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Protons Have Their Own Magnetic Fields

Protons, or spins,
posses a positive
charge and are
constantly turning
around an axis. A
moving electrical
charge is an electric
current, which is
accompanied by a
magnetic field.
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They Align With An External
Magnetic Field

& QQ‘

Spinning protons act like magnets
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A slight excess number of protons align parallel with the external magnetic
field. The other protons align anti-parallel to it.
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Boltzmann’s equation:
n. —(Ei—Ej)
L =g K Boltzmann'’s equation
n; can be used to calculate
the ratio of the particles
constant that of another.
n; and n; = the numbers of particles
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Larmor Eguation

Wy = YBy

w, = precession frequency (in Hz or MHz)
B, = strength of external magnetic field (in Tesla, T)

Y = gyromagnetic ratio (42,5 MHz/T for protons)

* Higher magnetic field = faster precession
(c) Babsky



When Is A Proton Just Like a Dreidle?

Spinning protons wobble or precess.
This precession is directly proportional
to the magnetic field strength. The
stronger the magnetic field, the faster

the protons precess.
(c) Babsky
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X

The Coordinate System
Z

—Proton vector

> Y

Z is the direction of the magnetic field, B,

A vector represents both direction and magnitude (magnetic force)
(c) Babsky



Opposing protons cancel each other out
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Because more protons align with the magnetic field than against it,
there is a net magnetic force in the direction of the magnetic field
called longitudinal magnetization

Longitudinal magnetization
cannot be measured directly
because it is in the same
direction as the external
magnetic field.

In order to measure
magnetization, a new Y
magnetization transversal A

to the external magnetic
field must be introduced.

N
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The RF pulse causes some protons to go to a higher energy state.

Z RF pulse

As a result of the new anti-parallel protons canceling
out the charge of other parallel protons, the
longitudinal magnetizatiéh #8&féases.
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A radio frequency (RF)
pulse is used to disturb the
protons.

This RF pulse must have
the same frequency as the
protons’ precession
frequency (resonance
frequency).

Energy exchange is easier
when both are moving at the
same frequency (speed).

When protons pick up
energy from an RF pulse of
the same frequency, this is
called resonance.

(c) Babsky
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When the RF pulse is switched off,
the protons begin to become out of
phase because protons do not all
precess at exactly the same rate due
to magnetic field inhomogeneities and
influence by small magnetic fields
from surrounding nuclei.

This disappearance of transversal
magnetization is called
transversal or T, relaxation.

(c) Babsky 12



This recovery of longitudinal
magnetization is called
longitudinal or T, relaxation, also
known as spin-lattice relaxation
because the protons hand over
their energy to the lattice,
surroundings, in order to return to
a lower energy state, parallel to
the B, field.

(c) Babsky

Also after the RF pulse is switched
off, the protons return to their original
energy state in a continuous process.
This results in the longitudinal
magnetization recovering and the

return to equilibrium.

transversal magnetization decaying, a
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Net angle magnetization

T, is described as the time it takes 63% of the original longitudinal
magnetization to recover. It is mathematically described by an
exponential curve. T1 is about 300-2000 milliseconds long. T1
values are usually longer at higher field strengths.
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Net X-Y Magnetization

T, is described as the time it takes the transversal magnetization to
decay to 37% of its original intensity. It too is mathematically represented

as a exponential curve. T2 is about 30-150 milliseconds long
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What Influences T,

« When the lattice consists of pure liquid/water, it is difficult for the
protons to get rid of their energy because the small water molecules
move too rapidly. As a result, T, takes a long time.

« When the lattice consists of medium-size molecules (fat) that move,
and thus have fluctuating magnetic fields near the Larmor Frequency of
the precessing protons, energy can be transferred easier so_T,_is short.

What Influences T,

«_Water molecules have local magnetic fields that fluctuate fast
because the molecules move around a lot. So, the fields average each
other out, decreasing local magnetic field inhomogeneities, causing T,
to be long because the protons take longer to dephase since their
frequencies are not that different from one another.

« With substances that contain larger molecules, the local magnetic
field is more varied because the molecules do not move around as
fast. T2 is shorter (the protons dephase faster) as a result of these

larger differences in the local magnetic field.
(c) Babsky
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Tpu TMNK tH-306pa>keHb MO3KY NOAUHN Y
BignosigHocTi i3 T,- 1 T,-Tunom penakcauii AMP-
CUrTHaNy Ta r'YCTUHOIO MPOTOHIB

[ yOTw<d NpoToOMIs

S(k) = [ drp(r)exp(ikr),
TpaHchopmauii peanbHOro NPocTopy
¥oseda dPyp’e (1750): I — jryaG(t’)°
0 at’'

[Sigal, 1988; Shild, 1990; McRobbie et al., 2007].

