placed 

in the corresponding column of the T-matrix. For 2HG with 5 coupled spins, a 45x45 transformation matrix 

is constructed from the 45 column vectors, each from each PO term.  The calculation of the T-matrix of 

2HG for the slice selective 180° pulse is completed in ~1 hours in a PC (with 4 cores).  The T-matrix 

calculation time for the PRESS 90° RF pulse is very short (~ 30 s) because the calculation is to be done 

only for a single PO term (i.e., Iz). For calculating a spectrum following a PRESS sequence 

90 – TD1 – 180      –       TD2         –   180 – TD3 –  Acquisition  

| ←       TE1            → | ←           TE2              → | 

the simulation begins with the calculated density matrix of the slice-selective 90˚ pulse.  The time evolution 

during the inter-radio-frequency pulse delay (TD1) is calculated using 

𝜌𝜌 = 𝑉𝑉−1 𝜌𝜌0 𝑉𝑉         Equation 1.27 

where V = U exp(–i Hdiag TD1) U–1, and Hdiag and U are formed from H = HCS + HJ.  After this, the square 

density ρ matrix is converted to a column matrix σ using Eq. 1.26 and multiplied by the 180˚ pulse T-matrix 

(Eq. 1.21), giving a column matrix at the end of the ss180.  This column matrix is then converted to a square 
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matrix 𝜌𝜌  for calculating the density operator evolution during the subsequent time delay (TD2).  The 

calculation of the density operator evolution is continued to obtain the density operator ρ at the end of the 

sequence. The expectation values of single-quantum coherences are then extracted from the ρ, using 

trace(I_ρ), to construct a time- domain signal, which is Fourier transformed to obtain a spectrum in the 

frequency domain.  The spoiling gradients symmetric about the PRESS 180° pulses are omitted in the 

simulation because the 2-step phase cycling in the T-matrix calculation eliminated the outer-band 

magnetization completely.  With this transformation matrix method, a 3D-localized PRESS spectrum of 

2HG was calculated in < 0.5 s in a PC. 
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CHAPTOR TWO 

METABOLITES OF INTEREST FOR IN VIVO MRS IN BRAIN 

TUMORS 

 1H MRS can detect up to 20 metabolites in the human brain, and some of them are very 

important in tumor study. Cho, NAA, and Cr give rise to the three large signals in conventional in vivo 

MRS and can be easily detected. Cho is associated with cell proliferation and member synthesis and is 

significantly elevated in brain tumors. NAA, a neuronal marker, decreases in brain tumors. There are many 

reports on the correlation of Cho and NAA levels with tumor grade and progression (81-85). However, 

using Cho and NAA as a marker for malignancy has limitations on its own because other brain lesions like 

lymphoma or metastases also have Cho elevation and NAA decrease (86, 87).  1H MRS can also be used to 

measure 2-hydroxyglutarate (9, 88-93), glycine (13, 94-97), lactate (98, 99), citrate (100-102), myo-inositol 

(97, 103), glutamate (104, 105), and glutamine (104, 106) in brain tumors.  

 

2.1   2-HYDROXYGLUTARATE 

The breakthrough discovery of mutations in isocitrate dehydrogenases (IDHs) 1 and 2 (3, 4) 

in the earliest grade gliomas and the subsequent identification of the oncometabolite 2-hydroxyglutarate 

(2HG) as a direct consequence of these mutations (107) have provided new insights into gliomagenesis and 

opened up new opportunities for treatment. These heterozygous mutations are confined to the active site of 

the enzyme and result in a neomorphic activity that causes the mutant enzyme to produce 2HG, and as a 

result 2HG, which is normally present in vanishingly small quantities, is elevated by 2 - 3 orders of 

magnitude in IDH-mutated gliomas (7, 8, 107).  Moreover, recent large-scale molecular studies of adult 

lower-grade gliomas (WHO grade 2 and 3 astrocytomas, oligodendrogliomas, and mixed gliomas) have 

clearly defined the IDH mutation as centrally important in determining prognosis (108-110). Patients with 

IDH-mutated oligodendrogliomas that harbor loss of chromosomal arms 1p and 19q (1p/19q codeleted) 
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have significantly prolonged survival when compared with those without the codeletion. These findings 

prompted a recent molecular reclassification of gliomas (111), which is likely to lead to a more accurate 

classification of individual tumors and is expected to play a role in treatment decision making and the future 

design of clinical trials in glioma. 2HG is currently the only direct metabolic consequence of a genetic 

mutation in a cancer cell that can be identified through noninvasive imaging and thus accumulation of high 

concentrations of 2HG in IDH-mutated cells has opened up an opportunity for development of 2HG as a 

clinical biomarker.  

 

Figure 2.1    Enzymatic activities of IDH wild-type and IDH mutated enzymes (112) 

Non-invasive identification of elevated 2HG therefore has significant clinical utility in patient 

care. At present, precise evaluation of 2HG at a relatively low concentration with abundant signals in the 

proximity remains challenging at 3T. When targeting the 2HG 2.25-ppm resonance, the major interferences 

include glutamate (Glu) and glutamine (Gln).  The Glu C4-proton and Gln C3-proton resonances (2.35 and 

2.12 ppm respectively) can interfere with 2HG estimation extensively when their signals are large compared 

to the 2HG signal.  The 2HG and interference resonances are all strongly coupled, and consequently, the 

coherences evolve with time in complex manners. Gliomas are highly heterogeneous and infiltrative in 

malignant transformation and recur beyond the borders of the initial tumor mass.  The need of a surveillance 
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technique for use in extended areas of the tumor is a high priority.  The tumor cellularity and the 2HG level 

may vary within a tumor mass, and their spatial distributions may be non-uniform.  A high-resolution 3D 

imaging platform to measure 2HG rapidly is an outstanding strength for monitoring IDH-mutant tumors.  

With the ability to detect 2HG by high-resolution 3D MRS imaging, this metabolite could be used to follow 

patients with high accuracy. 

 

2.2   CHOLINE 

The major signal of total choline, composed of glycerophosphocholine (GPC), 

phosphocholine (PC), and free choline (fCho), is located at 3.21 ppm, with a total concentration around 1.5 

mM. Choline is involved in membrane synthesis and degradation, and the level of choline elevates when 

membrane turnover increases. Therefore, choline is being used as a marker of tumor proliferation and 

cellularity. Choline is elevated in brain tumors due to increased phospholipid metabolism (113, 114).  

Specifically, elevation of choline in IDH1-mutant gliomas may be attributed to membrane synthesis of 

mitochondria which is increased to compensate for the utilization of α-ketoglutarate and NADPH for the 

α-ketoglutarate to 2HG conversion in the cytosol (115). 

 

2.3   NAA 

As one of the most abundant amino acids, NAA gives rise to the largest peak at 2.01 ppm in 

1H MRS in the normal adult brain. NAA is predominantly presented in neurons, axons, and dendrites within 

the central nervous system and thus known as a neuronal marker. It is believed to be synthesized in neuronal 

mitochondria by aspartate and acetyl-CoA and used for lipid synthesis, protein synthesis (116). NAA 

concentration decreases in many diseases that result in neuronal and axonal loss, which include brain tumors, 

multiple sclerosis, and infarcts (117). 
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2.4   GLYCINE 

Glycine (Gly), a non‐essential amino acid, exerts inhibitory action via chloride‐permeable ion 

channels (118), and also functions as a co‐agonist at the excitatory N‐methyl‐D‐aspartate (NMDA) 

receptors in the central nervous system (119). Abnormal levels of Gly have been implicated in 

neuropsychiatric disorders (119, 120). Elevated levels of Gly have been reported in central neurocytomas 

and Gly encephalopathy (121, 122). Also, Gly is elevated in malignant brain tumors and thus may be a 

biomarker of aggressiveness (123, 124). Recent metabolic profiling studies have reported that Gly 

consumption and synthesis are correlated with rapid cancer cell proliferation, suggesting the role of Gly in 

tumor cell metabolic reprogramming (125, 126). The capability to analyze human brain Gly non‐invasively 

in vivo is therefore of high clinical significance. 

The Gly singlet from two uncoupled protons resonating at 3.55 ppm is obscured by the four J‐

coupled resonances of myo‐inositol (mI) at 3.61 and 3.52 ppm (70). For short‐TE MRS at 3 T, the Gly 

signal appears on top of the largest peak of mI for linewidths larger than 3 Hz, and thus separation between 

Gly and mI is often elusive when mI is present at much higher concentrations than Gly in vivo. Many 

previous studies have exploited the J coupling difference between Gly and mI for the detection of Gly. In 

measurements of Gly by PRESS, TE averaging at 4 T (127) and long‐TE (160 ms) PRESS at 3T (94), the 

Gly signal is detected as a shoulder signal on the larger mI multiplet in the healthy brain. Improved 

suppression of the mI signal in the proximity of the Gly resonance can be achieved at 3 T using triple 

refocusing (97, 128). 

The resonances of mI that interfere with Gly detection are strongly coupled, and thus the 

coherences evolve with time in a complex manner which suggests that the mI spin coherence evolution can 

be efficiently manipulated by changing the radiofrequency (RF) pulses, as well as the inter‐ RF pulse time 

delays. Gly in the human brain may be notably different between gray matter (GM) and white matter (WM), 

as shown in previous MRS studies (95, 129). Tumors do not contain the GM or WM tissue type. This 

complicates the evaluation of the Gly abnormality in tumors in that the measurement may need to be 
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compared with that from a normal‐appearing contralateral region and/or from a region in healthy subjects 

whose location is similar to the tumor location. 

 

Figure 2.2    In vivo glycine spectra of tumor patient and healthy subject (97) 

 

2.5   LACTATE 

Lactate is an end-product of anaerobic glucose metabolism which is elevated in brain tumors 

due to Warburg effect (130, 131). Lactate level in the tumor can be used to predict overall survival of 

patients and metastases, as shown by several studies (132-134). It is also believed that hypoxia induces 

production of 2HG and thus the correlation between 2HG and lactate may provide valuable information on 

enzymatic activities inside a tumor cell. For in vivo measurement of lactate using 1H MRS, the major lactate 

signal at 1.31 ppm is hard to detect in the normal brain due to its low concentration (~1mM) and the spectral 
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overlap with macromolecule signals. Although it is significantly elevated in the tumor, lactate is often 

difficult to measure precisely because of the overlaps with high lipids signals. Several methods can be used 

to separate lactate from lipids to improve detectability, including long TE PRESS (TE ≈ 144 ms) (99, 135) 

and spectral editing (136). 

