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Migneti c resonance inaging, a noninvasive inaging nodality in clinica nedicine produces soft tissue
anatomcal picturesinany desiredplane that are exquisite representati on of the spatia distribution of nobile
protons present in human/ani nal tissues. /nvivo nagnetic r esonance spectr oscopy, onthe ather hard, is a
useful technique for studying netabolic processes in biological systens. In the last decade, nagnetic
resonance inaging and in vivwo spectroscopy nethods have becone an established tool in nany areas of
bi onedi cal research for exanple, in understanding the physiol ogy of several disease processes, tunor
netabol i sm and drug di scovery process. In fact, invivo nagnetic resonance spectroscopy can be used for
d agnosis of a specific disease pattern wth bi ochenical / netabol i ¢ signature (narker), assessnent of tunor
response to different treatnent regi nens, drug concentrations in tissues, drug efficacy and netabol i sm The
advantage of invivo nagnetic resonance is its versatility and conprehensi ve characterization of nornal and
d sessed tissues. Inthis aticde afewexamples o invivwo nagnetic resonance nethods and their utility in
clinical, experinental and bid ogica research are presented.

Key Wrds: Mgnetic resonance i naging, /nvivo MRspectroscopy, Mrphol ogy, Applications, Qinical,
Experinental, B ol ogical, Mtabolism Tunor, Gancer, Functional MR

I nt roducti on

Nucl ear nagnetic resonance (NVR, since its
discovery in 1940s, has played aninportant rdein
many ar eas of physics, chemstry, and naterial
science. Initially NMRwas used for chenical
dructur e el uci dation, but sinmultaneously, its
potential in biologica research, especialy
nedi ci ne, was recogni zed. Shown and H sken in
1950 i nvestigated the water content of potato and
napl e wood. S nger (1959) neasured bl ood fl owin
the tails of nice. In 1973, high-resol ution
phosphorus (2P NVRstudies of intact blood cells
wer er eported (Mon & R char ds 1973). Later,
Foult et al. (1974) reported 3P NWR of freshly
excisedrat legnuscle. Burt et a. (1976) reported
simlar observations for other nuscle types.
Ackernan et al. (1980) reported noni nvasi ve *P
NWR study of skeletal nuscle and brain
net abol i smin snal | aninal s using a surface coil .
Withtheaaldility o lar ger nagnets extension to
human %P MRstudies, followed later.
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MR i magi ng devel opnents are | argel y based
on the work of Damadi an who reported that the
NVR rel axation tine constants (T1 and T2) are
different for nornal and nalignant tissues and
coul d have di agnosti c val ue (Danadi an 1971). In
1973, Lauterbur produced the first NVRi nage of
andject adcdledit as‘zeuimatography' , using
nagnetic field gradients (Lauterbur 1973). Later,
MR i mages of hurman organs such as the finger
(Minsfi el d & Mwdsl ey 1976), hand (Andrewet al .
1977) and wist (Hnshaw et al. 1977) were
reported. By nid 1980’ s, added by devel opnent s
i n magnet technol ogy, REdectr oni cs and powver f ul
conputers, the full potential of nagnetic resonance
inaging (M) as aclinica tool was redized
Today, MRis experiencing a rapi d expansi on and
has achi eved an anazi ng | evel of success as an
inmportant tool to study di sease processes in
clinical and experinental research. This rapid
growth is due toits noninvasive nature, use of
noionizingradiationandits ability to generate
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high-resol ution i nages. Aso, thetechnique of in
vivo NWR spect roscopy (MRS can be used as a
uni que nmeans to probe the bi ochem stry of
l'iving systens and to gai n di agnostic i nfornation
(Danielsen & Ross 1999). This diagnostic
information is derived fromMR and MRS or a
conbi nati on of both the approaches. MR produces
aspatia dispay of thedstributionaof nuclei and
provi des a nor phol ogi cal picture (anat om cal
information) sinlar tothose of CT scanning but
w th superior contrast resolution. In addition,
recent advances in MR nethodol ogy offer
hi gher spatial resolution (100 umor |ess),
enabl i ng det ai | ed nor phol ogi cal / anat oni cal
informati on fromsnal | ani nal s.

Invivo MRS of cells, organs and tissues
both, in hunans and aninal s, is an extensi on of
hi gh-resol uti on NVR used for nol ecul ar structure
determnation, but applied to nore conpl ex
systens. For exanpl e, it can be used to observe
different netabolites present in a particul ar
region of tissues and organs. The determination
of the concentration and rel ative level s of these
net abol i tes provi des i nfornati on about nor nal
and abnornal tissues. This techni que can al so be
used to noni tor the response of tunors to various
therapeutic nodalities and to understand the
different netabolic processes (Sark & Bradl ey
1998, Jagannat han 2001). For these reasons, both
MR and MRS are increasingly bei ng used in
clinical, experinental, pharnaceutical and
bdogca research It isthislink between clinica
and pre-clinica applications that renders MR as
an attractive tool (Jagannathan 2001). Even
though MR and MRS have evol ved nore or | ess
i ndependent !y, invivo | ocal i zed MRS i n hunans
and ot her living systens are nai nly gui ded
through MR i mages. Thus, the success of MR
has led to considerable interest in MRS as a
noni nvasi ve probe to nonitor the netabol i smof
living systens. In short, MR produces the
spatial map of the proton (hydrogen- H)
distribution present in tissues/organs using
nmagnetic field gradients that are strong
conpared to the nol ecul ar interactions, while
MRS deal s wth nol ecul ar interactions in the
absence of nagnetic field gradients.

