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Why?
Spectroscopy gives us a glimpse into the neuro-

chemical state of the brain

Diagnostics 
 Metabolic changes in pathology may not be apparent from anatomic 

images
 Metabolic changes may precede anatomic changes

Differentiate among different diseases
 e.g. grade and classify tumor types by MRS patterns
 Differentiate neoplasm from ‘MRI mimics’

 Monitoring therapeutic treatments
 e.g. radiation necrosis and tumor recurrence look the same in 

conventional images, very different metabolically

Understand pathogenesis of diseases



Proton MR Signal –
Spectral content of brain MR signal
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Proton MRS Signal -
Spectral content of brain MR signal

Chemical Selective Saturation 
(CHESS)

Water Signal is 10,000 x 
greater than that of other 
metabolites
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Why do protons in different chemicals have 
slightly different MR frequencies?

0: γLLarmor frequency Bω =

NAA

Cho

Cr
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B0: external magnetic field
γ: gyromagnetic ratio



“Shielding of electrons 
around the nucleus”

“Shielding Effect”

0: γLLarmor frequency Bω =
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Every proton group experiences a slightly different effective 
magnetic field and therefore resonates at different frequencies



B0 field changes due to “shielding” 
by valence electrons

 The frequency of absorption depends on the chemical 
environment of the nucleus

 The external magnetic field, B0, induces a circulation in the 
electron cloud surrounding the nucleus such that a 
magnetic moment is induced which is opposite to B0

Electrons shield the 
nucleus from the 
magnetic field

The effective magnetic 
field is therefore smaller 
than the applied 
magnetic field. 



Electronic Shielding
Electrons shield the nucleus from the magnetic field 
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Chemical Shift

 Shielding effect is proportional to B0

 Difficult to compare MR spectra taken on scanners operating at different field 
strengths.

 Solution: Chemical Shift

 Chemical shift, δ, is measured in parts per million relative to a reference 
compound 

 By designating the shift as a fraction of B0 we make it field independent

 Reference compound: TMS = 0 ppm, water = 4.7 ppm
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Quantification

 The intensity of absorption (the area under the peak) is 
proportional to concentration of the nucleus 

 Still valid for comparisons between different molecules
 This makes MR spectroscopy a quantitative tool
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N-Acetylaspartate
N-Acetylaspartate (NAA):
Peak at 2 ppm
~10 mmol/kgww
Found in neurons in the adult brain
Marker of neuronal density and viability
Precursor for neurotransmitter NAAG
Participates in formation of myelin lipids
Regulates Osmosis

Decrease in NAA 
Loss / injury  of  neurons 

(neurodegenerative diseases)
Replaced by tumor
Hypoxia
Demyelination

Increase in NAA
Canavan’s diseaseRef.: Zimmerman

H
H

H



Creatine
Total Creatine (Cr):
• Creatine and Phosphocreatine
• Peak at 3 ppm (also at 3.9ppm)
• 5–10 mmol/kgww
• Energy metabolism, PCr acts as a 

reservoir for the generation of ATP
ATP + Cr        ADP + PCr
PCr Cr  + Pi
• Good internal standard
• Thought to remain unchanged in 

most diseases and with age
• Decreased in high grade 

astrocytomas

H
H H

H

Ref. : Zimmerman



Choline
 Cho is an umbrella term for 

several soluble components of 
brain myelin and fluid-cell 
membranes

 Resonance at 3.2 ppm
 Normally not soluble
 Pathological alterations in 

membrane turnover (tumor, 
leukodystrophy, multiple 
sclerosis) result in a massive 
increase in MRS-visible Cho

 Elevated Cho also seen in 
developing brain

Glycerol 
Phospho-
choline

Choline

Phospho-
choline



Choline

3.22 3.20 3.18 ppm

GPC

PC

Cho

3 T in vivo 14 T ex vivo
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Lactate (Lac):
Doublet at 1.3 ppm
<0.5 mmol/kgww
Peak is inverted at TE of 144 ms

(due to spin coupling or J coupling)
Distinguish lactate from lipids

Elevation of lactate:
Produced by anaerobic metabolism
Found in tumors containing zones of 

necrosis
Hypoxia, infarction
Mitochondrial diseases, seizures

Lactate

H



Lipids

 Lipids (CH2) = 0.8 – 1.5 ppm 
(and 2 ppm)

 Breakdown of tissue
 Lipids indicate necrosis 

(brain tumors or radiation 
necrosis)

 Seen in myelin destruction 
(MS) 

 Contamination by 
subcutaneous fat from the 
skull. 