 

2.6   OTHERS 

Other metabolites have been studied to understand brain tumor metabolism. Glutamate (105, 

137) and GABA (138, 139) are essential neurotransmitters in the brain and have a critical role in gliomas 

growth. Citrate serves as an intermediate for energy generation and biosynthesis of lipids and related 

molecules (140, 141). Therefore, non-invasive analysis of Cit concentrations using 1H MRS in tumors (100) 

would provide a window into this critical aspect of intermediary metabolism. 
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CHAPTER THREE 

 

IN VIVO 1D DETECTION OF 2-HYDROXYGLUTARTATE IN 

BRAIN TUMORS BY TRIPLE-REFOCUSING MR 

SPECTROSCOPY AT 3T 

 

3.1   INTRODUCTION 

Cancers reprogram their metabolism to meet the needs of rapid cell growth (1, 2), resulting in 

alterations in metabolic profiles.  The metabolic activity of tumors is predictive of their genetype and may 

also predict tumor grade and patient outcomes.  The majority of World Health Organization grade-2 and 

grade-3 gliomas and secondary glioblastomas contain mutations in the metabolic enzymes, isocitrate 

dehydrogenase (IDH) 1 and 2 and the mutations are associated with 2 - 3 times longer patient survival 

compared to IDH wild-type tumors (3, 4, 142).  These heterozygous mutations are confined to the active 

site of the enzyme and result in a neomorphic activity that causes the mutant enzyme to produce an 

oncometabolite, 2-hydroxyglutarate (2HG), and as a result 2HG, which is normally present in vanishingly 

small quantities, is elevated by 2 - 3 orders of magnitude in IDH-mutated gliomas (7, 8, 107).  Noninvasive 

identification of elevated 2HG therefore has significant clinical utility in patient care. 

In-vivo detection of 2HG in patients by 1H MRS at the widely-available field strength 3T was 

recently reported by several researchers.  Among the five non-exchangeable, J-coupled proton resonances 

of 2HG, the C4-proton resonances at ~2.25 ppm, which are proximate to each other, give rise to a large 

signal in most experimental situations and may be well detectable using short-TE point-resolved 

spectroscopy (PRESS) (89, 90) and optimized long-TE PRESS (9, 90, 143) when the 2HG concentration is 

relatively high.  The C2-proton resonance at 4.02 ppm, which is weakly coupled to the C3-proton spins, 

can be detected using J-difference editing (9, 88, 91), but the small edited signal from a single proton spin 
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is difficult to assess reliably when the baseline at ~4 ppm is distorted due to the presence of artefactual 

signals arising from potential subject motion and/or imperfect cancelation of adjacent resonances including 

water.  2D correlation spectroscopy provides excellent signal separation (88), but the sensitivity is low 

compared to the aforementioned approaches, its applicability likely being limited to cases with high 2HG 

concentration. 

At present, precise evaluation of 2HG at relatively low concentration with abundant signals in 

the proximity remains challenging at 3T.  When targeting the 2HG 2.25-ppm resonance, the major 

interferences include glutamate (Glu) and glutamine (Gln).  The Glu C4-proton and Gln C3-proton 

resonances (2.35 and 2.12 ppm respectively) can interfere with 2HG estimation extensively when their 

signals are large compared to 2HG signal.  The 2HG and interference resonances are all strongly coupled 

and consequently the coherences evolve with time in complex manners.  For example, the 2HG C4-proton 

signal is not symmetric with respect to the PRESS subecho times, TE1 and TE2 (9).  This complicated 

dependence of strongly-coupled resonances on the inter-RF pulse timings can be utilized for manipulating 

the J-coupled spin coherences for detection of signals of interest.  Triple refocusing (90˚ - 180˚ - 180˚ - 180 

˚) has three subecho times and may provide a means of manipulating the J-coupled spin signals more 

effectively.  In this paper, we propose a triple-refocusing sequence for 2HG measurement, whose subecho 

times and RF pulse duration were tailored, with numerical simulation and phantom validation, for 

generating a large and narrow 2HG signal at 2.25 ppm and suppressing the Glu, Gln and GABA signals 

between 2.2 and 2.3 ppm.  Preliminary in-vivo data from 15 glioma patients is presented. 

 

3.2   METHODS 

Fourteen patients with biopsy-confirmed IDH mutant gliomas and a patient with a lesion in 

the brainstem (6 males and 9 females; age range 25 - 67, median age of 44 years old) were recruited for the 

present study.  The IDH mutations were all IDH1 R132H, according to immunohistochemical analysis of 

tumor tissue.  The tumor locations included 6 frontal, 5 parietal, 3 temporal, and 1 brainstem.  The protocol 
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was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center.  

Written informed consent was obtained from patients prior to the scans. 

 

Figure 3.1    Schematic diagram of the triple-refocusing sequence 

Density-matrix simulation of 3D-volume localized triple refocusing was carried out to 

optimize the sequence parameters for detection of the 2HG 2.25-ppm resonance.  The time evolution of the 

density operator was calculated by solving the Liouville-von Neumann equation for the Hamiltonian that 

included Zeeman, chemical shift and scalar coupling terms, and shaped RF and gradient pulses, using a 

product-operator based transformation matrix algorithm described in a prior study (9).  The spatial 

resolution of slice selection was set to 1%, namely, 0.01 = sample length / number of pixels / slice thickness, 

where the sample length was two-fold greater than the slice thicknesses with number of pixels (isochromats) 

of 200.  The MRS sequence had three 180˚ RF pulses following a 90˚ excitation RF pulse, as shown in Fig 

3.1.  The 90˚ pulse and the first and third 180˚ pulses were slice selective while the second 180˚ was non-

slice selective.  Volume localization RF pulses included a 9.8-ms long 90˚ pulse with bandwidth (at half 

amplitude) of 4.2 kHz and two 13.2-ms long 180˚ pulses with bandwidth of 1.3 kHz, at an RF field strength 

(B1) of 13.5 μT, whose envelopes are shown in prior papers (90, 144).  Spectra of 2HG, GABA, Glu, and 
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Gln were numerically calculated for various durations of the second 180˚ RF pulse and various subecho 

time sets (TE1, TE2, TE3).  The carrier frequencies of the RF pulses were all set to 2.5 ppm in the 

simulations.  Published chemical shift and J coupling constants were used for the simulations (70, 145, 146).  

The computer simulation was programmed with Matlab (The MathWorks, Inc., Natick, MA). 

MR experiments were carried out on a whole-body 3T scanner (Philips Medical Systems, Best, 

The Netherlands), equipped with a whole-body coil for RF transmission and an 8-channel phased-array 

head coil for reception.  An in-vitro test of the 2HG-optimized triple-refocusing sequence was conducted 

on a phantom solution with 2HG (8 mM) and Gly (10 mM), at pH = 7.0 and temperature 37C.  Data were 

acquired, with TR = 9 s and TE = 137 ms, from a 2x2x2 cm3 voxel at the center of the phantom sphere (6 

cm diameter).  Phantom T2s of 2HG and Gly were evaluated from comparison of experimental and 

calculated spectra at 10 equidistant TEs between 50 and 500 ms.  In-vivo triple-refocused spectra were 

obtained from tumors identified by T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) imaging.  

The MRS voxel size was 4 - 10 mL, depending on the tumor volume.  MRS acquisition parameters included 

TR = 2 s, sweep width = 2.5 kHz, number of sampling points = 2048, and number of signal averages (NSA) 

= 128 - 512.  Water suppression was obtained with a vendor-supplied four-pulse variable-flip-angle sub-

sequence.  First and second order shimming was carried out, using the fast automatic shimming technique 

by mapping along projections (FASTMAP) (19).  A 256-step RF phase cycling scheme, which had 4 

orthogonal phases for each of the four RF pulses, was used to minimize potential outer-volume signals.  In 

addition, unsuppressed water was acquired from the voxel for eddy current compensation and multi-channel 

combination. Unsuppressed water was also obtained with short-TE (13 ms) STEAM and TR = 20 s, for use 

as reference in metabolite quantification.  The RF carrier frequencies of the triple-refocusing sequence were 

set at 2.5 ppm and were adjusted for B0 drifts in each excitation using a vendor-supplied tool (Frequency 

Stablization).  Surgical cavities, areas of intratumoral hemorrhage, cystic changes, and necrosis, identified 

on T2-FLAIR anatomical images, were excluded from the tumor voxels. 

Spectral fitting was performed with LCModel software (147), following apodization using a 

1-Hz exponential function.  The basis set for the fitting had in-house calculated model spectra of 21 
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metabolites, which included 2HG, Glu, Gln, GABA, NAA (N-acetylaspartate), tCr 

(creatine+phosphocreatine), Gly (glycine), mI (myo-inositol), Lac (lactate), GSH (glutathione), Ala 

(alanine), Ace (acetate), Asp (aspartate), Eth (ethanolamine), PE (phosphorylethanolamine), sI (scyllo-

inositol), Tau (taurine), NAAG (N-acetylaspartylglutamate), Glc (glucose), Suc (succinate), tCho 

(glycerophosphorylcholine + phosphorylcholine).  The spectral fitting was conducted between 0.5 and 4.1 

ppm.  Cramér-Rao lower bounds (CRLB), returned as percentage standard deviation by LCModel, were 

used to determine the precision of the metabolite estimates.  Metabolite concentrations were estimated with 

reference to water at 48 M for tumors and 40 M for normal-appearing white-matter regions.  Relaxation 

effects on metabolite signals were corrected using published metabolite T2 and T1 values; T2 = 170, 280 

and 260 ms for tCr, tCho and tNAA, respectively, and 180 ms for 2HG and other metabolites (99, 148); T1 

= 1.2 s for 2HG, Glu, Gln and mI, and 1.5 s for other metabolites (149, 150).  Data are presented as mean 

± standard deviation. 

 

3.3   RESULTS 

Triple-refocused spectra of 2HG were numerically calculated for ten values of the non-

selective (NS), second 180˚  RF pulse duration (i.e., TpNS180 = 14 - 32 ms with 2 ms increments) and for 

all possible combinations of subecho times TE1, TE2 and TE3 (2 ms increments for each) for total echo 

time (TE) between the shortest possible TE and 150 ms (total ~130,000 spectra).  The result indicated that 

the 2HG 2.25-ppm peak amplitude overall increases with TE in a sinusoidal fashion, with temporal maxima 

at TEs of ~78, ~110 and ~136 ms (Fig. 3.2).  The 2HG signal strength and its TE dependence were both 

very different between TpNS180 values, exhibiting large 2HG signals at TE = ~110 ms when TpNS180 = 

14 - 18 ms, and at TE = ~136 ms when TpNS180 = 20 - 32 ms.  The spectral pattern of the 2HG 2.25-ppm 

resonance also depended on TpNS180 and TE. The 2HG multiplet became progressively narrower with 

increasing Tp
NS180 and as a result multiplet width at half amplitude was as small as a singlet width for 

TpNS180˚ ≥ 24 ms, for which the TEs of the signals were all between 130 and 140 ms, with subecho times 

of TE1 = 26 - 34 ms, TE2 = 82 - 90 ms, and TE3 = 20 - 24 ms.  Apparently, long TE and long TpNS180 
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were preferable for minimizing the interferences from GABA, Glu and Gln (Fig. 3.3).  To refine the 

TpNS180 and the subecho times, spectra of 2HG, GABA, Glu and Gln were calculated for the 

aforementioned subecho time ranges, with 1 ms increments of subecho times and for TpNS180 = 24, 26, 

28, 30 and 32 ms.  The Glu C4-proton resonance (~2.35 ppm) was attenuated, giving rise to small signals 

with various patterns between 2.25 and 2.3 ppm.  For Gln, the C3-proton resonance (~2.12 ppm), which 

was also attenuated, exhibiting signal variations between 2.2 and 2.25 ppm.  A triple-refocusing condition 

was searched for with criteria; 1) high amplitude and small width of the 2HG 2.25-ppm multiplet and 2) 

small signals of GABA, Glu and Gln between 2.2 and 2.3 ppm.  A triple-refocusing scheme for 2HG 

detection was finalized as TpNS180 = 26 ms and (TE1, TE2, TE3) = (30, 86, 21) ms.  In addition, with the 

same TpNS180 and the same total echo time of 137 ms, we obtained another subecho time set, (TE1, TE2, 

TE3) = (39, 26, 72) ms, at which the 2HG 2.25-ppm resonance was minimal.  The 26-ms 180 RF pulse 

had a bandwidth of 640 Hz at half amplitude, acting on resonances between 0 and 5 ppm with a carrier 

frequency of 2.5 ppm. 