Thi s revi ewcovers the basi c concepts of MR
and invivo MSinqualitative terns wthout the
use of quantumphysics. Infact, it is beyond the
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scope of this article to present a conprehensi ve
reviewof the theory and the various applications
of MR and MRS. The organi zati on and cont ent
of therevieware arranged i n such a fashi on that
woul d enabl e both, the readers, who are novi ce
to MR and the active researcher who w shes to
refer tothe articleas areference naterid.

Theory

NMR can be defined as the nagnetic interaction
between the nuclei of atons and the radio
frequency (R fieldinthe presence of an externd
nagnetic field (B). The theory is based on the spin
() poertiesd nde. Sinisdfindasaninrimsic
angul ar nonent umof a nucl eus that is responsible
for the nagnetic nonent. Niclei of sone el enents,
for exanpl e, proton (*H and phosphorus (*B
behave as nagnetic dipoles and w thout any
externd influence are randonhy oriented in tissues.
However, ingresence of strong nagnetic field (B)
such as the powerful nagnet of the MR scanner,
these nagnetic dipoles lines up either parale or
ati-pardld totheexderdly aoied nagetic fie d
(figure 1). Mre spins lines up in parallel
orientation, due toits lower energy state. By
appl yi ng a radi o frequency R- pul se, these nucl ei
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Inthe presence of an exterrd nagetic field (B), the irs
orlertthem;elvesalorgthenag"letlcflelddlrectlmwth
sone para | el and sone anti-parale tothe nagnetic fied
Transition between the energy levels is possibe by the
application of R-energy (equivalent to AB gopied a the
resonant frequency (v,) of the proton nucl eus.
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can be flipped froma paralel toan anti-paral €
stae Ater thepdse thenudd reguntothepardld
state thereby emtting RF energy. The freguency of
the energy depends upon the strength of the
nagnetic field of the nai n nagnet of the scannet
By nmani pulating the nagnetic field strength
acrass the body, different tissues of the body can be
labeled wth different radio frequencies. The
sumaf these frequencies is detected, sent back to
the conput er and anal yzed to produce i nages.
For indepth details of the physical principles of
MR the reader may refer to standard text-
books referred above as well as other review
articles (Raghunathan & Jagannat han 1996,
Raghunat han 1998) .

S nce the hunan body cont ai ns approxi nat el y
70%wat er, nost MRinages ar e acquir ed usi ng
proton nuclei present inthe water nol ecul e. Each
wat er nol ecul e have two associ at ed hydr ogen
atons coval ently bonded to an oxygen atom and
there are approxi natel y 5 x 10% hydrogen nucl €
inan adult hunan body. NMbst clinical MRinages
rely onthe strong signa of nobile protons inthe
body that arise prinarily fromwater and fat. The
inages are pictoria representation of the spatia
distribution of these nobile protons. The density
of nobile protons inthe tissue affects the i nage
contrast, inadditionto other factors di scussed
laer inthsatide

Rel axat i on Ti nes
Mbst MRinages are either T1- or T2- weighted
(videinfra). TL and T2 refer to nagneti c resonance
tine constants that areintrinsic to a particul ar
tissue. TListhespnlatice (logtudnd) re axa-
tiontine. As nuclel returns to the | oner ener gy
state, energyislost bythenule duetoitsinter-
action with the surroundi ng environnent or
lattice. Thsprocessiscaledas spinlaticeor TL
rd axationtine T2 denates the spinspn (tramsverse)
rdaxaiontine Thsreferstotheloss of energy due
tointeraction wth other nuclei aignedwththe
nagnetic fied T2rdaxationis actud |y confounded
by T2" relaxation, whichis nuch shorter and results
fromi nhonogenei ty inthe nain nagnetic fiel d
Wiile T1 and T2 rel axation tines have been
separated for purposes of discussion, it isinportat
toredizethat they are occur sinuitaneously during
any given i nagi ng procedure, and both contribute
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tothe inag ng process. TL and T2 are specific tissue
characteristics. Their value wll vary dependi ng on
factors such as nagnetic field strength. Never -
theless, a agvenfiddstrength, dfferent tissues
have d fferent cheracteristic TLand T2 (seetad e 1,
val ues fromSark & Bradl ey 1998) val ues.

Mugnetic Fidd Strength and Gradients

MR systens are general |y characterized by the
strength of the magnetic field. Mst inaging
procedures are perforned at field strengths in
the range of 0.2to 1.5 Tesl a, al t hough i nagi ng
outside thisrangeis possible. The strength of the
nmagnetic field determines the resonance
frequency of water protonin the tissue.