Myo-Inositol
Myo-Isositol (MI): 
 Peak at 3.5-3.6 ppm
 Visualized at short TE
 4 - 8 mmol/kgww
 Glial specific
 Elevation may reflect gliosis
 Proposed inflammatory marker

 Important marker in grading 
tumors:

Low: in high grade tumors
High: in low grade tumors 

 High in Alzheimer

Ref. : Zimmerman



Glutamate/Glutamine

 Peaks at 2.1 – 2.5 ppm (left 
shoulder of NAA) and 3.7 ppm

 Glu: amino acid acting as 
excitatory neurotransmitter ~12 
mmol/kgww

 Gln: precursor and storage form of 
glutamate located in astrocytes

Glu 

Glu + Gln = GlxH
H

H
H

Ref. : Zimmerman



Representative MRS

Representative MRS of a normal human brain @3T ~ 123 MHz 
in the white matter semiovale, TE 35ms

Hunter’s angle:  

Lipids, lactate 
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http://www.nature.com/news/neuroscience-map-the-other-brain-1.13654

Brain Cells

 Neurons
 Astrocytes
 Oligodendrocytes
 Microglia
 Other immune cells
 Endothelial cells



Regional Variation

Spin echo
TE = 144 ms

Voxel size 8 cc

White Matter Pons Cerebellum 

Ref.: Nouha Salibi

NAA

CrCho
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T1 Relaxation

T1 Relaxation times for selected resonances at 1.5 T in 
the occipital lobe:
 Lactate, methyl group: 1.55 s
 NAA, methyl group: 1.45 s
 Cr, amines: 1.55 s
 Cho, amines: 1.15 s

( )1exp1
0

T
TR

M
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Parameter - TR

Ideally > 3s
If TR is long (> 3s) SNR improves, quantification improves
However, if TR is long, exam time increases
Typical TR values are 1-3 s

1.5T, 8 cc,  TE = 30 ms, occipital lobe 

8 cc voxel,   TE = 30 ms

TR = 1.5 s TR = 4.5  sTR = 3 s

Ref.: Salibi

Spectra sensitive to T1:



28

T2 Effect

short TE (35 ms): more metabolites

long TE (144 ms or 288 ms):
 Less baseline distortion
 Easy to process and analyze
 Lactate inverted  at 144 ms -

easier to differentiate between 
Lac and lipids/macromolecules

Mxy

Lipids, MI, Glx

NAA, Cr, Cho

( )2exp
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Localization Techniques

To measure MR spectra in vivo we have to be 
able to control the spatial origin of the 
detected signal

Single voxel: use selective excitation pulse to 
localize a relatively small voxel  

Multivoxel arrays of spectra (spectroscopic 
images) can be obtained in 2 or 3D



Step one: excite a slice
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Single Voxel Spectroscopy

Slice A: rf pulse + gradient in the x direction
Slice B: 2nd rf pulse + gradient in y direction
Slice C: 3rd rf pulse + gradient pulse in z direction

A

C

B

z

y
x



PRESS

Point Resolved Spectroscopy
Uses double spin echo with slice selects

Grad order of 
slice select is 
arbitrary…

180°

RF
Gx

Gz

Gy

ADC

Echo

Water 
suppression 90° 180°

TE1/2 TE1/2 TE2/2 TE2/2

time



Single voxel spectroscopy 
Metabolic screening:
e.g. developmental delay
2  x 2 x 2 cm3 voxels positioned in the 
1. Frontal Cortex
2. White Matter Semiovale
3. Basal Ganglia



Single voxel spectroscopy 
 Lesion  Temporal lobe epilepsy 

 Hippocampi L + R



Spectroscopic Imaging

Magnetic Resonance Spectroscopic Imaging (MRSI) / 
Chemical Shift Imaging (CSI) can collect the spectral data of a 
whole grid of many voxels.

MRSI can be obtained in 2D or 3D

Results in ~1 cm3 voxels



Spatial Localization in MR Imaging
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Spatial Localization in MR Spectroscopy

CSI sequence is  similar to an imaging sequence.
Major difference: typically no readout gradient / 

frequency encoding gradient applied during data 
collection.
Need homogeneity in B0 to obtain sharp peaks.
Localization in spectroscopy is implemented with 

slice selection and phase encoding gradients.