Figure 3.4a shows the spectra of 2HG, GABA, Glu and Gln, calculated for the 2HG-optimized 

triple-refocusing sequence.  For equal concentrations, the spectral range between 2.2 and 2.3 ppm was 

dominated by the 2HG and GABA signals, with minimal contributions from Glu and Gln.  The Glu and 

Gln C4-/C3-proton signals, whose amplitudes are greater than the 2HG 2.25-ppm signal at zero TE (i.e., by 

1.16 and 1.08 fold), were extensively suppressed, and as a result the Glu and Gln signals between 2.2 and 

2.3 ppm were ~3% and ~7% with respect to 2HG, respectively.  The GABA 2.29-ppm resonance, which 

also gives a larger signal (1.29 fold) than 2HG at zero TE, was markedly reduced (2.8 fold), resulting in a 

smaller signal (82%) than the 2HG signal.  The 2HG 2.25-ppm signal yield of the sequence was 56% 

compared to 90-acquisition for a localized volume, ignoring T2 relaxation effects.  For the 2HG- 
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Figure 3.2    TE dependence of numerically-calculated 2HG 2.25 ppm peak amplitude 

 

 

Figure 3.3    Numerically calculated spectra of 2HG, GABA, Glu and Gln 
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suppressed subecho time set, the 2HG signal was essentially null between 2.2 and 2.3 ppm, in which the 

GABA signal was dominant (Fig. 3.4b). 

We tested the 2HG-optimized and 2HG-suppressed triple-refocusing sequences in a 2HG plus 

Gly phantom and in an IDH-mutated glioma patient in vivo (Fig. 3.5).  The calculated 2HG spectra were in 

excellent agreement with phantom spectra for both triple-refocusing schemes.  For the 2HG-optimized 

sequence, the calculated and phantom spectra both showed a large and narrow 2HG peak at 2.25 ppm, with 

small signals at ~1.9 and ~4.0 ppm.  For a Gly 3.55-ppm singlet linewidth of 5 Hz, the 2HG 2.25-ppm 

signal width in the phantom spectrum was 5.5 Hz, consistent with the simulation.  The experimental 2HG 

2.25-ppm peak area was ~73% with respect to the Gly peak area, reproducing the prepared 2HG-to-Gly 

concentration ratio (8:10), when the phantom T2 effects were corrected (Gly T2 = 1.4 s and 2HG T2 = 0.7 

s).  For the 2HG-suppressed sequence, the 2HG 2.25-ppm resonance was diminished in the phantom 

spectrum, as predicted by the simulation.  The 2HG signal manipulation by the triple-refocusing schemes 

was reproduced in vivo.  In an IDH-mutated oligoastrocytoma patient, a large peak was observed at 2.25 

ppm in the 2HG-optimized triple-refocused spectrum, but the 2HG-suppressed triple-refocused spectrum 

did not present a noticeable signal between 2.2 and 2.3 ppm, indicating that the large peak at 2.25 ppm was 

attributed to 2HG.  The 2HG level in the tumor was estimated to be 15.0 mM, which was the highest among 

the 14 tumors studied.  tCho was quite elevated (4.2 mM) compared to the published normal level from 

similar regions (~1.5 mM) (25). 

Figure 3.6 compares in-vivo spectra from a tumor vs. the contralateral region in a subject with 

an IDH-mutated oligodendroglioma.  2HG-optimized triple-refocusing spectra were obtained from the 

tumor mass in the right insula and from a normal-appearing region in the left insula.  With identical voxel 

size (5.8 mM) and scan time (13 min) between the scans, the signal-to-noise ratio and singlet linewidth 

were similar between the spectra.  The overall spectral pattern was different between the spectra due to the 

differences in metabolite concentrations.  The spectrum from the tumor showed slight elevation of tCho 

and tCr and marked decrease in tNAA, compared to the contralateral.  A large signal was present at 2.25 
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ppm in the tumor spectrum.  The 2HG level in the tumor was estimated to be 5.4 mM, with CRLB of 5%.  

 

Figure 3.4    Spectra of 2HG-optimized and 2HG-suppressed triple-refocusing sequences 

The data from the contralateral voxel did not show evidence of 2HG.  GABA was not reliably 

measurable in the tumor or in the contralateral voxel. 

Since the 2HG-optimized triple-refocusing sequence was designed for improving 2HG 

detectability, we compared its performance with a previously-reported PRESS TE=97 ms method (11) in 

an IDH-mutated tumor with relatively low 2HG concentration (Fig. 3.7).  The metabolite signals were 

overall smaller in the triple-refocused spectrum than in the PRESS spectrum, largely due to differences in 

T2 relaxation effects (TE = 137 vs. 97 ms).  In the PRESS spectrum (Fig. 3.7b), a signal was discernible at 

~2.25 ppm, and the signal was extensively overlapped with a much larger Glu signal at 2.35 ppm.  LCModel 

analysis of the PRESS data resulted in a 2HG estimate of 0.6 mM (CRLB = 61%), with a GABA estimate 

of 2.3 mM.  In the triple-refocused spectrum, the Glu C4-proton resonance was drastically attenuated, 

giving rise to a clearly discernible signal at 2.25 ppm (Fig. 3.7a).  2HG was estimated to be 2.4 mM with a 

much smaller CRLB (11%).  The GABA estimate was 0.9 mM, which may be slightly lower than normal 
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similarly to moderate decreases in tNAA and Glu.  Albeit the large T2 signal loss the triple refocusing 

provided improved precision compared to the published long-TE PRESS method, which was largely due 

to line narrowing of 2HG and suppression of Glu, Gln and GABA resonances. 

 

Figure 3.5    Calculated, in-vitro and in-vivo spectra of triple-refocusing sequences 

In addition, we tested the 2HG-optimized MRS in a subject with a lesion in the brainstem.  

The patient did not undergo biopsy and thus the lesion was clinically undefined.  A regular clinical MR 

scan (which had been done independently of the present study) showed increases in tCho and Lac and 

decreases in tCr and tNAA, which is commonly observed in many tumors.  Given that these metabolic 

alterations also occur in other neurological diseases such as stroke, multiple sclerosis, demyelination, etc, 

the abnormal levels of those metabolites did not provide useful biological information.  Our triple-
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refocusing MRS data showed elevated 2HG, indicating the lesion was an IDH-mutated glioma.  A 2HG 

signal at 2.25 ppm was clearly discernible without considerable interferences in the proximity (Fig. 3.8).  A 

composite signal at ~4.05 ppm was well decomposed into 2HG (4.02 ppm) and mI (4.06 ppm) signal in the 

spectral fitting.  The 2HG level was estimated to be 4.7 mM with CRLB of 5%.  GABA was undetectable, 

which was likely due to the decrease of the low-concentration neurotransmitter in the tumor in the white-

matter dominant region. 

 

Figure 3.6    In-vivo spectra from an IDH1-mutated oligodendroglioma (a) and the 

contralateral voxel (b), obtained with the 2HG-optimized triple-refocusing sequence 

For the MRS scans in the 15 patients in this study, the mean voxel size was 7.0±2.5 mL, with 

mean linewidth of the tCho singlet at 6.7±1.7 Hz.  With an average scan time of 7.3±2.5 min, the ratio of 

the tCho peak amplitude to noise was 171±79, where the noise standard deviation was calculated from the 

spectral region between -5 and 0 ppm.  2HG was measurable in all 14 patients.  The estimated 2HG levels 

ranged from 2.5 to 15.0 mM (mean = 5.5±3.3 mM), with CRLBs between 2% and 11% (mean = 5.7±2.4%).   
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Figure 3.7    In-vivo spectra from an IDH1-mutated oligodendroglioma, obtained with (a) 

triple refocusing and (b) PRESS TE = 97 ms 

The GABA estimation was relatively less reliable.  Excluding 3 cases with zero GABA estimates, the mean 

GABA level was obtained as 0.3±0.2 mM, with mean CRLB of 61±21%.  The LCModel-returned 

correlation coefficient between 2HG and GABA signals ranged from -0.32 to -0.08 (mean = -0.18±0.07).  

The correlation coefficients of 2HG signal with respect to Glu and Gln were relatively small (i.e., ranging 

from -0.08 to 0.13 and from -0.08 to 0.17 respectively), which may be due to the Glu and Gln signal 

suppression.  tCho was elevated in all the tumors studied, with a mean level at 3.9±2.4 mM (CRLB = 1% 

for all).  tNAA was substantially decreased (mean = 2.6±2.3 mM).  Lastly, we evaluated potential 

correlation between 2HG and tCho levels in our data set (all with IDH1 R132H mutations).  Figure 3.9 
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presents the 2HG and tCho estimates from the 14 patients with biopsy-confirmed IDH1 R132H mutated 

gliomas (excluding a brainstem tumor).  There was no evidence of significant correlation between the 

metabolite concentrations (p = 0.28). 

 

Figure 3.8    An in-vivo triple-refocused spectrum from a brainstem lesion 

Benefits from this signal suppression were observed in terms of CRLB and LCModel-returned 

correlation coefficient, which is a measure of the dependency (or interference) between metabolite signal 

estimates.  For the 14 tumors studied, the mean 2HG CRLB was clearly smaller in triple refocusing than in 

PRESS TE=97 ms (6% vs. 9%).  The correlation coefficients of 2HG with respect to GABA, Glu and Gln 

ranged from -0.08 to -0.32, -0.08 to 0.13, -0.08 to 0.17 for triple refocusing, and -0.28 to -0.62, 0.18 to 0.42, 
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-0.11 to -0.22 for PRESS TE=97 ms, respectively.  These results indicate that the 2HG-optimized triple 

refocusing approach provides more reliable estimation of 2HG than the PRESS short- and long-TE methods.  

 

Figure 3.9    The estimated concentrations of 2HG and tCho in 14 glioma patients with IDH1 

mutated gliomas 

 

3.4   DISCUSSION 

The current paper reports a new triple-refocusing approach for 2HG detection at 3T.  Taking 

advantage of the high variability of J-coupled spin signals with changes of the three subecho times, the 

signals of 2HG, GABA, Glu and Gln were effectively manipulated for improving the 2HG detectability in 

vivo.  With the 2HG-optimized triple-refocusing scheme, considerable line narrowing of the 2HG 2.25-ppm 

multiplet was achieved with good signal yield.  Moreover, the signals of Glu and Gln were extensively 

suppressed, giving nearly no interferences with 2HG measurement.  The GABA 2.29-ppm resonance was 

also suppressed.  Assuming that GABA is decreased in brain tumors similarly to NAA and Glu, the 
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interference of residual GABA signals with 2HG evaluation may not be considerable.  When the GABA 

2.29 ppm signal is not negligible compared to the 2HG 2.25 ppm peak, separation of 2HG from GABA 

may be somewhat achievable by the 2HG 4.0 ppm signal whose intensity is ~40% of the 2HG 2.25 ppm 

signal. 