Frior tothe actual inage acqui sition process,
the magnetic field is honogeneous at all points
i nsi de the nagnet bore, for exanpl e, throughout a
patient’s body. However, during the data acqui si-
tionthe gradient colls are swtched on ad off ina
pu sed fashion. The gradient coils arelocated wthin
the bore of the nmagnet, and when a current is
passed through the coil's, the nain nagnetic field
(B,) changes linearly along the gradient. The
purpose of these gradient nagnetic fieldsis two
fdd dicesdectionadpixd lacdizaionwthinthe
dice A confi nation of nagnetic field gradient and
R-excitation at specific frequency permits slice
sel ection. The presence of agradient field during
rel axation hel ps tolocaize the protons wthin the
slicethat were sd ected during excitati on.

Furthernare, steeper the gradient field, thinner
wll betheslice. Snilarly, rerr ow bandwi dt h RF
pul ses, produce thinner slices. The gradient coils
cosist of threepairs of eechdof thefdlowng X Y
and Z gradient. Mstly, Z gradient changes the
gradient nagnetic field al ong the nai n nagnetic
fidd(Zaxis) thereby dlowngaslice sdectionfor
inaging. Xgradient coils produce a nagnetic field

Tablel Rilaaiantines TLad 2 & fidd streghd 15
Tesla far varias tissues taggther wth proton dersity (AD

Tisse PD T1 T2
(% (ns) (ns)
Bain gray natter &9 760 v
Brainvhite natter 61 510 67
Fat D 260 0]
el etal nuscle 100 860 50
CSF 100 2650 280
Edena 6 900 77
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gradient across the patient (horizontal axis),
provid ng spetia locdizationdongthe Xaxis of the
patient. This techniqueis usualy called ‘ frequency
encoding . The Y-gradient coils pr oduce anter ¢
posterior nagnetic field gradient a ong patients,
and by convention, the Y-axisis used for ‘ phase
encodi ng the NVRsignal . Together, the Y- and
Xgradients precisely deternine, where wthinthe
i nagi ng pl ane the NWR si gnal fromeach voxel or
pixel originaes. The Zgradient is aways used for
sdectiond atrasaxid paeadiscdledas ‘slice
selection gradient’. Tosdect either of the axid,
sagttad or cood paesfor ingng theZ, X, o
Y-gradients, respectively, wll be ener gi zed as
nagnetic fields add vectorially. Wen all the
three gradi ents are energized at the sane ting, an
odique plareis defined

RJ se Sequences
A pul se sequence is a set of instructions that
acconpl i shes two tasks. First, the sequence cdlects
the datain an orderly fashion to deternine the
aignd thesigd, i.e, thepxd psition wichisa
function of the gradient nagnetic fiel ds outlined
exlie. Secondy, the sequence infl uences the i nage
cotrast or pixel character by specifying the tining
and power of the R pulses. Miny of the
paraneters that need to be specified in a pul se
sequence, such as the tining and nagni t ude of
gradient nagnetic fields (nornal |y denoted as G,
oG o G) areincluded inthe conputer softvare.
A nunber of MR pul se sequences are in use
and can be categorized into two nain groups: (i)
the spinrecho (£ and (ii) the gradient recall ed
echo (&RE). The inmages are acquired using
either a single-echo or a multi-echo approach
(Sark & Brad ey 1998, Edel nan et al. 1995). The
nost commonl y used sequences are spi n echo,
partia saturation, inversion recovery, FLASH
(fast low angle shot), and GRASS (gradi ent
recall ed acquisitioninthe steady state). The E
pul se sequence shown in figure 2 is often used in
clinica diagnosis. The various tinings and pul se
shapes of gradients are showninfigure 2. In
order to get quality inage wth good contrast,
one needs to specify (a) type of pul se sequence,
(b) tineinervas suichas TR TE (c) natrix size,
(d) nunber of signal averages, (€) plane of inage,
(f) spatia separationof theslice etc. Miti-slice
and nul ti - echo techni que hel p to decrease total
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FAgre 2Miti diee SER- pul se sequence show ng the vari ous
tine dd ays suich as tine of echo (TB, tine of repetition (TR,
gc G, G, ad Grefestothe gadent fiddguylied doyg
X Yand Zaxes. “Echo’ refers to the NRsignd (AD.

scan tine. Echo-planar inaging (EA) (Minsfield
1977) which is widely used for inmage data
acquisitioninvery short tine-sca e, typicalyless
than 100 ns, is one of the approaches for rapid
scanning. BA acquires a conpl ete set of GEs
wthasingesha or inaseriesof mitipl e shats.
ER sequences are used in functional MR, bol us
tracki ng, diffusion and perfusion studies (von
Schul thess 1997, Edel nan et al . 1994).