Volume Selective 2D CSI
FOV = 16 cm

•Thickness: ∆z = 1 cm

•16 phase encoding steps 
in the x and y directions 
over the entire FOV of 16 
cm × 16 cm

= 1 voxel = 1 x 1 x 1 cm3

RF Excitation
ROI is completely inside the 
brain excluding skull and to 
avoid signal from 
subcutaneous fat

ROI

voxel

16 x16 = 256 acquisitions
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Volume selective 2D CSI
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Volume Selective 2D CSI

Acquisition time = NEX · n PE(x) · n PE(y) · TR

NEX = number of repeated acquisitions (1 - 2)

n PE (x,y) = number of phase encoding steps (8, 12, 16, 24, 32)

TR = repetition time (1000 – 3000 ms)
Acquisition time = 1 · 16 · 16 · 1.5 s

Acquisition time = 6.4 min



Spectroscopic Imaging: Data Display

Spectral maps 
Individual voxel

Metabolite images

Intensities displayed are 
proportional to particular 
metabolite signal strength
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Clinical Applications

Brain Tumors

 Inborn Errors of Metabolism

 Infections

 Ischemia

Epilepsy

Neurodegenerative Diseases

Psychiatric Diseases 

Large quantitative changes -
Value in individual patients

Occasionally large enough  
may be useful for clinical 
management in some 
individual patients

More subtle changes: most 
meaningful in assessing 
groups of patients or 
possibly individual patients 
who have serial MRS studies



Clinical Applications of MRS in Brain Tumors 

 The evaluation of brain tumors is one of the areas 
where MRS has impacted patient management. 

 MRS can provide information on some of the key clinical 
questions including: 
 Diagnosis
 Tumor grading 
 Distinguishing primary CNS neoplasm from metastasis
 Therapeutic planning
 Prognosis
 Therapeutic response and progression 



Biochemical MRS Pattern of Tumors

Choline (Cho) at 3.2 ppm (1-2 mM): Increased cellular turnover and 
accelerated membrane synthesis of rapidly dividing cancer cells   
↑↑↑ Cho is the hallmark of brain cancers

Creatine( Cr) at 3 ppm (5-10 mM): Energy metabolism 
↓ Cr in astrocytomas and meningiomas  as well as schwanomas and 

metastases
N-Acetyl Aspartate (NAA) at 2 ppm (average 10 mM): Marker of 

neuronal density and viability
↓↓NAA  or absent in tumor

TumorContra-lateral side



Biochemical Pattern of Tumors by MRS

 Lactate (Lac) doublet at 1.3 ppm (<0.5 mM): produced by anaerobic glycolysis 
occurs in highly metabolic lesions which have begun to outgrow their blood 

supply

Lipids (Lip) at 0.9 – 1.3 ppm
Breakdown of membranes 
found in necrotic tissue – high malignancy and/or radiation necrosis

Cho

Lac
Cr

NAA

Medulloblastoma

Lip

Cho Cr NAA

GBM

TE=144ms



Biochemical Pattern of Tumors by MRS
 Myo-Inositol (mI) at 3.5 and 3.6 ppm (4-8 mM): osmolyte and found in glial cells 

 ↑ MI reflect glial proliferation 
 grading of astrocytomas, ↑ in low grade gliomas and ↓ in high grade gliomas

mI

NAA

Cr

Howe et al., MRM 2003
Castillo et al., AJNR 2000

Cho
mI

NAA

Cr
Cho



Diagnosis

 Differentiate neoplasm from MRI mimics
 The Cho/NAA ratio can be used to distinguish neoplasm 

from non-neoplastic brain masses
 Also elevated lactate and lipids are typically seen with high 

grade neoplasms 



Differentiate neoplasm from MRI mimics

 Lesion expands the left PC
 isointense to GM 
 No enhancement / no midline shift
 Cortical dysplasia or neoplams?

Axial T2 coronal MPRAGE

 7-year-old developmentally normal boy 
 sudden onset of right face and arm twitching; EEG shows left parietal 

slowing and spikes 

 Single voxel MRS (TE 288 at 3T):
 Cho ↑ and NAA ↓ compared to 

adjacent normal cortex
 Small lactate peak over the lesion 

Courtesy Paul Caruso

Cho
Cr

NAA
Lac



Cortical dysplasia or neoplams?

 Followed closely during a trial of antiepileptics
 Lesion increases in size
 Lesion resected and pathology showed an angiocentric astrocytoma. 

