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General Remarks:

Within this lecture, it is only possible to briefly touch the topic!

- for detailed descriptions, please check the literature
(or lectures in www)

Interactive® examples: Literature examples:
* Understanding NMR * Understanding NMR

Spectroscopy by Keeler on Spectroscopy, Keeler 2002
YouTube * NMR Spectroscopy
Basics of NMR by J.P. Hornak Explained, Jacobson 2007
at Rochester Institute of * Invivo MRS, R.d.Graaf 2007
Technology Advanced:
* Magnetic Resonance
Imaging, Haacke, Wiley
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History of NMR

1952:
Nobel prize in 1977: 1990:
physics for Bloch Damadian: first "
and Purcell human MRI Ogawa: fMRI

1946: 1970s: 1982:

F.Bloch & E. Lauterbur & Clinical 1.5 T

Purcell: atomic Mansfield: first

! . MRI

nuclei absorb and images by use

reemit radio of Gradients

frequency energy

early 1980s: NMR — MRI: Why the name change?

most likely explanation: nuclear has bad connotations
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Necessary Hardware

NMR of Samples
Magnet Sample He (D)

JL Pulse

Solenoid

Probe

A

Jacobsen: NMR Spectroscopy RF
Explained, Wiley 2007
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Necessary Hardware
In vivo MRI

~

Computer
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Necessary Hardware

Data for 7 T BioSpec
800 L Helium

350 L Helium / 2 years
~ 5500 kg

308 A

RF Coils

Z

Gradient coil
E=1/2*L*12, can be around 80 MJ for 7 to 9T WB systems
~22kwh
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Safety

The enormous strength of the magnet makes safety essential!
Things fly ~ even big things!

Source: Simplyphyiscs

Make sure you are aware of the hazards.

Screen yourself every time before
entering the scanner room for metallic

objects.
Magnetic field is ALWAYS on!
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MR Physics

» Can measure only certain nuclei:
1H, 13C, 19F, 3Na, 3P (and others)

«1H (proton)
« abundant: high concentration in human body or in animals (water!)
« high sensitivity: yields large signals

« Hydrogen ion is positively charged
« A particle rotating upon its own axis
« Electrons, protons and neutrons spin

* Spinning, charged particles are magnetic
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MR Physics
Animal + Magnet:

Without magnetic field: With magnetic field:
e S

-\

12

Applied magnetic

? .
b |

No net magnetization Low net magnetization

Spins randomly oriented only AN~0.00064% of protons at 7 T
Nt _AE
Boltzmann N =e *BT
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MR Physics

Resonance Principle

t 1 Angular momentum from spinning (J)
By By + Magnetic moment (p)
+ External magnetic field (B)

o = Precession (o)

Precession (Larmor) Frequency

o=y *B

Y = Gyromagnetic Ratio
(depends on nuclei,
e.g. protons: 42 MHz/T)

B = Magnetic Field Strength
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MR Physics

Longitudinal Relaxation Time T1 and TR

Bo"

83% _
M) = My(1 — & 1)

- TR
T

Longitudinale Relaxation = Energy transfer between excited spins

and Tissue (Spin-Lattice-Relaxation)
v'Reestablishing of longitudinal (B,) magnetization with time constant T1
TR (repetition time) = time to wait after excitation before sampling T1
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MR Physics

Transverse Relaxation Time T2 and TE

TE

T2

Transverse Relaxation = Decay of magnetization by interaction

between nuclei (Spin-Spin-Relaxation)
TE (time to echo) = time to wait to measure T2 or T2* (after refocusing with spin
echo or gradient echo)
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Convoluted Signals and Fourier
Transformation
Peak: FID Fourier

x(t):e—t*ei(ZHSt) ‘

X (1) = x(t) + et x el (2m208)

Real live

ki,
phantor: |IHM wh"\ll“wf‘.‘ll"‘-‘.[‘l Wby
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MRI Signal and where does it come from:

Boltzmann Distribution:

1 Quantum Py — e(-AE/KT)
Ll b,

' B

g

E’ A 4 44 AE=hv

= =yhB ¥
& gyt spectrum

o
Inereasing I I I‘ I I
Proton ' X

By + RF

Jacobsen: NMR Spectroscopy Explained, Wiley 2007 & Keeler: Understanding NMR Spectroscopy, Wiley 2002
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MRI Signal and where does it come from (lll):

