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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
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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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1 million-4 million-9
2 million
1 million+4
1 million+18
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Bg (Tesla)
>
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
(c) Babsky
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Larmor Equation

Wy = YBg

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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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 ’
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
A

Z RF pulse

As a result of the new anti-parallel protons canceling
out the charge of other parallel protons, the
longitudinal magnetizatith tfeeféases.
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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
iInfluence 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

13



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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T1 Recovery Curve
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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 TMNu tH-306pa>keHb MO3KY NOAUHN Y
BignosigHocTi i3 T,- 1 T,-Tunom penakcauii AMP-
CUTHaNy Ta r'YCTUHOIO NMPOTOHIB

¥, I, [ YCT¥H3 NPOTOHIE

S(kk)=[ 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 306pakeHHA
y peanbHomy npoctopi, a S(k) —y k-npocTopi. G(t) — ue 30BHiLIHE rPagiEHTHE MarHiTHE
nosie, WO 3a/1e€KUTb Bif, Yacy; Y — ripomarHiTHe cniBBiAHOLWEHHA NOCTiMHE ANSA AaHOro
A4epHoro cniHy; t —yac. lBoBumipHe 306 Bukskya k-npocTopy CKnagaeTbca i3 baraTbbX
OAHOBMMIpHMX curHanis FID y surnaai gmdpakuinHoi KapTUHKU AOCNIAXKYBAHOTro 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 yctaHoBKkM ana AMP ¢ipm Varian (Palo
Alto, USA) i Bruker (Billerica, USA).




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

Tunu pesoHatopHux AMP-
KOTYLLOK: 06’emMHi (oTOuYIOTb
AOCNiAXYBAaHUN 06’€EKT 3 ycix
6okKiB), rpagieHTHI (and
CUCTEMATUYHOI 3MIiHU
MarHiTHOro nosA HaBKO/O
06’eKTa) i noBepxHeBi
(po3TawoBytoTb He3nocepeaHbO
Yy AOCAIAXKYBAHOMY Micli Tina i
noTpebyTb A0AATKOBOI KOTYLUKU
ANnA npoayKyBaHHS RF).
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Set-up for NMR experiment with surface coil

(c) Babsky
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Par)
In vivo 23Na-AMP-cneKTpu
oL rniosa Nay PISHUX TKAHWH |

Na,, i Na,, 3a iH(ysii TmDOTP> in
VIiVO 3 MiHIManbHUMU 3MiHaMW
Cepus dbizionoriyHnx napameTpis

 OpgHak HagiMHWI | NOBHICTHO
_ HeLuKianueun peareHT 3cyBy Na* ongd
Neuinka AocnifakeHb Ha Nagax e He

CNHTE30BaHO.

HOBOYTBOPEHDL
r.r:;ll:lu JUH
—JL * BwupasHe po3mexyBaHHA AMP-nikis

hloaox

Hid e Ao
(Bansal et al., 1993)
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Cxema oAHOKBaHTOBMUX (A) Ta baraToKBaHTOBMUX
nepexoais 23Na (B) y cepenosuLlax pisHOI r'yCTUHU
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(Pekar & Leigh, 1986)
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[TpMHUMNK BUMIPIOBAHHA KoediuieHTa Andys3ii Boam
metogom AMP

RF 180°

RF 20°
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AMP-cvrHan

Nepwuu RF-imnynbc (90°) npnBoanTb yci NPOTOHU A0 $a3HOro NPELLECIMHONO CTaHy, SKUN €
NPONOPLIMHUM A0 FPagiEHTY MarHiTHoro nona. Micna NpuMKnagaHHA NepLioro rpagieHTa BOHU
NOYMHAIOTb 0OEPTATUCD i3 PIBHMMU LUBUAKOCTAMM, BUK/IMKAOUM Ancnepcito $pa3HOCTI NOBEAiHKM.
HactynHui RF-imnynbc (180°) pedokycye ob6eptaHHA NnpoToHiB Ha 180°. [pyrui rpagi€eHTHUIMA
iMNyAbC NpUKNagatoTb ana AedasHoCTI CNiHy, WO 3yMOBIOE yTBOPEHHSA curHany AMP. MNosepHeHHA
A0 pa3Horo ctaHy byge NOBHMM TiIbKU A1 NPOTOHIB, LLLO HE PYXa/INCb MiXK ABOMa iMMNYNbCaMM.
[MPOTOHM, WO 3MiHMAK PO3TALLYBaHHA He NOBepPTatoTbCA A0 $a3HOro cTaHy. Lle npussoautb Ao
3MeHLeHHA curHany *H-AMP, aknit BigobparKae iHTEHCUBHICTb ANUY3iMHUX NPOLECIB, AKI ONUCYOTLCA

piBHAHHAM CTecKana-TaHHepa:
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KoHTpacTHa KoMm'toTepHa TomMorpadia manol
rinoBacKynAapHOI MNyXAUHU NEYiHKU
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[AnHamika po3noginy KOHTPaCTHOI PEYOBUHU Yy PAKOBIW MyXIUHI, iokceHory (iohexol, 300
neviHui, aopTi, MOPOXHUCTIN Ta NopTanbHin BeHi. [lik posnoginy malmr1) egoduriu Yepes
pedoBuHN B aopTi Nnpunagae Ha 19 c. (Kuszyk DS et al. Am J 8YWHY 8€EHY.