 

Figure 3.10    Spectra of 2HG, GABA, Glu, Gln and NAA at a concentration ratio of 

5:1:5:5:5, numerically calculated for (a) the 2HG-optimized triple refocusing, (b) PRESS TE 

= 97 ms, and (c) PRESS TE = 30 ms at 3T 

Compared to PRESS short-TE (30 ms) and TE=97 ms (9), the 2HG-optimized triple 

refocusing gives a smaller 2HG 2.25-ppm signal due to the J-coupling effects (Fig. 3.10).  The 2HG 2.25-

ppm peak amplitude ratio between the triple refocusing, PRESS TE=97 ms, and PRESS TE=30 ms was 

calculated to be 72:76:100.  The signal reduction at the long TEs will be more extensive in vivo because of 
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the T2 relaxation effect.  However, high signal selectivity is important for reliable measurement of 2HG.  

While the signals of 2HG, Glu and Gln are extensively overlapped with each other at short TE, PRESS 

TE=97 ms provides signal narrowing and consequently improved spectral resolution between 2HG, Glu 

and Gln (Fig. 3.10b,c).  However, this PRESS TE=97 ms does not fully differentiate the 2HG signal from 

the adjacent resonances and thus 2HG evaluation will be compromised when the Glu and Gln signals are 

much larger than the 2HG signal (as shown in Fig. 3.7).  The triple refocusing provides excellent 

suppression of these major interference signals between 2.2 and 2.3 ppm and suppression of the GABA 

2.29-ppm resonance by ~50% with respect to the PRESS TE=97 ms method (Fig. 2.10a,b).  Benefits from 

this signal suppression were observed in terms of CRLB and LCModel-returned correlation coefficient, 

which is a measure of the dependency (or interference) between metabolite signal estimates. For the 15 

tumors studied, the mean 2HG CRLB was clearly smaller in triple refocusing than in PRESS TE=97 ms 

(6±2% vs. 9±15%) although the mean 2HG estimate was about the same between the methods (5.4±3.2 vs. 

5.5±3.7 mM). The correlation coefficients of 2HG with respect to GABA, Glu and Gln ranged from -0.32 

to -0.08, -0.08 to 0.13, -0.08 to 0.17 for triple refocusing, and -0.28 to -0.62, 0.18 to 0.42, -0.11 to 0.22 for 

PRESS TE=97 ms, respectively. It is noteworthy that the tCho singlet amplitude to noise ratio was about 

the same between the triple refocusing TE=137 ms and PRESS TE=97 ms (171±68 vs. 172±81) largely due 

to difference in the tCho singlet line width between the methods (FWHM 6.7±1.7 vs. 7.1±2.0 Hz, p = 0.02). 

Among the 14 IDH-mutated tumors, triple refocusing gave all meaningful 2HG measures while the long-

TE PRESS failed in one case (Fig. 3.7). These results indicate that Taken together, the 2HG-optimized 

triple refocusing approach may provide more reliable estimation of 2HG than the PRESS short- and long-

TE methods. 

In the present triple-refocusing study, the carrier frequency of the non-slice selective 180 RF 

pulse (NS180), νc
NS180, was set to 2.5 ppm throughout the experiments.  It is noteworthy that the J-coupled 

spin metabolite signals following the triple-refocusing sequence is affected by νc
NS180.  For the 26-ms long 

RF pulse used, the 180˚ action is equally uniform over the 2HG resonances for νc
NS180= 3.5, 3.0 and 2.5 

ppm.  The resulting 2HG signal for the 2HG-optimized triple refocusing is quite different between these 
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carrier frequencies, while the singlet intensity is identical.  The 2HG 2.25-ppm signal intensity was 

calculated to be 81:86:100 for νc
NS180= 3.5, 3.0 and 2.5 ppm, respectively, ignoring T2 relaxation effects.  

The overall pattern of the 2HG signal was also influenced by the NS180 carrier frequency.  The triple-

refocusing scheme used for experiments in this study had an NS180 as the second 180˚ pulse.  This triple-

refocusing scheme is likely advantageous over the scheme with an NS180 as the first or third 180 pulse.  

A computer simulation indicated that the 2HG signal is overall smaller and broader in the scheme with an 

NS180 as the first 180˚ pulse compared to the triple-refocusing sequence of the present study.  For the 

scheme with an NS180 as the third 180˚ pulse, the 2HG signals were similar as in the scheme used for 

experiments, but with the presence of a non-slice selective RF action at the end of the sequence, the volume 

localization performance may be low. 

There are several pitfalls in the 2HG estimation in the present study.  First, due to the use of 

long TE (137 ms), accurate evaluation of 2HG requires a 2HG T2 value in tumors, which has not been 

reported to date.  Potential 2HG T2 variations between tumors will cause errors in 2HG estimation.  Second, 

use of STEAM water as reference causes some errors because the frequency profiles of the slice-selective 

90 and 180 RF pulses used were not identical (i.e., transition width / bandwidth ≈ 10% and 12% 

respectively (151)).  The discrepancy between the STEAM and PRESS voxel shapes was ignored in this 

study.  Given that water T2 is quite different between tumors (99), the errors arising from the profile 

discrepancy may be smaller than the errors that can be introduced when triple-refocused water signal at the 

shortest possible TE (~70 ms) is used as reference.  Lastly, metabolites were quantified with reference to 

water at 48 M, which was determined based on proton density images from 7 tumors (data not shown) that 

showed the tumor water signal higher by 19% than the white-matter water concentration (40 M) (27).  Use 

of a constant water concentration will cause errors in metabolite quantification when the water 

concentration differs between tumors. 

Lastly, our in-vivo 2HG data from IDH1 mutated gliomas did not show significant correlation 

with tCho, in contrast to a prior ex-vivo 1H MRS study (152).  The tCho elevation was moderate to high in 

our data, with concentrations ranging from 1.5 to 11 mM.  tCho is elevated in brain tumors due to increased 
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phospholipid metabolism (113, 114).  Specifically, elevation of tCho in IDH1-mutant gliomas may be 

attributed to membrane synthesis of mitochondria which is increased to compensate for the utilization of α-

ketoglutarate and NADPH for the α-ketoglutarate to 2HG conversion in the cytosol (115).  IDH wild-type 

and IDH2-mutated tumors may not exhibit increased mitochondrial number (115), but shows marked 

elevation of tCho, which may be due to rapidly proliferating tumor cells (113).  Thus increased phospholipid 

metabolism may not provide definitive identification of IDH1 mutation status, as opposed to a proposal in 

a pre-clinical 31P MRS study (114).  Further study is required to find a potential causal relationship amongst 

phospholipid metabolism, tCho increase, and 2HG production. 

 

3.5   CONCLUSION 

2HG is well established as a diagnostic and prognostic imaging biomarker for IDH-mutated 

gliomas and thus the capability of MRS to analyze this oncometabolite in patients noninvasively has 

significant relevance in patient care.  Diagnostic and prognostic information offered by noninvasive 

detection of 2HG may significantly impact treatment decision in glioma patients, especially when the tumor 

is located in the brain region where a biopsy is associated with a risk of permanent neurological injury (e.g., 

brainstem).  This requires precise evaluation of 2HG.  Our proposed triple-refocusing method provides a 

new tool for improved measurement of 2HG with good suppression of adjacent resonances, making it 

possible to evaluate 2HG in small tumors with low cellularity.  Importantly, several therapeutic studies 

targeting mutated forms of IDH1 and IDH2 (153) are currently underway.  Reliable measurement of 2HG 

may also have significant potential for drug development. 
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CHAPTER FOUR 

 

IN VIVO 2D ECHO-PLANAR SPECTROSCOPIC IMAGING OF 

2HG AND OTHER METABOLITES IN GLIOMA PATIENTS 

WITH DUAL-READOUT ALTERNATED GRADIENTS (DRAG-

EPSI) AT 7T 

 

4.1   INTRODUCTION 

The majority of World Health Organization (WHO) grade II and III gliomas and secondary 

glioblastomas harbor isocitrate dehydrogenase (IDH) mutations in cytosol (IDH1) and mitochondria 

(IDH2), and the mutations are associated with longer survival and better response to therapy compared to 

IDH wildtype tumors (3, 4, 142).  The IDH mutation gives rise to NADPH-dependent reduction of α-

ketoglutarate to 2-hydroxyglutatrate (2HG), leading to elevation of 2HG by orders of magnitude (7, 8, 107).  

Thus 2HG provides a novel imaging biomarker for identifying IDH mutant gliomas noninvasively.  In-vivo 

detection of 2HG was reported in many recent studies, which included single-voxel 1H MRS 3T and 7T (9, 

21, 34, 35, 88-90, 154) and multi-voxel MRS imaging (MRSI) at 3T (9, 34, 155).  The spatial resolution in 

these 2HG imaging studies was relatively low (voxel size ≥ 1.5 mL).  Gliomas are highly heterogeneous 

and infiltrative in malignant transformation.  The capability to image 2HG with high resolution rapidly has 

great potential for patient care and cancer research. 

1H echo planar spectroscopic imaging (EPSI) (156) has been widely used for fast and high-

resolution mapping of brain metabolites at 3T and 4T (11, 12).  Imaging of J-coupled spin metabolites at 

these intermediate filed strengths remains challenging largely because of the low signal strengths and 

spectral overlaps (13).  Recent studies showed that EPSI at 7T confers significantly improved signal gain 

and spectral resolution (18, 157), but the in-vivo applicability in human MR scanners is quite limited due 

to small spectral widths, insufficient for covering the spectral regions of interest (14). 

Several EPSI approaches were proposed for data acquisition and reconstruction.  First, 

odd/even echo editing was conventionally used for neuro-metabolic imaging at 1.5T, 3T and 4T (11-14).  
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The echo editing results in a halved spectral width with respect to the acquisition dwell time.  Second, the 

interlaced Fourier transformation approach maintained the full spectral width (15, 16), but this was achieved 

ignoring the prevailing gradient delay artifacts.  Third, a dual-readout EPSI with flyback gradients (158) 

was proposed to increase the spectral width.  Data acquired using two sets of interleaved readout gradients 

with flyback gradients were combined to a single set of data, leading to a spectral width greater by two fold 

with respect to the acquisition dwell time.  This approach was used recently for brain tumor metabolic 

imaging at 7T, with in-plane resolution of 10×10 mm2 (18).  Lastly, time-shift EPSI was proposed for 

increasing spectral width (20, 159). 

In this paper, we propose a new EPSI approach, which was designed from the conventional 

bipolar readout gradient and dual-readout approaches.  Taking advantage of the two published schemes, 

this new method provides increased spectral width, high signal-to-noise ratio (SNR), and small burden on 

the gradient system, compared to the published EPSI methods.  The new EPSI scheme, combined with our 

previously-reported 2HG-optimized MRS sequence (21), is demonstrated for high-resolution imaging of 

2HG and other metabolites at 7T.  Following phantom validation of the performance, preliminary data from 

five brain tumor patients are presented. 