kirmoxXyTb 6yTn ogHo-, ABO- ab0 TpMBUMIPHMMMU. TYCTUHA P(r) XapaKkTepun3ye 306parkeHHA
y peanbHomy npoctopi, a S(k) —y k-npocTopi. G(t) — ue 30BHILIHE rPagiEHTHE MarHiTHE
nosie, WO 3a/1€KUTb Bif, Yacy; Y — ripomarHiTHe cniBBiAHOLWEHHA NOCTiMHE ANA AaHOro
AgepHoro cniHy; t —yac. lBoBumipHe 306 Baiskya k-npocTopy CKnagaeTbca i3 6araTbdX
OAHOBMMIpPHUMX curHanis FID y surnaai gndpakuinHoi KapTUHU AOCNIAXKYBAHOro 06’ eKTa.



Okra 'H MRI transaxial image

(c) Babsky
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Modern 3 T clinical MRI scanner.

1.5 T magnet, occupied be researcher’s leg (Dr. Britton Chance)
(c) Babsky Magnetic Resonance Angiography 19
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BepTmKanbHi yctaHoBkM ana AMP ¢ipm Varian (Palo
Alto, USA) i Bruker (Billerica, USA).




BMKOPUCTAHHSA KOTYLLOK-pe3oHaTopiB (coil) ana
“306ymKeHHA” NnpoToHiB imnynbcamu RF i ana npunomy
PEe3y/IbTYOUYOro CUrHany

Tunu pesoHatopHux AMP-
KOTYLLOK: 06’emMHi (oTOuYIOTb
AOCNiAXYBAaHUN 06’€EKT 3 ycix
6okKiB), rpagieHTHI (anA
CUCTEMATUYHOI 3MIiHMU
MarHiTHOro nosA HaBKOJO
06’eKTa) i noBepxHesi
(po3TawoBytoTb 6e3nocepeaHbO
Yy AOCAiAXKYBAaHOMY Micli Tina i
noTpebyTb A0AATKOBOI KOTYLUKU
ANnA npoayKyBaHHS RF).
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Set-up for NMR experiment with surface coill

(c) Babsky
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In vivo 23Na-AMP-cneKTpu
BL rmose Na [ﬂ3HMXTKaHMHi
HOBOYTBOPEHb

by g

BupasHe po3amexysaHHA AMP-nikis
Na,, i Na,, 3a iHdysii TmDOTP> in
VIVO 3 MiHIManbHUMN 3MIHAMM
disionoriYyHMX napameTpiB

OpHak HadiMHUK | MOBHICTHO
HeLKianMBumn peareHT 3cyBy Na*+ ons
OOCNigKeHb Ha Nioaax Le He
CUHTE30BaHO.
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Cxema oAHOKBaHTOBMUX (A) Ta baraToKBaHTOBMUX
nepexoais 23Na (B) y cepenosuLlax pisHOI r'yCTUHM
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[MTpMHUMNK BUMIPIOBAHHA KoediuieHTa Andys3ii Boam
metogom AMP
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AMP-cvrHan

Nepwuu RF-imnynbc (90°) npnBoanTb yCi NPOTOHU A0 $a3HOro NPELLECIMHOrNO CTaHy, SIKUN €
NPONOPLIMHUM A0 FPagiEHTY MarHiTHoro nona. Micna NpuMKnagaHHA NepLioro rpagieHTa BOHU
NOYMHAOTb 0OEPTATUCD i3 PIBHMMU LUBUAKOCTAMM, BUK/IMKAOUM Ancnepcito $pa3HOCTI NOBEAiHKM.
HactynHuu RF-imnynbc (180°) pedokycye ob6eptaHHA NpoToHiB Ha 180°. [ pyrui rpagi€eHTHUIMA
iMNyAbC NpuKNagatoTb ana AedasHoCTi CNiHy, WO 3yMOBOE yTBOPEHHSA curHany AMP. MNoBepHeHHA
A0 pa3Horo ctaHy byge NOBHMM TiIbKU A1 NPOTOHIB, LLLO HE PYXa/INCb MiXK ABOMa iMMY1bCaMM.
[MPOTOHM, WO 3MiHMAK PO3TALLYyBaHHA He NOBepPTatoTbCA A0 $a3HOro cTaHy. Lle npussoauTb Ao
3MeHLLeHHA curHany *H-AMP, akuit BigobparKae iHTEHCUBHICTb ANUY3iMHUX NPOLECIB, AKI ONUCYOTLCA
piBHAHHAM CTecKana-TaHHepa:
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KoHTpacTHa KoMM'toTepHa TomMorpadia manol
rinoBacKynAaApHOI MNyXAUHU NEYiHKU
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DCE in RIF-1 tumor & Muscle (C3H mouse, Gd 20mM, tail vein)
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Cxema cynep@ysii KNiTUH yun
) MITOXOHAPIN 33 YMOB
) ekcnepumeHty AMP