Qntrasts in MR

The prinary sources of inherent tissue contrast in
MR are three-fold: proton density (FD, T1- and
T2-rel axation. Wiile PDwthin soft tissue vary
by only a fewpercent, the proton contributionto
the neasured MR signal tends to vary by a
greater anount, froma few percent up to 30%
anong soft tissues. Furthermore, T1 and T2
rel axation tines often vary even nor e w dely,
soneti nes by nore than 100%anong soft ti ssues
(table 1), and it can have inportant effect on
inage contrast (figure 3). For exanpl e, the T1 of

cerebrospinal fluid (CF) is nany-fol d hi gher than
vhite matter. Smlaly, inflated tissue (edena)

has higher T1 and T2 than nornal white natter.
Fewtypes of |esions, such as |iponas, nel anonas,

and fibrous | esions deviate fromthis genera rule
of having higher T1 and T2 val ues than the
surr oundi ng nornal tissues. Al though data on
proton density are linnted, it often occurs that FD
values are directly correlated wth rel axati on
tines. For exanple, nornmal tissues or |esions
havi ng | onger T1 and T2 val ues al so tend to have
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hi gher PD val ues as has been denonstrated for
brainwhite natter lesions (Geis et a. 1989) and
appear to be genera ly true for nost other |esions.
Thepixd intesityinaNRinageis afunction o
T1, T2 and i nage acqui sition parangters such as TR
adTE Theeffect of TEand TRoninage cotrast ina
typicd Einagng pusesequenceisgvenin tade 2
Inroutine MR, the inages obtained are either FQ
T1-vei ghted or T2-wei ghted i nages. They usual |y do
not refer toinages that display pore @ TL or T2
Instead, theterns refer totherd ative ve gtage wth
wichthese three paramaters affect the tissue cotrast
in MRinages. Such i nages are obtai ned by varyi ng
the TEaxd TRas gvenintade 2B Grerdly, tissues
wth short TL wll appear bright on T1-wei ghted
inage, and tissues wthlong TL wll appear dark.
For exanpl e, in a T1- weighted i nage (fromour
work on a vol unteer) of a brain, the fat wll
appear as wWite, wiite natter as light gray, gray
matter as dark gray, and CSF as bl ack as shown
infigwre 4A InaT2-weighted inage of a brain
(figure 4B, fat appears as gray, wite natter as
dark gray, gray natter appears as gray, and C3-
as vhite. Ingeneral, T1- weighted i mages are
useful for view ng anatony (norphol ogy)
while T2-weighted images are useful for
i dentifying the tissue pathol ogy. MRinmages are
produced by assi gni ng shades of gray, white, and
black to the strength of the signal produced by
the rel axi ng protons.
Applications of MR
The advantage of MR conpared to the other
inaging nodal itiesisthe ability toinage in any
athogod dae- add, cood, o sagttd esvel as
inay desiredddique pane. Qvngto excd l et soft
tissue cotrast, evensmal | structures, such as cran d

427

Table 2 A Hfect o TRad TEoninage cottrast in spn-echo
i nagi ng

Primary TE settings
source

TR settings

T1 Short TE (<25ms)  Comparable to Tls of
the two tissues (towards
shorter T1 is better)

T2 Comparable to T2s  Long compared to the

T1s of the two tissues
(2000 ms or greater)

of the two tissues
(towards the
longer T2 is better)

Proton Long compared to the
Density T1s of the two tissues
(PD) (2000 ms or greater)

Short TE (< 25 ms)

Tdble2B Agenerd ruetoget ) T1 axd T2 veighted MR
i nages.

Long TE T2

(> 70 ms) Weighting

Short TE | T1 PD

(<25ms) | Weighting Weighting
Short TR Long TR

(300-700 ms)  (2-3.5's)

‘_,.--'—"-_'——--.,___
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& "'q -

B

i
L

FROMTAL-
HIOHH

|
THALALS
THLED= 1

Fgre 4 Tramsverse (axid) SEMRinages of avd uteer: (A
TL- weighted [slice thickness =5 tim TR=5%0 ns; TE= 15
ng; fieddo view(FO) =250 nmp and (B T2 we ghted (slice
thi ckness =5 nm TR= 2600 ns; TE =90 ns; FO/ =250 nm).
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nerves, are clearly seen. It is extrengly useful
technique for dagnosing donornalities inthe centrd
nervous system (Q\NS) and spinal cord (Sark &
Badey 1998 Edednan et a. 1995). The Tl- and T2-
relaxationtines are long in nest tunars and | esi ons
conpared to the normal tissues. Thus tunors,
denyel i nati ng di seases and ot her pat hal ogi es show
good contrast on T2-vei ghted i nages. It is a superb
net hod to study brai n tunors because of excel | ent
soft tissue contrast resd ution Because of the absence
of artifacts due to bones, MR is the nethod of
chace, for inag ng vertex, posterior fossa, vals of
the mdd e fossa a the base of the sk |, and orhits.
Saller tunors are denonstrated better in MR than
CT, usua ly wthout the need of contrast naterial.
MR is asoagood nethod for eval uating acoustic
neuronds, pituitary tunors, non-neopl astic di sease,
i schema, henorrhage, arteriovenous nal-
formations, trauma, dis-orders of nyelination,
denertia, infection, etc. Theappications of MR for
the study of spine are nunerous, and the nornal
anatony of the spine (figure 5) is best definedin
sagtta pane (Mndfe 1992).