Initial MRI Follow-up MRI

Courtesy Paul Caruso

3.3 cm2.9cm



MRI/MRS of a cyst: pathology-confirmed 
bacterial phylogenic abscess

 MRI : intraaxial, lobulated lesion
 T2: hypo-intense center, extensive 

surrounding edema
 T1 post: smooth rim enhancement
 mass effect and midline shift
 restricted diffusion
 Single voxel 1H MRS (TE=135 ms ): 

 AA (leucine, isoleucine, and valine at 
0.9–1.0 ppm)

 Lac at 1.3 ppm
 and Ala at 1.5 ppm
 Gly peak at 3.6 ppm

Ratai et al. eMagRes, 2015, Vol 4: 751–766. DOI 10.1002/9780470034590.emrstm1449

 78 y/o male  - history of known malignant 
pulmonary metastasis 

 right weakness paralysis and altered mental status



MRI/MRS of infection vs. demyelinating 
disease vs. neoplasm

48 y.o. Italian female
• Flight from Guatemala (snorkeling in fresh water)
• Status epilepticus - Plane was diverted to Logan 

(Boston)

CT and MRI 
• Bilaterally multifocal T2-FLAIR hyperintensities 

(non-enhancing)
• 10 mm enhancing subcortical lesion  - right 

inferior frontal sulcus with central DWI 
hyperintensity. 

• Focus of restricted diffusion within the anterior 
left cingulate gyrus. 

Differential
• atypical infection (mycoplasma, viral or amoebic)
• demyelinating disease (acute disseminated 

encephalo-myelitis), autoimmune disorders 
• or less likely neoplasm

FLAIR T1 post 

ADCDWI



MRI/MRS of infection vs. demyelinating 
disease vs. neoplasm

Multivoxel MRSI 
 right thalamic lesion 
 right and left frontal lobes 
 ↑Cho
 ↓ NAA
 no elevated lactate or AA

Biopsy:  Multifocal glioma



Therapeutic Planning - Image guided biopsy

 Pathology is still the gold standard for diagnosis 
 Biopsy is required to confirm the nature of the tumor 

whenever possible. 
 3D MRSI can help determining the most malignant part of a 

heterogeneously enhancing tumor. 



Therapeutic Planning - Image guided biopsy

Courtesy of Otto Rapalino
Glioblastoma + Oligodendroglioma components

Cho NAA

T2 FLAIR T1 post Gado CBV



Therapeutic Response:
Radiation necrosis vs. tumor recurrence

 Typical management for high-grade tumors includes 
resection and radiation therapy to include the peritumoral
regions. 

 Patients return with an enhancing mass near the resection 
site. 

 Recurrent tumor or radiation necrosis, or something else. 



Radiation Necrosis vs. Recurrent Tumor

FSE T2 FLAIR T1 Post Contrast CBV



Radiation Necrosis vs. Recurrent Tumor

MRS shows high choline peaks 

- consistent with active cellular turnover and 
membrane metabolism

***

*



Radiation Necrosis vs. Recurrent Tumor

FSE T2 FLAIR T1 Post Contrast CBV



Radiation Necrosis vs. Recurrent Tumor

MRS shows lipids consistent with necrosis 

*

Ratai and Gonzalez, MRI of the  Brain and Spine, 2008, edited by Scott W. Atlas 



Radiation Necrosis vs. Recurrent Tumor

Important Ratio:
Cho enhancement/Crcontralateral

Rabinov JD,  et al. Radiology 2002

Cho enhancement/Cr enhancement 

 However, elevated lipids have also been detected GBMs
 Radiation leads to inflammatory processes - Cho becomes elevated 



Treatment response to anti VEGF therapy

 Distinguish actual tumor response from pseudo-response
 Due to blood-tumor barrier improvement that result in decreased contrast 

leakage in GBMs



Distinguishing actual tumor response vs. pseudo-response

Baseline 2 wks - Avastin 8 wks - Avastin 16 wks - Avastin

Patient did not progress – survived >2 years after baseline scan

Patient progressed and died 5 months after baseline scan

Pts with rGBM, Contrast enhanced T1-weighted images



Are early changes in NAA/Cho in the 
tumor predictive of patients outcome?

 Patients who were alive and 
progression-free at 6 months had 
higher levels of NAA/Cho at 8 
weeks AUC = 0.85 (0.53, 1)

 → R01CA190901 to confirm 
these findings in a larger patient 
population

NAA/Cho Changes from Baseline

Ratai et al. Neurooncology 2013



Inborn Errors of Metabolism

 MRS is valuable in pediatric brain disorders that are 
due to inborn errors of metabolism

 These include
 Leukodystrophies (degeneration of myelin in the 

phospholipid layer insulating the axon of a neuron)
 Mitochondrial disorders
 Enzyme defects that cause an absence or accumulation of 

metabolites



MR Spectra with Age 

Spectra from Occipital Gray Matter

Holshouser et al. Radiology 1997



X-linked Adrenoleukodystrophy (X-ALD)