1 — cknaHa AMP-npobipka (10 mm);
2 — dinbTp i3 nopamuy;

I 3 — KNITUHU UM MITOXOHAPIT B arapo3HnX
KYNbKax;
TR, 4 — NOPiIBHANBHUN CTAHAAPT i3 PO3YNHOM

dochaTHOI CNONYKY;

5 — AMP-cuctema (9,4 T);

6 — cynepdysinHnit posuuH (37 °C, pH 7,4);
7 — 6anoH i3 rasosoto cymiwwio (95% O, +
5% CO,);

m 8 — niHia nocta4yaHHA MEM;
/) 9 — niHia A4NA BIiACMOKTYBAaHHA HAaA/INLLKY
s : PO34YMHY Y NpobipL;

d 10 — nepucTanbTUYHI Nomnu;

11 — cneKkTpomeTp i Komn'toTep.

GC;_' C;_

CTpinkamum noKasaHo pyx

cynepadysiliHoro posumHy Ta rasosoi cymftliPaPSky 28



CnekTtpu 31P-AMP i3onboBaHux KapgiomiouunTis (A),
miToxoHAapin cepua (B) Ta KniTnH ¢ibpocapkomm RIF-1 (B)
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e BuaHo nikn AT® (B, aiy), KpeatnHdocdaty, P, Ta NOPIBHANBHUX CTAHAAPTIB
docdomoHoedipy (PME), metnneHgndocdoHaty (MADP), metnuneHdpocdaty
(M®) i 3-amiHonponindocpoHaty (ANP)

e BHYTPiWHBOKAITMHHE pPH Yy nepdy3oBaHOMY cepLi BUpaxoByBaM 3a 3CyBOM MiKa
®, woao nika aATP 33 piBHAHHAM:

pH, = 6,75 + log[(®, -aAT®)224%85/13,25 — (d,-aATD)] 29



13C-AMP-cnekTpu cynepdy3oBaHMX MITOXOHAPIN cepusa
LLYPa 3@ KOHTPOJIbHUX YMOB Ta 33
iemii (30-xBMAMHHA 3ynNMHKa cynepdysii):
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e 13C-nipysat (5 MmM) + manar (5 mM); p-nipysaT — okcudopma nipysaty
[Babcbkuin Ta iH., 2003] (c) Babsky 30



RESEARCH ARTICLE

Neoplasia » Vol. 7, No. 7, July 2005 pp. 658-666 658
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Application of *Na MRI to Monitor Chemotherapeutic
Response in RIF-1 Tumors’

Andriy M. Babsky*, Shahryar K. Hekmatyar®, Hong Zhang", James L. Solomon' and Navin Bansal*
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Figure 1. Effects of Cp therapy (300 mg/kg, ip) on tumor volums (A), walar
ADC (B}, and ®Na S| from the tumar relative o the referance (Na*y../
Na*,J) (C) in sc implantsd RIF-1 tumors. Tumor volumas wers measursd
fram 'H MRI. Watsr ADC and ralstive = Na Sl changes are the mean from the
whole tumor. Cp trestment caused 3 significant decrease in r volume
and significant increases in water ADC and **Na 51 2 and 3 da) stthevapy.
Sigmificance: P < 05 (*— versus before treatment), P < .01 (** — confrol versus
Cp-treatad). Data are presentad as maan + SEM.
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Hecalved: 14 Decamber 2010, Ravised: 15 April 2011, Accepted: 18 Aprll 2011, Published online in Wiley Online Libeary: 8 August 2011

(wileyonlinelibrary.com) DOI: 10.1002/nbm.1752

Effect of implantation site and growth of
hepatocellular carcinoma on apparent
diffusion coefficient of water and sodium MRI

Andriy M. Babsky*, Shenghong Ju®, Stacy Bennett’, Beena George and
Gordon McLennan' and Navin Bansal*

THMRI

2Na TQF

Days after Cell Inoculanon

Figure 5. Selectad sections from T weighted 'H, and 5Q and TQF “Na MR) of representative intrahepatic (a) and subcutaneous HCCs (b), 14 and 28

days after N151 cell inoculation. (C) BabSky



Nobel Prizes for NMR

Physics 1952

Medicine 2003

Felix Bloch and Edward Purcell Richard R. Ernst Kurt Wuthrich Paul Lauterbur and Peter Mansfield

Stanford Harvard University ETHZ ETHZ Urbana Nottingham
USA USA Switzerland Switzerland USA England
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2003 Nobel Prize Controversy

FRITAT. OC IO M w0

This Year’s
Nobel Prize
in Medicine

Raymond V. Damadian

The Shameful Wrong That
Must Be-’ Righted %
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Paul Lauterbur receives the 2003 Nobel Prize
for Physiology or Medicine from King Carl XVI
Gustaf of Sweden.
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