Cardi ovascul ar MR has energed as a new
subspeci al ity, whi ch pr ovi des anat omi cal and
functional assessnent of the heart, eval uation of
nyocardd viaility, and cor onary artery di sease
(Duerinckx 1999, Van der V@l | & de Ross 1991).
Grdiac MR aso offers direct visualization and
characterization of atherosclerotic plaques,
di seased vessel walls, and surroundi ng tissues
(Fayad & Fuster 2000). MR can characterize
pl ague and i dentify the presence of a thronus or
calcification. Mst cardiac inaging is obtai ned
using electro-cardiogram (EG3 or pulse
triggering to avoid i nage artifacts due to heart
notion. B3IStriggering uses the el ectrica signal
of the heart to nonitor the progression of the
heart notion. The Rwave i s used as a reference
for starting MR neasurenents and a freely
sel ectabl e del ay ti ne can be chosen to neasure
various stages of the cardiac cycle. This nethod of
notion artifact suppressionis useful toget rid off
any i nage bl urring due to heart notion. Pul se
triggering works in a sinmlar way. The pul se
pressure at the fingertip serves as synchroni zati on
signal. Mtionand flowartifacts are suppressed
wth pulse triggering. This nethod is | ess conpl ex
than BEQG triggering and facilitates routine
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Fgre5T2 —weighted sagittal inage (TR= 2800 ns; TE
=90 ns, FO/ = 400 mm of the whol e spine, show ng
the df fe ent anat ony.

examnations of the heart. Recently, the cardiac
MRinaging is natured w th the devel opnent of
new techniques to control notion and flow
artifacts. It is nowpossibletoacquire quality
i nages of the heart using breat h-hol d techni que.
Aternatively, thr ee-di nensi onal navigator fr e
breat hi ng techni que of fers robust respiratory
not i on conpensat i on, good enough to visual i ze
co onary arteries (Hartne | et d. 1994, Wel opd ski
et d. 1998). Mr eover, wthinprovenents in MR
hardware, such as fast gradients and high-
sensitivity rad o-frequency coils, it ispossibdeto
eval uate car di ac nor phol ogy, function, and
pefusioninadincd setting Aso itspossideto
eval uate nyocardial viability infornmation, and
even cor onary anatony and fl ow Dueto excd | ent
soft tissue contrast, MR a so has wde application
i n nuscul o-skel etal systens (Edel nan et al . 1995,
Hogins et a. 1997). MRinage characteristics are
dfferent for fat, noscle, fibrous structures, nerves
and bl ood vessel s that are of consi derad e i nterest
to orthopedi ¢ surgeons and radi ol ogi st s.

Inthe past fewyears, MR of flowhas evd ved
intoa powerful technique to visualize blood fl ow
in vessels. This technique call ed as nagnetic
resonance angi ography (MY, whichis proved to
be avaluabl e tod for eval uating vascul ar di seases
(Alert et d. 1996). Inadditiontoitsabilityto
i mage vascul ar anatony, new noni nvasi ve
approaches for neasuring bl ood fl owhave in fact
expanded the role of MR in di agnosi ng vascul ar
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pat hol ogy; for exanpl e, cardiac abnornalities and
renal blood fl ow (Van der Vél| & de Ross 1991,
Alert et a. 1996). Mreover, it enabes the
deternminati on of flowvel ocity, drection, and even
the flowprofiles wthin the vessel. The clinica
applications of MRAincl ude the visualization of
arteriovenous nal fornati ons, aneurysns, venous
angi ograns, carotid occl usion, thoracic vessel s
and abdoninal vessel s. FHgure 6 shows the MRA of
apatient carried out inour |aboratory showng the
stenosis of baththe left andrigt caratid arteries.

Recently, cosideradeinterest hes aiseninthe
ability of MR to inmage and neasure nol ecul ar
di ffusion and bl ood nmcroci rcul ati on (perfusion).
O ffusi on and perfusi on i nagi ng (Le B han 1995,
Noris 2001) are useful techniques to eval uate
anatomic and functional disorders of the brain
and ot her organs. Both nethods share sone
conceptual points in common, however,r efer
to different physical phenomena. Ml ecul ar
diffusion is the result of the thermal or
Browni an, randomtransl ati onal noti on that
invol ves all nol ecul es, while perfusionresults
frombl ood delivery to tissuess.

O ffusion-weighted MRinaging (DAWR «
DW) can be used to nap as vel | as assess and/ or
quantitate the ncroscopi ¢ noti on of water protons
intissues (Le B han 1995, Noris 2001). Masuring
nol ecul ar diffusion nay bring several potentially
usef ul new approaches to tissue characteri zation
and functiona studies. Intissue interactions and