 Hereditary neurodegenerative disease 

 Accumulation of very long chain fatty acids (VLCFA) 

 Acute form in the childhood: inflammatory demyelination  →
neurological dysfunction → vegetative state → death

 Chronic form in the adulthood: axonal loss in spinal cord  -
however, also demyelinating lesions 

 Not possible to predict phenotype by mutation analysis or 
biochemical assays



MRI and MRS in childhood X-ALD

• MRI depicts the 
demyelinating lesion
• extending from 
splenium symmetrically 
into the PVWM

• MRS predicts lesion 
progression 
• Cho/NAA: increased 
with cell and 
membrane turnover 
even in NAW

Eichler et al. Neurology 2002

cerebral progressive

cerebral nonprogressive



Canavan Disease
• 21-month-old boy, born w/o complications after uncomplicated pregnancy 
• Failed to achieve expected developmental milestones.
• Developed nystagmus and poor muscular head control. 
• Physical examination showed generalized hypotonia and macrocephaly. 

NAA ↑↑

• Mutation in the enzyme aspartoacylase (ASPA) results in the inability to 
catabolize NAA
• Life expectancy is usually into the teens.



Creatine Deficiency 

2.5 y/o child with mental 
retardation, seizures and 
speech delay



Creatine Deficiency  after treatment

After 3 month of supplementation of 
creatinemonohydrate



Prognosis in Hypoxic Ischemic Injury 

 5 d/o baby boy with a known diagnosis of HII following treatment with hypothermia
 MRI: central pattern of HII 
 MRS : Lac ↑↑ (despite cooling)
 significant motor function delays

MRI/MRS at day of life #5
SVS (TE 288ms)



Patient Management: presence of lactate

 1 day old baby with seizures, no known diagnosis, HII?
 T2 and DWI normal  - no findings specific for HII 

 ↑Lac persisted on a follow-up MRI 3 months later - inborn error of metabolism?
 Epilepsy gene panel shows mutation of KCNQ2 
 results in benign neonatal seizures but also some more difficult to treat epilepsies

SVS MRS (TE 288) 
over the left basal ganglia
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Push to higher field strength

MR Spectroscopy suffers from low SNR and low spatial 
resolution compared MRI

Push MRS to  Higher Fields
⇒ 7T
 Better signal to noise ratio
 Shorter scan time
 Better spatial resolution
 Also higher spectral resolution



Increased SNR at higher Magnetic Field Strengths

Linear increase in signal with 
field strength

if T1 and T2 relaxation times, 
coil and system losses and RF 
penetration effects  do not 
change significantly
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Single Voxel MRS on 7 T: increased spectral 
resolution

 1H spectrum of the parietal cortex
 Single voxel MRS STEAM (svs_st): 

 TE = 15 ms, TR = 3000 ms  
 1.2 x 1.2 x 1.2 cm3

 196 acquisitions Ratai et al. J Med Primatol. 2011 Oct;40(5):300-9. 



Editing techniques − γ amino butyric acid

 GABA: amino acid acting as 
inhibitory neurotransmitter

 Peaks at 3.0, 1.9 and 2.3 
ppm

 1 – 2 mmol/kgww
 Overlapping with Cr
 Only be visualized with 

editing techniques

ppm

GABAGlx Glx

NAA



Spiral MRSI (Fast readout)
 High Resolution 3D MRSI: 
 Matrix: 16 x 16 x 8 over FOV of 160 mm

 Isotropic resolution: 1 cc
 Takes 3.6 minutes (even with 4 NEX) - Normally: 51 min (with 1 NEX)
 Fast SPIRAL k-space acquisition 
 Localization by Adiabatic SElective Refocusing pulse sequence 

Andronesi et al. Radiology 2012



1H MRS in other organs

 Spinal cord (NAA)
 Muscle (fat – triglicerides, 

Cho, PCr+Cr)
 Prostate (Cho, citrate)
 Breast (Cho)
 Liver 
 Kidney 
 Heart
 Bone marrow (water and 

lipids); leukemia

Difficulties:
• Inhomogeneous line 

broadening
• Large lipid signals
• Physiological motion



31P MR Spectroscopy
 Lower sensitivity
 Larger chemical shift (30 ppm)
 Energy metabolism: 
ATP → ADP + Pi + Energy
PCr + ADP ←→ Cr + ATP

 Brain, muscle, liver and heart

 PCr: high energy phosphate 
storage compound

 PME and PDE: membrane 
phospholipids

 ↑PME: rapid tissue growth, 
tumors 



Thank you 
very much!

Questions and comments: 
Email: ratai@nmr.mgh.harvard.edu
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