Roentgenol. 2000 ;174(2):471-5). (c) Babsky 26
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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
ekcnepmumeHty AMP

-}

1 — cknaHa AMP-npobipka (10 mm);

2 — dinbTp i3 nopamuy;

3 — KNITUHU UM MITOXOHAPIT B arapo3HUX
KYNbKax;

4 — NOPiBHANBHUN CTAHAAPT i3 PO3YNHOM
dochaTHOI CNONYKY;

5 — AMP-cuctema (9,4 T);

6 — cynepdy3sinHnit posuut (37 °C, pH 7,4);
7 — 6anoH i3 rasosoto cymiwwio (95% O, +
5% CO,);

8 — niHia nocta4yaHHA MEM;

9 — niHiAa gNAa BIiACMOKTYBAHHA HAAJ/IULLKY
PO34YMHY Y NpobipL;

10 — nepucCTanbTUYHI Nnomnu;

11 — cneKkTtpomeTp i Komn'toTep.

CTpinkamu noKasaHo pyx
cynepdys3iMHOro po34ymnHy Ta ra3oBoi cyN\(ﬁh

|3absky 28



CnekTtpu 31P-AMP i3onboBaHux KapgiomiouunTis (A),
miToxoHApin cepua (B) Ta KniTnH ¢pibpocapkomm RIF-1 (B)

5 SME
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e BuaHo nikn AT® (B, aiy), KpeatnHdpocdaty, P, Ta NOPIBHANBHUX CTAHAAPTIB
docdomoHoedipy (PME), metnneHgndocdoHaty (MADP), metnuneHdpocdaty
(M®) i 3-amiHonponindocpoHaty (ANP)

e BHYTPiWHbOKAITMHHE pPH y nepdy3oBaHOMY cepLi BUpaxoByBaM 3a 3CyBOM MiKa
®, woao nika aATP 3a piBHAHHAM:

pH, = 6,75 + log[(®,-aAT®)224885/13,25 — (d,_-aATD)] 29
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13C-AMP-cnekTpu cynepdy3oBaHMX MITOXOHAPIN cepusa
LLYPaA 32 KOHTPOJIbHUX YMOB Ta 33
iemii (30-xBMNMHHA 3ynNMHKa cynepdysii):
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[Babcbkum Ta iH., 2003] (c) Babsky
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13C-nipysat (5 mM) + manat (5 mM); p-nipysaT — okcudpopma nipysaty
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RESEARCH ARTICLE

Neoplasia » Vol. 7, No. 7, July 2005, pp. 658—-666 658

Control

1
Days after Cp treatment

www.neoplasia.com

Departments of *Radiology, and 'Cardiology, Indiana University, Indianapolis, IN, USA

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 volume (A), water
ADC (B), and “*Na SI from the tumar relative to the referance (Na* e
Na*,.J (C) in sc implanted RIF-1 tumors. Tumor volumes were measured
from 'H MRI. Water ADC and relative “*Na SI changes are the mean from the
whole tumor. Cp treatment caused a significant decrease in volume
and significant increases in water ADC and **Na 512 and 3 da;a‘xr.‘rm:?y.
Significance: P < .05 (*— versus before treatment), P < .01 (** — control versus
Cp-treated). Data are presented as mean + SEM.
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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*

“NasQ THMRI

BNa TQF

Days after Cell Inoculation

Figure 5. Selected sections from T-weighted 'H, and 5Q and TQF *Na MRI of representative intrahepatic (3) and subcutaneous HCCs (b), 14 and 28

days after N151 cell inoculation. (C) BabSky



Nobel Prizes for NMR

Physics 1952

Felix Bloch and Edward Purcell Richard R. Emnst 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

Raymond V. Damadian

This Year’s
Nobel Prize
in Medicine

The Shameful Wrong That
Must Be nghted

ﬁlk\l

Paul Lauterbur receives the 2003 Nobel Prize
for Physiology or Medicine from King Carl XVI
Gustaf of Sweden.

(c) Babsky 34
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