¥ iﬂ f' &

Figwre 6 MR angiography (MRY) of a patient show ng
stenosis (arrony of caratid arteries.
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col lisions of water nol ecul e wth nacronol ecul es
and nenforanes usual |y limt diffusion, hence, in
bidogca studesthedffusioncoefficient vaueis
quot ed as apparent diffusion coefficient (ADD.
The | ocal environnent infl uences diffusion; for
exanple, inareas of wite natter thereis greater
di ffusion a ong the nyel i n sheat hs than across the
nyelinated fiber. The &a e thedf fusion of vater
intissuesisanisaropc; i.e, therearedfferent
gpparent d ffusion coefficientsineachdrection In
fact, dffusionis athree-d nensiond process ad the
nol ecul ar nobi lity may not be the sane in all
directions. This anisotropy nay result fromthe
physi cal arrangenent of the nediumor from
asynmetri c disposition of obstacles that Iimt
df fusion Infact, df fusionis atensor, anaray o
nuner s that describe nobility rates in different
drections. DOagonal elements D, D, , and D,
represent nolecu ar nability inthe three directions
XY, and Zaxis. The non-diagonal el enents, such
as ny, D, o Dyz, showd ffusioninonedretimis
correl ated wth sone nol ecul ar di spl acenents in a
perpend cu ar direction. 9 nce nal ecul es can d ffuse
inall three dinensions, diffusiontensor nappi ng
becones nore powerful. Dffusioninagingis a
n&j or advancenent in the continuing eval ution of
MRinaging. It provides contrasts and characteri -
zation between tissues at celluar level that may
inply differences in function (Le B han 1995, Le
Bhenet d.2000).

DV is useful in the early detection and
characterization of cerebral ischema andis ideal
t echni que for stroke nanagenent (Le B han 1995,
Qrzscunar & Sorensen 2000, Ml ko & Chabri at
2001). Figure 7 shows our data on diffusion-
vei ghted i nage of a patient who had stroke 12 hrs
prior toMR. Theinfarct regonis seenclearly as a
hyperi ntense area, which could not be clearly
df feentiated i n the T2-wei ghed i nage. Recently,
we have docunent ed t hr ough sequential DV
study, the occurr ence of several pathol ogical
feat ures during the conpl ete cycl e of denyelination
and renyelination in an animal nodel of
denyel i nating | esi on (Degaonkar et al. 2002).

Perfusion MR (PW) neasures bl ood fl ow
vwhich is different in many brain and cardi ac
disorders (Le Bhan 1995, Barbier et a. 2001). In
fact, perfusion MRdenonstrates the nicroscopi c
vascular proliferation (neovascul arization)



Fgwe 7 Dffusion-weighted M of a patient inaged 12
hrs after stroke. The infarct region in seen as hyper-
intense aeaintherigt occipitd regon

associated wth tunor growth. Tissue perfusionis
nornal |y assessed fol | owng a dynannc i nj ection of
contrast naterial, gaddini umdiethyl ene triamne
pentaacetic acid (G DIPA). For exanple, in
cerebral tissues Glis restricted to the intra-
vascul ar space. Gl bei ng paranagneti c creat es
mcroscopi c field gradients around the cerebral
m crovascul ature, resulting in a change of T2
rel axati on and signal |oss. Fromthe anount of
signal loss, the concentration of gadd i ni umin each
pixd canbecdcuaed adapxd by pixd reaive
estinate of bl ood vol une can be inferred. Myps of
cerebral bl ood volune (BV) and CBF can be
generated using this information. Asarue high
grade tunors have hi gher BV than | ow grade
tunors; and BV val ues correl ate wth the grade
of vascul arity and nitotic activity. Know edge of
tunor vascul at ure hel ps i nprove tunor grading,
identify optinal biopsy site in tumors wth
het er ogeneous vascul arity, nonitor mal i gnant
degeneration and treatnent efficacy, and
differentiate tunor recurrence fromradiation
necr s Snlarly, PNV of the nyocar diumis a
usefu nodality to detect perfusion defects bath, at
rest and under stress. ntrast enhanced (&
DTPA PW can be reliably used to assess
nyocardial perfusioninpatients wthischema The
uptake of contrast wll be attenuated, in anplitude
adrde, inregions of conpromsed flow
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Yet another advance in MR is to nap changes
in brain henmodynamics that correspond to
different brain functions. The ability to observe
preci se anat onical structures and its participation
inspecific functionis dueto atechnique called
‘functional MR’ (fMR). fMR provides high
reso ution, noninvasive report of the nera ativity
detected by a blood oxygen |evel dependent
(BAD signal (Qawa et al. 1990, Merkle &
Wurbil 1992, Hlernman & Wurbil 1993). It is
based on the increase in bl ood flowto the | ocal
vascul at ure that acconpani es neura activityinthe
brain. This results in correspondi ng |ocal
reduction in deoxyhenogl obi n because, the
increase in blood fl owoccurs wthout an i ncrease
of simlar nagnitude i n oxygen extraction (Be Yoe
et al. 1994). 9 nce deoxyhenogl obi n is paranag-
retic, it atersthe T2 - weighted MRi nage si gnal
intensity. Thus deoxyhenwogl obi n i s sone tines
referred to as an endogenous cont rast - enhanci ng
agent, and serves as the source of the signa for
fMR. Wsing an appropriate imaging pul se
sequence, hunan brai n functions can be observed
w thout the use of exogenous contrast enhanci ng
agents innany clinica MRscaners (fieldl 5Ta
greater). Functional activity of the brain
determned fromthe MR signal has confirned
anatomical |y distinct processing aress inthe visud
cortex (Fox &Raichle 1986, Belliveau et a. 1992),
the notor cortex (Kimet al. 1993, Jagannat han &
Raghunat han 1995), and Broca area of speech and
language rel ated activities (Hnke e d. 199).
Fgure 8 shows the effect of |eft-hand novenent
perforned by a volunteer (our work); the
appropriate cortica activity can be clearly seen
near thesudca val. Theability todrectly aoserve
different brain functions opens an array of new
opportunities to advance our understandi ng of
brai n organi zation, as well as a potential new
standard for assessi hg neurol ogi cal studi es and
ri sks (Mbonen & Bandettin 2000, Buxton 2001).