Peak Splitting:
:@ﬁ‘ « ,neighboring“ protons with different

a Cc C Hb chemical shift
« ,Hy" either adds or substracts field for ,H,*
B 8, depending on their relative position

I e[| e
H Ha @?@ " « Multiple protons generate multiple

resonances (- Pascal’s triangle)

, )
i Ber> B,
: o omen
@) U=
5 % f &
B ) Y
3o
11— :
o | e gl
oubler 11
i Singlet Doublet Triplet Double-  Quartet
" doublet

Jacobsen: NMR Spectroscopy Explained, Wiley 2007 & Keeler: Understanding NMR Spectroscopy, Wiley 2002
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MRI Signal and where does it come from (Il):

Cycloheptanone Multiple Peaks from 1 compound:
B2 22pm . Resonlance frequency depends
204 294 on entire structure
4, 10 t .
«  Symmetry is reflected in
424 S~424 spectrum intensity (,equivalent
2014 peaks®)
13 -
i C Spectrum 1‘ u
T ™ T ™ T T Example:
1
50.010 50,005 s0.000 M, 50-000 MHz *1.0000232

I\/ (=23.2 ppm) = 50.00116 MHz

. : T r Peak frequency v scales with
200 150 100 o MHz By, but remains at fixed ppm!

50
Mz
Moy
Jacobsen: NMR Spectroscopy Explained, Wiley 2007 & Keeler: Understanding NMR Spectroscopy, Wiley 2002
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Example Spectrum

NAA
1
cr tCho
Tau| | GinGu
Pery laix n \
NAA Asp |
it naa [']72%4
Gin | ac
L T A Gk
| U \
20 80 70 6.0 40 30 20 10 0.0

chemical shift (ppm)

In reality: many resonances overlap
-> identification of specific metabolites not always possible
(esp. Quantification!)

d. Graaf: In vivo NMRS, Wiley 2007
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Resonance in 2D

i | |
Jou _ bl |
fJ\VWj-L;:J'k /.’l‘JNf‘_ﬁl d” i LJ# r

1 - p-g
ss se 70 e 4 sa 7 : P
r—p—— . N
. ! 204 B w
d. Graaf: In vivo NMRS, Wiley 2007 ¥ : e

Example:
COirrelation SpectroscopY (COSY)

chemical shit (ppm)

Additional excitation pulses and 407
delay times seperate spins by
introducing additional phase shifts.

50 40 30 20 10
chemical shift (ppm)
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Example COSY CH;

CH, CH,
Example:
Choline (C5 H14 N O) A A

ch\ on T T
NI/\/ 4 3
e\ ppm

CH; - http://mmww.bmrb.wisc.edu/metabolomics
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Example COSY

CH,

water

- http:/mww.bmrb.wisc.edu/metabolomics
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Applications of Magnetic
Resonance Spectroscopy

» Exvivo: Structure Analysis
* Exvivo: Metabonomics

* Invivo: Fatty Liver Disease
» Hyperpolarized MRI
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Ex vivo: Metabonomics

Metabolomics:
+ Studies small molecules (< 1500 Da) of living systems
* > 42000 metabolites and variants listed (e.g. in HMDB)
« Only small fraction of metabolites and pathways
currently known

* NMR allows:

» Determining structures

« Investigate metabolite pathways and dynamics

(by doping with stable isotopes)
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Some important metabolites

Water

Peak at 4.7 ppm.

Most abundant compound, > 2/3 of the body.
Concentration so high — unsuppressed, only water
detectable (in vivo)!

To detect any other metabolite
in vivo, suppression techniques
are neccessary!

Sources and more:
R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen — M.Sc. Medical Technology, WS 2017/18 http:/Awww.bmrb.wisc.edu/metabolomics

Some important metabolites

N-Acetyl Aspartate (NAA)
Peaks at 2.02, 2.49, 2.67 & 4.39 ppm

« Present in nervous systems, with different
concentrations during development and origin.

« Marker for neuronal density/function, details
unclear.