 

4.2   THEORY 

Conventional EPSI:  In conventional EPSI, data acquisition may undergo using an alternated-

gradient readout with a dwell time of ∆t, as shown in Figure 4.1A.  The data acquired during the positive- 

and negative-polarity gradients are separated into odd- and even-echo sets and each data set is processed 

for eddy current compensation and phase correction.  The two sets of data may then be averaged to improve 

SNR.  Ghost artifacts due to asymmetries in gradient switching can be removed with the odd/even echo 

editing (53).  The dwell time of the reconstructed data is twice (2Δt) the acquisition dwell time, resulting 

in spectral width of 1/(2∆t).  The spectral width of this conventional EPSI in human MR scanners is 

typically about 1 kHz (12, 14), which is ~3.3 ppm at 7T. 

Dual-readout alternated gradients EPSI (DRAG-EPSI):  Figure 4.1B depicts a new EPSI 

readout scheme.  The scheme consists of two sets of readouts; one using the conventional alternated-

gradient and the other using a polarity-reversed gradient.  The data are then sorted into two data sets 

according to the gradient polarity (i.e., positive-gradient data and negative-gradient data).  Following eddy 

current compensation and phase correction, the two sets of data are averaged, leading to a set of EPSI data 

with spectral width of 1/∆t, greater by 2 fold compared to conventional EPSI. 
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Figure 4.1    (A) Conventional EPSI and (B) Newly-designed EPSI readout scheme 

4.3   METHODS 

MR experiments were carried out in a human whole-body 7T MR scanner (Philips Medical 

Systems, Cleveland, OH) using a quadrature transmit (4 kW RF amplifier) and 32-channel receive head 

coil (Nova Medical, Wilmington, MA).  The gradient system offered maximum amplitude of 40 mT/m, 

with maximum slew rate of 200 mT/m/ms.  In-vitro MRSI experiments were performed in a GE braino 

phantom (10 cm diameter) and a 6-cm diameter spherical phantom with 2HG (10 mM) and Gly (20 mM).  

The phantom scans included conventional phase-encoded MRSI, conventional EPSI, and DRAG-EPSI. 

Five glioma patients were enrolled, who included a 60-year old male with IDH1-mutated 

grade-II oligodendroglioma (Patient 1), a 47-year old female with IDH1-mutated grade-II 

oligodendroglioma (Patient 2), a 58-year old male with IDH1-mutated grade-II oligoastrocytoma (Patient 

3), a 50-year old male with radiographically-suggested glioma (Patient 4), and a 40-year old male with IDH 

wildtype glioblastoma (Patient 5).  Other than Patient 4, the four patients had biopsy or surgery after the 
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MR scans, from which the tumor type and IDH mutational status were obtained.  MR scans were conducted 

prior to chemotherapy and/or radiation treatments. 

2D MRS imaging was obtained with 1D imaging by DRAG-EPSI (Figure 4.1B) and another 

1D imaging using phase encoding gradients.  DRAG-EPSI was preceded by prescription of a volume of 

interest (VOI) using our previously-reported 7T 2HG-optimized PRESS sequence (21), which had the RF 

pulse envelopes of our 3T 2HG MRS study (90).  The PRESS sequence included an 8.8 ms 90° RF pulse 

(bandwidth 4.7 kHz) and two 12 ms 180° RF pulses (bandwidth 1.4 kHz) at RF field intensity (B1) of 15 

µT.  The echo-planar readout gradient consisted of 512 alternating trapezoidal gradients with amplitude of 

9.5 mT/m and slope of 90 mT/m/ms (slope length of 105 μs and plateau length of 400 μs).  The data of 

opposed-polarity readouts were acquired in an interleaved fashion.  The spectral width of the DRAG-EPSI 

was 1638 Hz (5.5 ppm at 7T).  Flip angle calibration was performed on the PRESS-prescribed VOI using 

a vendor-supplied T1 insensitive double-stimulated-echo method (160).  Water suppression was obtained 

with VAPOR (variable power and optimized relaxation delays).  Up to second order B0 shimming was 

carried out on the VOI using a vendor-supplied tool.  Water-suppressed DRAG-EPSI was acquired with 

the following parameters: PRESS TE = 78 ms (TE1 = 58 ms and TE2 = 20 ms), TR = 2 s, field of view = 

198×180 mm2, slice thickness = 14 mm, spatial resolution = 0.5 mL (6×6×14 mm3), data matrix size = 

33×30×512, and number of signal averages = 16.  The scan time was 16 min, of which 8 min was spent for 

each of the two readouts.  Depending on the tumor size, the VOI ranged from 60×60 to 90×90 mm2.  

Unsuppressed-water imaging data were acquired with VOI prescription by TE 78 ms PRESS using DRAG-

EPSI and by TE 13 ms STEAM using conventional EPSI (scan times of 2 and 1 min respectively).  T2w-

FLAIR (T2-weighted fluid attenuated inversion recovery imaging) was acquired for tumor identification 

(TR/TE/TI = 11,000/93/2800ms; field of view = 230×230 mm2; slice thickness of 5 mm; 20 transverse 

slices).  B1 map was obtained using a dual flip angle method (17). 

The 2D k-space data was zero filled to 66×60 matrix and subsequently apodized with a 2D 

Hamming function.  The time domain data was zero-filled to 2048 points and apodized with a 3 Hz 

exponential function.  Eddy-current compensation and multi-channel combination were conducted, with in-

house computer scripts, using the unsuppressed PRESS DRAG-EPSI water as reference, after which the 

interleaved data were summed without additional phase correction.  About 10% of the spectra in the margin 

of VOI were discarded in subsequent analyses, which had the chemical-shift displacement effects arising 

from the use of PRESS 180º RF pulses with 1.4 kHz bandwidth.  Spectral fitting was performed between 

1.0 and 3.85 ppm, with LCModel software, using in-house calculated basis spectra of 14 metabolites, which 

included 2HG, Glu (glutamate), Gln (glutamine), NAA (N-acetylaspartate), tCr (creatine + 

phosphocreatine), Gly (glycine), mI (myo-inositol), GSH (glutathione), Ace (acetate), Lac (lactate), Asp 
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(aspartate), sI (scyllo-inositol), NAAG (N-acetylaspartylglutamate), tCho (glycerophosphorylcholine + 

phosphorylcholine).  The metabolite signal estimates from LCModel were normalized to the unsuppressed 

TE 13 ms STEAM water for individual voxels, which was to correct for potential B1+ and B1− variations, 

and subsequently the metabolite concentrations were calculated by scaling the normalized metabolite signal 

estimates with reference to tCr in normal-appearing gray-matter region at 8 mM.  Metabolite estimates with 

CRLB > 20% were discarded, similarly as in prior EPSI studies (11, 18, 155).  Paired t-test was performed 

for comparison of metabolite estimates between tumor and contralateral regions, with Bonferroni correction, 

using SAS software version 9.3 (SAS Institute, Cary, North Carolina).  Data are presented as mean ± 

standard deviation (SD). 

 

4.4   RESULTS 

The imaging performance of DRAG-EPSI was compared with conventional phase-encoded 

MRSI and conventional EPSI in a GE Braino phantom (10 cm diameter).  VOI prescription was obtained 

with TE 78 ms PRESS for all imaging scans.  The result is presented in Figure 4.2, together with the spatial 

resolution (15×15 mm2), scan time (7 min) and spectral widths of the scans.  The intensity and pattern of 

metabolite signals were in excellent agreement between the three methods, but SNR was notably different 

between the methods, as shown in NAA SNR maps.  Compared to phase-encoded MRSI, the NAA SNR 

was 60% and 51% for DRAG-EPSI and conventional EPSI respectively, in good agreement with theoretical 

values that were calculated from the plateau period and ramp time of the readout gradients (158).  Also, we 

compared the DRAG-EPSI performance with conventional phase-encoded MRSI for a higher resolution 

(6×6 mm2), which was the same resolution as in our in-vivo study.  The readout gradients and consequently 

the spectral width of DRAG-EPSI were also same as in the in-vivo study.  The data is shown in Figure 4.3.  

With the high-resolution imaging, both methods showed fairly uniform metabolite signals inside the 

phantom, without considerable signals from outside the phantom.  Compared to the 15×15 mm2 resolution 

case, the NAA SNR in DRAG-EPSI was increased to 81% with respect to phase-encoded MRSI, which 

was due to the longer plateau period of the readout gradients.  The overall spectral pattern and signal 

strength were both essentially identical between DRAG-EPSI and phase-encoded MRSI. 
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Figure 4.2    Comparison between conventional phase-encoded MRSI (blue), DRAG-EPSI 

(red) and conventional EPSI (green) in a GE Braino phantom (10 cm diameter) at 7T 

 

We evaluated potential B0 drifts induced by the readout gradients of DRAG-EPSI and 

conventional EPSI in a phantom (6 cm diameter sphere).  In each of the EPSI scans, 30 images were 

acquired, with scan time of 1 min for each image.  Figure 4.4 presents the result, together with readout 

gradient parameters of the scans, which were set for equal resolution (6×6 mm2).  The frequency drift was 

increased with time in each of the methods, but the drift was much smaller in DRAG-EPSI than in 

conventional EPSI.  The average drifts over the voxels within the phantom in DRAG-EPSI and 

conventional EPSI were measured as 0.12±0.16 Hz and 1.00±0.16 Hz at 16 min, and 0.38±0.17 Hz and 

1.64±0.21 Hz at 30 min, respectively.  

The performance of DRAG-EPSI for 2HG detection was tested in a 6-cm diameter spherical 

phantom with 2HG (10 mM) and Gly (20 mM).  The result is shown in Figure 4.5.  The spectra of individual 

voxels showed fairly uniform Gly peaks across the VOI.  With the use of PRESS TE 78 ms (TE1 = 58 ms 

and TE2 = 20 ms), the J-coupled C4-proton resonances of 2HG exhibited a negative-polarity signal at 2.25 

ppm while the C3-proton signals between 1.8 and 2.0 ppm were diminished.  When displayed for 1.8 - 2.4 

ppm, the 2HG C4-proton signal was apparently uniform within the VOI.  Spectral fitting by LCModel 
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reproduced all spectra well.  The 2HG-to-Gly ratio was estimated to be 0.49±0.02 within the phantom, 

reproducing the prepared concentration ratio of 1/2.  The maps of 2HG and Gly estimates showed fairly 

uniform estimates within the phantom, giving coefficient of variation of 2HG and Gly estimates at 3.7% 

and 4.2% respectively.  

 

Figure 4.3    Comparison between conventional phase-encoded MRSI (blue) and DRAG-EPSI 

(red) in a GE Braino phantom at 7T at high resolution 

The DRAG-EPSI method was used for imaging 2HG in five glioma patients (3 IDH mutated, 

1 unknown IDH mutational status, and 1 IDH wildtype).  Figure 4.6 shows the data from a patient with 

IDH1 mutant oligodendroglioma (Patient 1).  T2w-FLAIR identified a solid tumor mass in the left frontal 

region.  VOI was set at 60×60 mm2, which included the tumor and contralateral volume.  The RF field 

intensity was fairly homogeneous within the VOI (see B1 map).  The coefficient of variation (CV = 

SD/mean) of B1 within the VOI was 6.2%.  The signals of NAA, tCr and tCho were uniform outside the 

tumor region.  The spectra from the tumor (upper right region within VOI) were dominated by increased 

tCho signals.  An inverted peak was clearly discernible at 2.25 ppm in spectra from the tumor (see the 
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spectrum from location B), which should be attributed to 2HG given that the adjacent signals of Glu, Gln 

and GABA are all positive at the PRESS echo-time condition (21).  2HG was estimated to be up to 5 mM 

in the tumor and was undetectable in the normal-appearing regions.  The metabolite maps showed increase 

in tCho and decreases in NAA and tCr. 