MRinaging of nuclei other than proton, such as
ZNa and F, have also been reported. Such
neasurenent s are exacerbated by the lowintrinsic
sersitivity o thesenuclel relativetopraton and the
| ow physi ol ogi cal concentrations relativetovater.
Sodi umMR st udi es have denonstrated that the
nethod can be useful for nonitoring edena
devel opnent, cerebral redistribution of sodi um
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Figuwe 8 Functional MR inage of a volunteer who is
carrying out right hand fi nger novenent. The appropriate
caticd activity inthe left notor area (vd uteers | €ft) is
shown as hyper intense signal on a T1-wei ghed MRi nage.
Note: the activation (wiite spots) that appear on right
side of the inage shom is actually the vl unteer 'sldt.

folowngischema (Linet al. 2001) and nyocardi d
infarction (Sandstede et d . 2001). The techni que hes
asobeenfoundtobe usefu todetect early cartil age
Oegeneration (Sepiroet d. 2002). Snce thereis no
MR vi si bl e fluorine i n hunan body, the ®F MRI
net hodol ogy depends on t he exogenous addi tion
of afluorinated nateria . Perfl uorocarbons that
| abel vascul ar conpartnents at hi gh concentration
have been commonly used, especially in the
assessnent of vascu arity and the ki netics of tissue
perfusion (MIintyre et a. 1999).

Recently, studies have shom that inhal ation of
hyper pol ari zed (H°) gas al |l ows i nages of the
human lung air spaces by MR wth excel | ent
contrast resd ution (Abert et a. 1994, Boert et al .
1996 Abert e d. 1999 Kauczor e d. 1998 Kauczor
2000, MAdans et al. 2000, Salerno et al . 2001).
Gonventional proton MA yiel ds very poor inages
of the lungs because they are filled wth air and
cotainlittlevater. Gseslike He or X, both
chem cally inert nobl e gases wth spin 1/2, are
pol ari zed by optical punpi ng before inhal ation.
Nucl ear pol ari zation up to 80%i s achi eved whi ch
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corresponds to a huge pol ari zati on enhancenent or
hyper pol ari zati on above the thernal pol ari zati ons
obtained in standard MR. The nethod has i nmense
potential applications in the donain of |ung
pat hol ogy and ot her perspectives in functiona MR.

MA in Drug Eval uation

MR is a useful techni que in pharnaceutical and
drug research that enabl es us to understand t he
pat hophysi ol ogy of interaction of drugs with
tisste invivo. This nethod al | ows eval uati on of
the efficacy of drugs, including in vivo
concentration determnation. Inthis section, few
speci fi ¢ exanpl es of how MR can be used i n drug
eval uation are present ed.

Gerebral infarction is the n@ or cause of
nortality and norbidity in nany countries. Despite
consi derabl e research efforts, thereis presently no
general |y accepted therapy. MR has been used to
investigate the early pathd og cal events associ at ed
wth cerebral infarctioninanina nodels, suchas
unilatera occl usion of the conmen carotid artery in
gerbils (Buonano et a . 1983) or the ndd e cerebral
artery occlusion (M) inaninals (Snhaet al.
2001, Qupta et a. 2002). The MZPo nodel inrats
has al so been used to test drugs wth various
nechani sns, ained at reduci ng the extent of
cel lular danage i n the acute phase of stroke. These
drugs are cal ci umant agoni sts, NMVDA ant agoni st s,
A MPA antagoni sts, ion channel nodul ators, anti-
inflammat ory drugs, etc. Inseveral cases, it was
denonstrated that the cytoprotective effects found
at 24 or 48h after MDPo persisted up to 14 and 28
days and could in these cases be considered
pernanent (Sauter et al. 1983, Sauer et a. 1994).
Several drugs also showed efficacy when
admini stered after permanent MZAo (Sauter &
Rudi n 1990).