N-Acetyl Aspartic Acid

s JUI_V_;

Sources and more:
R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen - M.Sc. Medical Technology, WS 2017/18 http:/Amww.bmrb.wisc.edu/metabolomics




Some important metabolites

y-Aminobutyric Acid (GABA)
Peaks at 1.89, 2.28 & 3.01 ppm

Inhibitory neurotransmitter

Changes with substance abuse,
neurological/psychiatric disorders
Target for anti-epileptic drugs (1GABA)

Triplets|
\ \' Quintet
CcoSsY Sources and more:
S [ ] R. d. Graaf, In vivo MRS, Wiley
“wsic Univerity of Thebingen - M.Sc. Medical Technology, WS 2017/18 http://www.bmrb.wisc.edu/metabolomics

Some important metabolites

Choline-containing Compounds (tCho)

Include: free choline, phsphorylcholine,
glycerphosphocholine,.... C
Most prominent peak ~3.2 ppm from the three

methyl-groups Ay
C
«
I C
C
Multiplets i
@35843 free Choline
cosy
k2
L] -3
£ d -
T Sources and more:
4 3 R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen - M.Sc. Medical Technology, WS 2017/18 http://www.bmrb.wisc.edu/metabolomics

Some important metabolites

Total Creatine (tCr)

Includes: Creatine and Phosphocreatine

Peaks at 3.0 and 3.93 ppm

« Energy metabolism (buffers ATP-levels)

« Energy transport (production->consumption)

While methyl resonances are too
close to differentiate Cr and PCr, the
methylene peaks may provide this
(3.91 vs 3.93 ppm).

Creatine

PCr ,, Cr

Sources and more:
4 3 4.0 38 R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen - M.Sc. Medical Technology, W 2017/13 http://www.bmrb.wisc.edu/metabolomics




Some important metabolites

Adenosine Triphosphate (ATP)
Detection with 3!P as 'H signals show complex
coupling pattern close to water.

* THE energy donor!

H
ATP
110 5 0 -5 -10 -15-20
{ chemical shift (ppm)
: I'J |’I Sources and more:
H H H H N H H R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen — M. Sc. Medical Technology, WS 2017/18 http://www.bmrb.wisc.edu/metabolomics
Some important metabolites
Taurine (2-aminoethanesulfonic acid)
Peaks at 3.25 and 3.42 ppm, significant
overlap with choline!
Function is unknown, suggested as \
osmoregulator and modulator of
neurotransmitters.
Decreasing concentrations over time, uptake
via food, but nonessential amino-acid J
Tau

Triplets

] ‘ Sources and more:

R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen — M.Sc. Medical Technology, WS 2017/18 http:/Awww.bmrb.wisc.edu/metabolomics

Some important metabolites

Lactate

Peaks at 1.31 & 4.1 ppm.

End-product of anaerobic glycolysis, always present in
low concentrations. Increased in restricted oxygen
supply (e.g. stroke, hypoxia and tumors)

In  tumor tissue, lactate is #) *
overlapping with fatty acid peaks
and requires special techniques / Lac
for detection (= spectral editing)
- S Sources and more:
+ 4 2 1 R. d. Graaf, In vivo MRS, Wiley
WSIC, University of Tuebingen — M.Sc. Medical Technology, WS 2017/18 http://www.bmrb.wisc.edu/metabolomics
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In vivo Fatty Liver Disease

how to make sense out of this:

ahila 1
Ahsha AAAARARARIS R EYTTIIYY .
PAAAAVAMMANAANY ,-.\-,' f| VL vy PAAAAA
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One-carbon metabolism

Pathways
1. polyamine synthesis

(" 2. transsulfuration
> SAM —>| 3. transmethylation

Remethylation
(nee_ds beta_ine__ a To be removed for
choline derrivative) proper function SAH
kor folate and B, hydrolase

homc ine

&
\ adenosine J

Malecular alterations in hepatocarcinogenesis induced
by dietary methyl deficiency

9or e, Pogriey’. 5 i s an Frcur A Bessna
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Further impact