 

Figure 4.4    Comparison of frequency drifts with time in DRAG-EPSI vs. conventional EPSI 

Data from another subject with IDH1 mutant oligodendroglioma is presented in Figure 4.7.  A 

tumor mass was identified in the right parietal region.   The CV of B1 within VOI was 6.6%.  Many spectra 

within the tumor left-top to right-down exhibited relatively small metabolite signals, indicating that the 

region may be largely cystic.  2HG was clearly detectable with CRLB < 10% in most of the spectra from 

the tumor.  The center of the tumor mass (location C) showed high 2HG (4.6 mM, CRLB 6%) and the right 

upper part of the tumor (location A) showed somewhat lower 2HG (3.1 mM, CRLB 6%).  In contrast, the 
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tCho level in this tumor was lower than normal (see tCho map).  The tCho level was as low as 0.7 mM in 

the tumor (see spectrum from location C), quite lower than the levels in the normal-appearing brain regions 

(~1.5 mM; see spectra from locations B and D).  With reduction of NAA in tumors, the tCho/NAA ratio 

was higher in the tumor than in contralateral (0.5 - 0.7 vs. ~0.1). 

 

Figure 4.5    In vitro validation of DRAG-EPSI at 7T, with by TE 78 ms PRESS 

For the five patients of the present study, we calculated the mean value and SD of B1 within 

VOI.  The coefficient of variation (CV) of B1 was 3.8, 5.3, 6.2, 6.6 and 7.3%, giving a mean CV of 5.8±1.4%.  

The CV of B0 was estimated to be 2.5, 3.6, 6.6, 13 and 16 Hz in the patients, with a mean CV at 8.3±5.9 

Hz.  For each of the five patients, the estimated concentrations of seven metabolites were averaged over the 

tumor volume and the normal-appearing contralateral volume.  The result is shown in Figure 4.8.  2HG was 

detectable in the three patients with biopsy-proven IDH mutant tumors (3.0±0.9, 3.3±0.4 and 2.3±0.6 mM 

in Patients 1, 2 and 3 respectively).  2HG was also clearly detected in a subject with radiographically-

suggested glioma (2.3±0.2 mM in Patient 4), indicating this tumor may be an IDH mutant glioma.  For 

these four tumors, the 2HG estimate difference between tumor and contralateral was significant (p < 0.001).  
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In contrast, 2HG was undetectable in Patient 5, indicating that the lesion had wildtype IDH.  After the MRS 

scan, the patient underwent a surgery and the lesion was found to be a primary glioblastoma, in which the 

incidence rate of IDH mutation is very low (< 5%) (3, 4).  In four tumors other than Patient 2, the tCho 

level was estimated to be higher in tumors than in contralateral.  The concentration of NAA was 

significantly lower in tumor than in contralateral brain in all cases.  For Glx (Glu+Gln), the concentration 

was significantly lower in tumor tissue than in contralateral brain in Patients 1, 2 and 3, but significantly 

elevated in the glioblastoma (Patient 5) (Gln ~8 mM and Glu ~3 mM). 

 

Figure 4.6    In vivo 2D DRAG-EPSI data from a patient with IDH1-mutated grade-II 

oligodendroglioma at 7T 

4.5   DISCUSSION 

We present high-resolution imaging of 2HG and other metabolites in brain tumor patients at 

7T, achieved using a newly-designed EPSI scheme (DRAG-EPSI).  To our best knowledge, this is the first 

report of in-vivo 7T imaging of 2HG in brain tumor patients, obtained with 6×6 mm2 in-plane resolution.  
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A spectral width of 1638 Hz was achieved with relatively low gradient strengths.  This spectral width with 

6×6 mm2 in-plane resolution was not achievable using conventional EPSI even when the slew rate was 

maximized to 200 mT/m/ms in our 7T MR scanner, which may cause coil overheating and high acoustic 

noise and consequently can aggravate data quality and patient compliance (161).  However, DRAG-EPSI 

allowed to use a readout gradient strength of 9.5 mT/m and a slew rate of 90 mT/m/ms, enjoying a decrease 

of acoustic noise level from 120 dB (conventional EPSI) to 80 dB (DRAG-EPSI), as measured with a 

microphone placed inside the magnet.  In addition, it is noteworthy that the data processing in DRAG-EPSI 

is relatively straightforward.  Since the data acquisition time points are identical between the positive and 

negative gradient data, these interleaved data can be directly summed following the eddy-current 

compensation using the DRAG-EPSI water data, without need of first-order phase correction, which may 

be required in time-shift EPSI (20, 159). 

 

Figure 4.7    In vivo 2D DRAG-EPSI data from a patient with IDH1-mutated grade-II 

oligodendroglioma at 7T 

When EPSI data are recorded only during the plateau period of readout gradients, SNR penalty 

may occur relative to the usual continuous sampling and the SNR efficiency, ESNR, can be calculated from 
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the gradient plateau and ramp periods, as described in a prior study (158).  For the readout gradient strength 

and slew rate used in the present study and for in-plane resolution of 6×6 mm2, ESNR of DRAG-EPSI may 

be identical to that of conventional EPSI (81%) and is expected to be higher by ~33% compared to the dual-

readout flyback EPSI, whose spectral width can be as high as 1865 Hz with a very large peak flyback 

gradient strength (−20 mT/m).  ESNR can be increased using a high slew rate.  When the slew rate is increased 

to 150 mT/m/ms, which was used in the Cunningham et al. study (158), the ESNR of DRAG-EPSI will be 

increased to 92% with readout gradient strength of 7.4 mT/m and spectral width of 1638 Hz.  This spectral 

width may be easily achievable by dual-readout flyback EPSI using readout gradient strength of 4.6 mT/m 

and peak flyback gradient strength of −25 mT/m, and ESNR will be 83%, lower compared to DRAG-EPSI.  

For conventional EPSI, the maximum-achievable spectral width will be 1110 Hz using readout gradient 

strength of 16 mT/m, and ESNR will be 73%.  Taken together, DRAG-EPSI has advantages over 

conventional EPSI and dual-readout flyback EPSI in terms of ESNR and gradient stress. 

 

Figure 4.8    Comparison of the estimated concentrations of 2HG and 4 other metabolites in 

tumor vs. normal-appearing contralateral brain in five glioma patients at 7T 
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Figure 4.9    Numerically-calculated PRESS spectra of 2HG for various flip angles of the 

refocusing RF pulses at 7T 

In the present study, field inhomogeneities were minimized by performing B0 shimming and 

B1 calibration on the VOI.  For the 5 subjects, the B0 variation within VOI was 3 - 16 Hz and the B1 

variations within VOI was 4 - 7% with respect to the mean B1.  The average coefficient of variation of B1 

over 5 patients was 5.8%.  For PRESS, the spectral pattern and strength of J-coupled resonances are 

sensitive to the flip angle of the refocusing RF pulses, whilst the flip angle variation of the excitation RF 

pulse may have equal effects on the coupled and uncoupled spin signal strengths without altering the 

coupled-spin signal pattern.  The effect of the refocusing pulse flip angle is more pronounced in strongly-

coupled resonances than in weakly-coupled resonances.  A refocusing pulse flip angle range of 160º - 200º 

may correspond to 95% confidence interval of the B1 variation in this study (i.e., 1.96×5.8% = 11.4%).  A 

simulation indicated that, when normalized to a singlet, the 2HG C2-proton signal at 4.02 ppm remains 

about the same for the flip angle range, but the 2HG C4-proton signal is reduced as the flip angle deviates 

from 180º (see Figure 4.9).  The 2HG 2.25 ppm signal to singlet ratios at flip angles of 160º and 200º were 

respectively 70% and 78% with respect to that at the 180º flip angle.  The average singlet linewidth over 

five subjects was 9 Hz.  With 3 Hz apodization, the SNR was improved and the resulting linewidth was 12 

Hz.  Our prior study using the 2HG-optimized PRESS (21) showed that the 2HG 2.25-ppm signal can be 
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reliably separated from adjacent signals up to singlet linewidth of 12 Hz.  Achievement of high B1 

homogeneity is challenging at 7T.  Uniform RF excitation may be achievable with adiabatic RF pulses for 

VOI prescription, similarly as in a prior single-voxel 2HG MRS study at 7T (35), in which 5-6 s TR was 

used.  Use of long TR, which is needed to meet the specific absorption rate (SAR) requirement, hampers 

fast imaging of 2HG, whose signal is relatively small.  In our study, without use of adiabatic RF pulse, the 

B1 issue was alleviated with VOI-specific B1 optimization. 

The benefit of EPSI may be fully realized when metabolites are imaged with a much shorter 

scan time for a much higher matrix size imaging compared to conventional phase-encoded MRSI.  In our 

study, the data matrix size was 33×30 with a scan time of 16 min.  We chose to use a 2 s TR for metabolite 

quantification with relatively small variations in T1 saturation effects across the brain metabolites, since the 

metabolite T1s are fairly long at 7T (~1.8 s) (162).  For 33×30 matrix size and 2 s TR, elliptically phase-

encoded MRSI with single average may require ~26 min scan time (= π/4×33 min), 1.6 fold longer than our 

DRAG-EPSI scan time.  Scan time reduction benefit of DRAG-EPSI with respect to conventional phase-

encoded MRSI can be further realized in higher matrix imaging of 2HG (e.g., 3D imaging). 

Since DRAG-EPSI requires dual readouts, the method has a loss in acceleration by a factor of 

2 in such cases that conventional EPSI with single signal averaging per k-space point is sufficient.  However, 

when multiple signal averaging is required for increasing SNR (as in the present study for measuring 2HG 

whose signals are relatively small), the data acquisitions may be split into two readouts without losing the 

acceleration factor compared to conventional EPSI. 

Given the high clinical significance of 2HG, establishing a 2HG detection threshold may be 

clinically useful.  It may require a rigorous analysis of many patient data from IDH mutant or wildtype 

tumors.  With the limited number of patient data in the present study, we did not attempt to define the lower 

limit of 2HG detection, focusing on demonstration of new EPSI readout.  Since detection of a metabolite 

depends on several factors, which include SNR, linewidth, interfering signals, overall spectral baseline, etc., 

a 2HG concentration threshold may not be easily definable.  A most reliable threshold may be whether a 

2HG signal is visually discernible in the spectrum or not.  In this regard, the opposite signal polarity of 2HG 

with respect to the neighboring resonances of GABA and Glu, accomplished using the TE 78 ms PRESS at 

7T, may help improve 2HG detection compared to short-TE MRS at 7T, as shown in our prior study (21).  

In this prior study, 2HG at 1 mM or higher was detectable with CRLBs smaller than 7%.  In the present 

study, we discarded metabolite estimates with CRLB > 20%, which usually corresponded to 2HG estimates 

< 0.5 mM. 

Lastly, the 2HG concentration was similar in Patients 1 and 2 (i.e., 3.0 and 3.3 mM), but tCho, 

which is considered to be a marker of membrane turnover (113), was ~3 fold higher in Patient 1 than in 
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Patient 2 (2.9 vs. 1.0 mM).  A prior 2HG MRS study showed correlation of 2HG level with tumor cellularity 

in gliomas (34).  Lack of correlation between 2HG and tCho was reported in a prior 2HG study of 14 

patients with IDH mutant gliomas (154).  These lines of observation suggest that 2HG production may be 

related to tumor cellularity but may also be attributed to the differential competency of IDH mutant gliomas 

to produce 2HG. 

 

4.6   CONCLUSION 

In vivo high-resolution imaging of 2HG in glioma patients was achieved using a new 1H EPSI 

approach at 7T.  DRAG-EPSI, with dual bipolar readout alternated gradients and simple data processing, 

offered increased spectral window and SNR compared to published EPSI methods.  As a well-established 

biomarker for IDH mutant gliomas, high-resolution imaging of the oncometabolite 2HG has high diagnostic 

and prognostic value.  The proposed 2HG imaging technique has potential application to monitor the 2HG 

levels in therapeutic drug trials targeting IDH inhibition in gliomas (153, 163, 164). 
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CHAPTER FIVE 

 

IN VIVO 3D 2HG IMAGING IN GLIOMA PATIENTS USING 

ECHO-PLANAR SPECTROSCOPIC IMAGING WITH DUAL-

READOUT ALTERNATED GRADIENTS (DRAG-EPSI) AT 3T 

 
 

5.1   INTRODUCTION 

The identification of 2-hydroxyglutarate (2HG) by 1H MRS in patients with isocitrate 

dehydrogenase (IDH) mutant gliomas is a major breakthrough in neuro-oncology imaging.  2HG is the first 

imaging biomarker that is specific to a genetic mutation in gliomas (107), making the diagnosis of IDH 

mutant gliomas possible without surgery.  2HG also has a significant predictive value with respect to the 

stage and survival in gliomas because IDH mutation carries a favorable prognosis (3, 4).  Gliomas are highly 

heterogeneous and infiltrative in malignant transformation and recur beyond the borders of the initial tumor 

mass.  The need of a surveillance technique for use in extended areas of the tumor is a high priority.  The 

tumor cellularity and the 2HG level may be non-uniform within a tumor mass, and their spatial distributions 

may vary.  A high-resolution 3D imaging platform to measure 2HG rapidly is an outstanding strength for 

monitoring IDH-mutant tumors.  With the ability to detect 2HG by high-resolution 3D MRS imaging, this 

metabolite could be used to follow patients with much greater accuracy. 

While several single-voxel MRS methods were proposed for in-vivo detection of 2HG in 

patients at 3T (9, 88, 154) and the methods are translated into many hospitals and used for patient care, 

multi-voxel MRS imaging of 2HG, in particular 3D high-resolution imaging, remains as a challenge.  In 

2012, Choi et al. presented 2HG mapping in a glioma patient using phase-encoded chemical shift imaging 

(CSI) (9).  Although this prior study showed that 2HG can be imaged at clinically acceptable resolution 
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(voxel size 10×10×15 mm3) with similar detectability as in single-voxel MRS, the application was limited 

to 2D imaging since 3D imaging by CSI modality is not practically feasible due to its long scan time.  

Recently Andronesi et al. reported 3D imaging of 2HG using a spiral spectroscopic imaging technique 

combined with J-difference editing (91, 165).  The resolution was relatively low (voxel size 20×20×20 

mm3).  The image data processing could be complicated with need of much efforts for off-resonance 

correction for spiral reconstruction (14) and additionally estimation of the 2HG target resonance (4.0 ppm), 

which is close to the water resonance, may be very susceptible to subtraction errors. 

Recently, we reported a new MRS imaging scheme, dubbed DRAG-EPSI (echo-planar 

spectroscopic imaging with dual-readout alternated gradients) (93).  In this prior study, the method was 

used for 2D imaging of 2HG at 7T, with in-plane resolution of 6×6 mm2.  In DRAG-EPSI, the time-domain 

MRS signals are constructed with combined analysis of data obtained with two sets of bipolar echo-planar 

readout gradients.  Compared to conventional EPSI, the dwell time of DRAG-EPSI is smaller by 50% and 

consequently the spectral width is twofold larger for identical readout-gradient strengths between the 

methods, as shown in the 7T study.  The increase in spectral width may be highly beneficial for imaging at 

7T, reducing signal aliasing substantially.  As an alternative, when the spectral width of conventional EPSI 

is large enough for covering the spectral region of interest (e.g., MRS imaging at 3T), DRAG-EPSI can be 

utilized for similar-quality imaging using reduced readout-gradient strengths, which may alleviate 

frequency drifts and acoustic noise and possibly improving the data quality and subject compliance.  When 

compared to CSI, the benefit of EPSI may be fully realized when metabolites are imaged for large data 

matrix size (e.g., 3D imaging).  In the present study, we demonstrate the fidelity of DRAG-EPSI for 3D 

high-resolution imaging of 2HG and other brain metabolites using subject-friendly readout-gradient 

strengths.  Following in-vitro validation of the method, preliminary data from a healthy subject and four 

brain tumor patients with IDH-mutant gliomas are presented. 
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Figure 5.1    Comparison of frequency drifts and sound pressure level induced by 

conventional EPSI, DRAG-EPSI, and DRAG-EPSI with Frequency Stabilization 

5.2   METHOD 

MR experiments were carried out in a human whole-body 3T MR scanner (Philips Medical 

Systems, Best, The Netherlands) using a whole-body quadrature transmit coil and a 32-channel receive 

head coil (Nova Medical, Wilmington, MA).  The gradient system offered maximum amplitude of 40 mT/m, 

with maximum slew rate of 200 mT/m/ms.  In-vitro EPSI experiments were performed in a 17-cm diameter 

GE Braino phantom and a 10-cm diameter spherical phantom with 2HG (4 mM), choline (2mM), glutamate 

(Glu) (4 mM), lactate (Lac) (2 mM), N-acetylaspartate (NAA) (4 mM), creatine (Cr) (4 mM), and myo-

inositol (mI) (4 mM). 

One healthy subject (27-year old female) and four glioma patients were enrolled, who included 

an IDH1-mutated grade-II mixed glioma (26-year old female), an IDH1-mutated grade-II 
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oligodendroglioma (43-year old male), an IDH1-mutated grade-III astrocytoma (38-year old male), and an 

IDH2-mutated grade-IV glioblastoma (31-year-old male).  The protocol was approved by the Institutional 

Review Board of the University of Texas Southwestern Medical Center.  Written informed consent was 

obtained from subjects prior to MR scans. 

3D DRAG-EPSI was preceded by prescription of a volume of interest (VOI) using a 

previously-reported 3T 2HG-optimized TE 97ms PRESS sequence (9).  The PRESS sequence included a 

5.8 ms 73° excitation RF pulse (bandwidth 2.5 kHz) and two 13.2 ms 180° RF pulses (bandwidth 1.3 kHz) 

at RF field intensity (B1) of 13.5 µT.  The echo-planar readout gradient consisted of 1024 alternating 

trapezoidal gradients with amplitude of 4 mT/m and slope of 20 mT/m/ms (slope length of 200 μs and 

plateau length of 563 μs).  Two sets of data were acquired with opposed-polarity readouts in an interleaved 

fashion (see Fig. 5.1b for gradient strength and slew rate).  The spectral width of the DRAG-EPSI was 1037 

Hz (8.1 ppm at 3T).  Water suppression was obtained with a vendor-supplied four various-flip angle pulse 

scheme (MOIST).  Up to second order B0 shimming was carried out on the VOI using a vendor-supplied 

tool.  Water-suppressed DRAG-EPSI was acquired with the following parameters: PRESS TE = 97 ms (TE1 

= 32 ms and TE2 = 65 ms), TR = 1.6 s, field of view (FOV) = 240×180×80 mm2, spatial resolution = 1 mL 

(10×10×10 mm3), data matrix size = 24×18×8×1024, number of signal averages = 4, and slice-selective RF 

pulse carrier = 2.7 ppm.  The scan time was 19.2 min.  Unsuppressed-water imaging data were acquired 

with VOI prescription by TE 97 ms PRESS using DRAG-EPSI and by TE 14 ms STEAM using 

conventional EPSI (scan times of 2.4 and 1.2 min respectively, and slice-selective RF pulse carrier at 4.68 

ppm for both).  T2w-FLAIR (T2-weighted fluid attenuated inversion recovery imaging) was acquired for 

tumor identification (TR/TE/TI = 9000/125/2600ms; FOV = 230×200 mm2; slice thickness = 4 mm; 45 

transverse slices). 

The 3D k-space data were zero filled to 48×36 matrix and subsequently apodized with a 3D 

Hamming function.  The time domain data were zero filled to 2048 points and apodized with a 2 Hz 

exponential function.  Eddy-current compensation and multi-channel combination were conducted using 
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the unsuppressed PRESS DRAG-EPSI water as reference, after which the two sets of interleaved data were 

combined without additional phase correction, similarly as in our prior study (93).   Spectral fitting was 

performed between 1.1 and 3.7 ppm, with LCModel software, using in-house calculated basis spectra of 14 

metabolites, which included 2HG, Glu, NAA, mI, Lac, Gln (glutamine), tCr (Cr + phosphocreatine), Gly 

(glycine), GSH (glutathione), Ace (acetate), Asp (aspartate), sI (scyllo-inositol), NAAG (N-

acetylaspartylglutamate), tCho (glycerophosphorylcholine + phosphorylcholine).  The metabolite signal 

estimates from LCModel were normalized to the unsuppressed TE 14 ms STEAM water for individual 

voxels, which was to correct for potential B1 variations, and subsequently the metabolite concentrations 

were calculated by scaling the normalized metabolite signal estimates with reference to tCr in normal-

appearing gray-matter region at 8 mM (166, 167).  Metabolite estimates with CRLB > 20% were discarded, 

similarly as in prior EPSI studies (11, 18, 91).  All data are presented as mean ± standard deviation (SD). 

 

5.3   RESULTS 

We compared the frequency drifts induced by DRAG-EPSI with those of conventional EPSI 

in a phantom solution.  The spectral width was set to be similar between conventional EPSI and DRAG-

EPSI (987 Hz vs. 1037 Hz).  Since the spectral width in DRAG-EPSI is determined by the time interval 

between the adjacent odd and even number echoes, the readout gradient strength and slew rate of DRAG-

EPSI were much lower than those of conventional EPSI, as shown in Figure 5.1a.  For each of the EPSIs, 

40 images were acquired for 20 min and subsequently the drifts of water resonance frequency were 

calculated with reference to the first imaging scan.  The frequency drift averaged over the voxels within the 

phantom was much smaller (5.5 fold) in DRAG-EPSI than in conventional EPSI (7.0±1.0 vs. 38.8±1.0 Hz) 

(Fig. 5.1b), which was most likely due to the differences in readout gradient strength and slew rate.  With 

a real-time frequency-drift correction tool (Frequency Stabilization (FS); supplied by the vendor), the 

frequency drift in DRAG-EPSI was further reduced to 1.1±0.4 Hz (indicated by DRAG-EPSI with FS).  