1. Altered Lipid Metabolism

2. Induction of oxidative stress

3. DNA damage

4. Epigenetic alterations
1. DNA methylation changes
2. Histone modification changes
3. MircoRNA alterations

R

Malecular alterations in hepatocarcinogenesis induced
by dietary methyl deficiency

9or e, Pogriey’. 5 i s an Frcur A Bessna
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Window to lipid metabolism

CH2-0-C(O)-EHE-CHa-(CH2)r-CH2-CH=CH-CHo- CH=CH-CHa- (CH2)o-CH

| "

CH -0-C(O)-R’ Alyle
water

| choline
CH:-0-C(0)-R” \ \

to carboxyl
glycerol
backbone
/ bis-allyl |
N \ |
|
| |
/ \ |
|/ o kY

SRR \_J\J\.A,‘//\/\

alpha methyleney,

Ye etal. NMR in
Biomed 2012

methylene
(CHy),

\

terminal
methyl

I‘I \cHl
R\/\u

5 4 3 2

1 ppm
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Data analysis
~ 30 publications with in vivo MRS in rodents
~ 20 different imaging protocols of different groups
1. %Lipid : 1. Methylene
[H:0 \
IFat 2. Methylene + Methyl
2. %Lipid = ————
jFat+_[H20 3. All from 3.0 — 0.0 ppm
- [Fat
3. %lipid=—"+——
[Fat+[H,0/07
o [Fat . —
4. %Lipid = J. T Comparison of results quite difficult.
al
WSIC, University of Tuebingen M. . Medica Technology, WS 201718
Further analysis:
Hepatic lipid composition differs between ob/ob and ob/+ control
mice as determined by using in vive localized proton magnetic
resonance spectroscopy
e Ve - Cansten Friedrich D _ L aLip09 + § x (Lipl3 + Lipl6 + Lip21 + Lip23 + Lip28) + Lip524:53
St oo - L= ' T Lip09 +
Varkan R
Lipidmass = & % (Lipl3 = Lip16 + Lip21 + Lip23 o, 3 Lipi3 epur, = 3. Lip2E
+ Lip28 + Lipd1 + Lipd3) = 14 2 Lip09 2 Lipt¥
1
+ (Lip52&53) % 13 + = % (Lip09) _ 3 Lip52453
. 3 ULa = 2 Lipow
w1542 (Lip09) x 12 5 Lo
- g — 2 Lip2
+ %x (Lip09) = 16 o L T4 Lipo
lipid mass
M = i mass +1- a1 (5L =1 — L MUL = fUL — fPUL
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Results

Hepatic lipid composition differs between ab/oh and abés control
mice 2 determined by ® in vivo localized proton magnetic Application of profon NMR spectroscopy in the study of lipid metabolites
TESSRARCE SPMSCITOSCSpY in a 3t hepatocarcinogencsis model

Calculation of

* Mean Chain Length
« Saturated Lipid

« fraction of PolyUnsaturated Lipids
« total Unsaturated Lipids

« fraction of Unsaturated Lipids

Mean Chain SL fPUL UL total fuL Number 2x
« Number of double bonds Longih oonds

without significant differences between Y . .
o Significant difference: weight !

162 +/-109gvs. 343 +/-11g
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the groups !

Changes in the model ?

e

At

etical stsdy of liphl sccun
" .

e gl b (e
lic fatty liver disease O

) ehlekber -, Gk,

Glucose and Lipid

Lifelong Caloric Restriction Reprograms Hepatic Fat
Metabolism in Mice

oot Kobln St Habn? A B, Sepiie Lange. Andreas Wi, s Brigie ol
Molocular Goll

Sirt3 Promotes the Urea Cycle

and Fatty Acid Oxidation

during Dietary Restriction

R, o T . S M . it S 1 Bt S

Endocrinology

in Response to Intrauterine and Postnatal Calorie
Restriction in Male Adult Rats

Meena Garg, Manikkavasagar Thamotharan, [...}, and Sherin U.
Devaskar
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Caloric cti Hepatic Insulin
Resistance and Steatosis in Rats with Low Aerobic
Capacity

Thomas A. Bowman, Sadeesh K. Ramakrishnan, [...], and Sonia M.
Najjar

Unlimited options for

research and diagnosis !!
(almost)
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THANK YOU
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