Due to the difference in the readout gradients, the DRAG-EPSI scan was much more quite than 
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conventional EPSI.  When measured by a microphone placed within the head coil, the sound pressure level 

was 63 dB in DRAG-EPSI, 25 dB smaller compared to conventional EPSI (88 dB) (Fig. 5.1c). 

 

Figure 5.2    In-vitro validation of 3D DRAG-EPSI in a 10-cm diameter spherical phantom 

The performance of DRAG-EPSI for 2HG detection was tested in a 10-cm diameter spherical 

phantom with 2HG, Glu, and five additional compounds that may be well detectable in brain tumors.  Using 

TE 97 ms PRESS (TE1 = 32 ms and TE2 = 65 ms), the J-coupled C4-proton resonances of 2HG exhibited 

a positive-polarity signal at 2.25 ppm, well separated from the Glu 2.35 ppm resonance (singlet FWHM 5 

Hz) (Fig. 5.2).  Spectral fitting by LCModel reproduced all spectra well.  The 2HG-to-Cho ratio was 

estimated to be 2.04±0.08, in good agreement with the prepared concentration ratio of 2:1.  The maps of 

2HG, Cho, Glu, and Lac estimates showed fairly uniform estimates in the sagittal, coronal, and axial 

directions within the phantom.  The coefficient of variation of concentration estimates was 2 - 3% for the 

six compounds in the phantom. 
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Figure 5.3    3D DRAG-EPSI in a healthy subject in vivo. 
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Figure 5.4    In-vivo 3D DRAG-EPSI in a pre-surgery patient with IDH1-mutant glioma 

(Grade II oligoastrocytoma) 

The DRAG-EPSI, combined with TE 97 ms PRESS, was tested in a healthy subject (27-year old).  

A VOI of 140×120×65 mm3 was set to cover the whole brain.  2HG was unmeasurable across the brain (< 

0.5 mM with CRLB > 100%) (Fig. 5.3).  The map of tCho showed that the concentration was significantly 

higher in the anterior brain than in the posterior brain (1.8 vs. 1.3 mM; p < 0.001).  tNAA was fairly uniform 
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within the brain whilst tCr, Glu, and Gln were clearly higher in gray-matter dominant regions than white-

matter dominant regions, in agreement with prior studies (96, 151). 

The DRAG-EPSI with 2HG-tailored PRESS prescription was used for imaging of 2HG and 

other metabolites in 4 patients with IDH-mutant gliomas.  For a patient with IDH1-mutant grade-II 

oligoastrocytoma (26-year old; female), T2w-FLAIR identified a solid tumor mass in the left medial-

occipital region (Fig. 5.4).  For a VOI of 100×100×65 mm3, which included the tumor and contralateral 

normal-appearing brain, the maps of 2HG showed that the volume with elevated 2HG agreed well with that 

of T2w-FLAIR hyperintensity.  The 2HG estimate was as high as 5 mM in the center of the tumor while 

normal-appearing brain showed essentially null 2HG (< 0.5 mM).  tCho was substantially high in the tumor 

compared to normal-appearing brain regions (1.9 vs. 1.5 Mm; p < 0.001).  Lac was highly elevated (> 10 

fold) in the tumor, indicating markedly increased glycolysis in the tumor. 

 

Figure 5.5    In-vivo 3D DRAG-EPSI data from three post-surgery patients with IDH-mutant 

gliomas 

Figure 5.5 presents DRAG-EPSI data from three post-surgery patients with IDH mutant 

gliomas.  T2w-FLAIR imaging showed lesions outside the resection cavities in all three cases.  2HG was 

measured to be up to 3, 6, and 6 mM in the lesions of the three patients (CRLB of 6%, 5% and 6%, 
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respectively), indicating the lesions were all recurrent tumors.  In all three cases, the tumors also showed 

increased tCho and Lac (as shown in the 3D maps).  For patient 2, the coronal T2w-FLAIR images showed 

two distinct tumor masses, among which 2HG was clearly detectable only in the lower part.  In contrast, 

for patient 3 who also had two distinct tumor masses, 2HG was measurable in both anterior and posterior 

regions of the tumor mass, as seen in the sagittal image.  In patient 4, the 2HG level was higher in the 

anterior part of the tumor mass compared to other regions within the tumor, and the high-2HG regions were 

consistent with enhancement in T1w post-gadolinium imaging.  In all three post-surgery cases, the regions 

with null metabolite signals showed excellent agreement with the resection cavities indicated in T2w-

FLAIR images. 

 

5.4   DISCUSSION 

We demonstrate 3D high-resolution imaging of 2HG and other metabolites in brain tumor 

subjects at 3T, which was achieved using a newly-developed 3D DRAG-EPSI scheme together with a 

previously-reported 2HG-tailored TE 97 ms PRESS sequence.  To our best knowledge, this is the first 

report of 3D imaging of 2HG with resolution of 10×10×10 mm3, which is the same resolution as in prior 

EPSI studies of relatively large metabolite signals (e.g., NAA, tCr and tCho).  As shown in our phantom 

study, the frequency drift induced by DRAG-EPSI was much smaller compared to conventional EPSI (7 

vs. 39 Hz during a 20-min scan).  This was most likely due to the use of relatively low gradient strengths 

in DRAG-EPSI given that gradient pulses cause heating in the shimming coil and consequently changes in 

the B0 fields (161).  It is noteworthy that in our case, the frequency drift was further reduced and essentially 

negligible (≤ 1 Hz) with the use of a vendor-supplied real-time frequency-drift correction tool (Frequency 

Stabilization), and thus our 3D imaging data may not have considerable artifacts associated with frequency 

drifts.  Also, the reduction in acoustic noise in DRAG-EPSI is highly beneficial for patient scans.  Brain 

tumor patients often show seizure activities.  The seizure incidence can be increased by extensive noise 

during an imaging scan.  In practice, at the beginning of our development of high-resolution 2HG imaging, 
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when we were using a conventional EPSI scheme shown in Fig. 5.1a, a tumor patient who was sensitive to 

acoustic noise showed a seizure immediately after the scan.  This incidence suggested conventional EPSI 

was not ideally applicable in tumor patients and we were urged to develop a new imaging tool that has 

much lower acoustic noise level.  We believe improvement in patient comfort by reduced acoustic noise 

may also be helpful for minimizing potential subject motions and eventually improving the imaging data 

quality.  In reality, the reduction of acoustic noise by 25 dB using DRAG-EPSI (Fig. 5.1c) was greatly 

beneficial for 2HG imaging, without an adverse event during the study and without any concerning remarks 

on acoustic noise from patient volunteers. 

Several researchers reported imaging of 2HG in patients with IDH-mutant gliomas at 3T.  In 

two of Choi et al. studies which used 2D phase-encoded chemical shift imaging with 10×10×15 mm3 (1.5 

mL) voxel size (9, 168), the volumes with elevated 2HG were similar to or somewhat smaller than the 

volumes with T2w-FLAIR hyperintensity.  Using a 3D spiral spectroscopic imaging method with 20×20×20 

mm3 voxel size (8 mL), Jafari-Khouzani et al. reported larger volumes with elevated 2HG than T2w-FLAIR 

volumes and partial agreement on the locations of the two volumes in more than half of the patients (165).  

The discrepancy in tumor volumes and locations between 2HG imaging and T2w-FLAIR could be due to 

the large difference in spatial resolution of images (8 mL vs. 0.001 mL).  Andronesi et al., from the same 

group, used the same method for assessing treatment response in IDH mutant glioma patients (91).  It is 

likely that 2HG is closely related to the clinical behavior of ID-mutant tumors.  Published data suggest great 

potential of 2HG mapping for monitoring disease progression (168) and treatment effects (91, 168) in IDH-

mutant gliomas.  Gliomas are very diffusive.  Following an open-resection surgery, tumors can recur in 

small volumes in the periphery of the resection cavity.  The capability to image 2HG at high resolution in 

three-dimensional space can provide a tool for following IDH-mutant glioma patients with much greater 

accuracy, which was the primary goal of the present study. 

EPSI has been successfully implemented and studied across three major vendors (Philips, 

Siemens and GE) for time-efficient imaging of metabolites in human brain (12).  The imaging performance 
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was reportedly similar between the vendors.  The PRESS scheme, which was used for 2HG signal 

manipulation in this study, is available in most of clinical scanners.  Although the vendor-supplied RF 

pulses and subecho times of PRESS are somewhat different and consequently the signal intensities and 

patterns of 2HG, Glu and Gln differ slightly between the vendors, the 2HG detectability appears to be 

optimal at TE 90 - 100 ms across the major vendors (169).  Therefore, 3D DRAG-EPSI can be easily 

implemented together with 2HG-optimized PRESS in clinical scanners and used for high-resolution 

imaging of 2HG. 

A major drawback of DRAG-EPSI is requirement of two excitations per k-space point at 

minimum.  This may be acceptable for imaging of 2HG whose signal is relatively small and may require 

some averaging for achieving acceptable SNR in many cases.  Imaging of unsuppressed water, which is 

often used for eddy-current compensation, may be prolonged because of the two-excitation requirement.  

In the present study, the voxel size of unsuppressed-water DRAG-EPSI imaging was set to 20×20×10 mm3 

(scan time 2.4 min) and the water signal of each voxel was used for correcting the eddy-current effects in 

4 voxels of 2HG imaging data, similarly as in prior studies (64).  We believe that the eddy-current effects 

were properly corrected as the effects in the four neighboring voxels were very similar.  For whole-brain 

imaging, FOV may be set to be larger than that of the present study (240×180×160 mm3 vs. 240×180×80 

mm3).  The increased FOV requires twofold larger number of phase-encoding gradients.  One may consider 

changing the number of signal averages per k-space point from 4 to 2, which may maintain both the 2HG 

imaging scan length and the SNR.  The water imaging scan time may be kept acceptable by reducing the 

TR and/or the spatial resolution.  Another limitation in this imaging study was that the VOIs in patient scans 

were 120×120×65 mm3 or smaller and thus, the VOI may not be ideally applicable for large tumor masses.  

Although whole-brain imaging is in general preferable, imaging on relatively small volumes may be 

practically beneficial for improving the spectral quality, which may include proper B1 calibration and B0 

shimming, acceptable water suppression, and minimal lipid contamination across the voxels within the VOI.  
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For these reasons, we chose to use relatively small, clinically acceptable VOI in patient scans, similarly as 

in several prior studies (91, 170, 171). 

 

5.5   CONCLUSION 

In conclusion, we demonstrated in-vivo imaging of 2HG in glioma patients using EPSI with 

dual bipolar readout alternated gradients.  3D imaging of 2HG with acquisition resolution of 10×10×10 

mm3 was a major accomplishment relative to prior 2HG imaging studies.  Compared to conventional EPSI, 

the method needed much smaller readout gradient strengths and showed much less frequency drifts and 

lower acoustic noise, which may be preferable for quality imaging in patient populations.  2HG is an 

unprecedented diagnostic and prognostic biomarker in brain tumors.  3D high-resolution imaging of 2HG 

using DRAG-EPSI may confer an integrated view across the tumor and surrounding normal brain and may 

provide novel biological insights that could drive therapeutic development for IDH-mutant brain cancers. 
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