DN technique allows a nore efficient and
accurate neasurenent of stroke volune in
experinental aninal nodel s. Recently Qui et al.
(Qii et al. 1997) have docunented the progressi on
of a focal ischemic lesioninrat brain during
treatnent wth a novel gl yci ne/ NVDA ant agoni st
invivo using 3D dif fusion wei ghted MR st udy.
They have docunented that the stroke vol une
had i ncreased by 15%in the control group, in
contrast, tothe treated group that showed a 40%
reduced stroke vol une.
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G the several nechani sns of neuronal injury
instroke, free radical's have a so beeninplicated
during i schema reperfusion. Ml atonin, a potent
anti oxi dant, has been used in nal e Wstar ras
subj ected to 2hr of transient MJPo to study its
effect onischenmma (Snhaet a. 2001). Miatonin
(10,20 and 40 ny kg i .p) was admini stered four
times tothe aninal at the tine of MPo, 1h after
MR, at the tine of re-perfusion and 1h after re-
perfusion. In the 20 ny/ kg nel atonin tested
group, the percent ischenmc volune in DN was
significantly attenuated when conpared to t he
vehicle treated group. The study i ndicated t hat
nel at oni n has neuroprotective action in focal
i schenia, which nay be attributed to its
antioxidant properties (Snhaet d. 201). Snilarly,
the effectiveness of adenosi ne as a neurgprotecti ve
agent in MZA occl uded rats using DV has al so
been denonstrated (Gupta et al. 2002).

I ndi vi dual tunor physiol ogy is one of the
inportant deterninants in the outcone of non-
surgical treatnents. Paraneters such as tunor
bl ood flow tissue oxygenation and nutrient
supply, pHdistribution, and bi oener getic status
significantly infl uence tunor response toirradia
tion, hypertherma, chenotherapy and a confi na-
tion of these nodalities. In radiotherapy, the
efficacy of the treatnent depends greatly on the
| ocal oxygen concentration, which in turn, is
governed by | ocal blood flow Recently, calcium
channel bl ockers (QB) have been observed to
nodi fy the tumor bl ood flowin experinent al
tunors (Wod & Hrst 1989). DItiazem bel ongi ng
to the benzot hi azi pi ne group of ABs, has been
shown to protect nornal tissues fromthe | ethal
and sub-lethal ef fects of radiation. Recently,
Miruganandham et al. (1999) have used
gadodi am de contrast enhanced dynamic MR to
investigate the diltiazem induced nicro-
circulatory changes in tunor and nornal nuscl e of
Snss albinostain A nice. Inaddition, the MR
BA.D contrast nethod was al so used to assess
tumor oxygenation status before and after
diltiazemadmnistration. The diltiazempl us
radi ation treated mice showed significant tunor
regressi on and enhanced ani nal survival . Thus,
this study reved ed that dilti azemhas the potertiad
as an adj uvant inradiation therapy apart fromits
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use in chenotherapeutic
(Miruganandhamet al . 1999).
I n noder n drug di scovery and devel opnent ,
transgeni ¢ and knockout aninal s are inportant as
di sease nodel s and for target validation. Severa
exanples of MR and MG applicationsinthis fied
have been reported (Koretsky et al. 1990, Ronan
dd. 1996). The wel | -studi ed systemi s the creatine
kinase, which plays acritical rolein the high-
energy phosphate (HEP) netabol i sm(Fonan et al .
1996). In transgenic aninals wth increased
expression of creatine kinase in skel etal nuscle, no
changes in the steady-state HEP | evel s have been
observed, despite increased contractile function.

Invivo Magneti c Resonance Spectroscopy (MRS

A though MR is superior in giving infornation
about anat ony and pat hol ogy and i s a proven
clinical diagnostic tool, MI often |acks
bi ochemical specificity. Another application of

clinicd MRis invivo MR spectroscopy which is
capabl e of providing bi ochenical (netabolic)

information from a well-defined region of

interest of living systens, for exanpl e, the hunan
brai n (Dani el son & Ross 1999). In MRS the data
obtained is presented as spectra (see figure 9)

and are not represented as inages. In, MR water
protons are used to create i nages, but there are
other pratons of bidogically significant nol ecu es
(bi ochenical s) distributed t hroughout the hunan
tissues that are not seen in MR. A snall

proportion of these nolecules is present in
sufficient concentrations to produce a neasurabl e
MR si gnal . Because each has a uni que frequency
(RP) specific tothe biochenical itself (called
‘chenmical shift’), and entirely distinct fromthe
frequency of water protons, a spectrumof tissue
chemstry results fromparticul ar area of a hunan
organ under investigation. Thus, a MR spectrum
isacuveor apla of the MRsignal intensity as a
function of MRfrequency neasured in units of

parts per mllion (ppm relative to the frequency
of a reference conpound (see figure 9B vide
infra). Each peak i n a spectrumderives froma
different biochenical present inthetissue adits
inegrated signal intensity or areais proporti onal

tothe concentration of that particu ar b ochemcal .

For exanpl e, a MR spectrum can be used to
discrimnate heal thy tissues from cancerous

drug delivery
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FAogre9 (A) Til-veighted axial MRinage (TR = 550 ns;
TE=15ns; slicethickness =4 nmm FO/=230 m of a
patient suffering from a brain tunor (cranio
pharyngiona) in the floor of the third ventricle. (B)
Proton MR spectrumfroman 8 mh voxel fromthe nor-
nal position (tenporal region) of the brain of the pa
tient (TR=3000 ns; TE=135n3; N5=256). (C) Foton
spectrumof the sane patient froman 8 nh voxel posi-
tioned in the tunor region (TR= 3000 ns; TE = 135 ns;
NS = 256).

tissue. This gives MRS the ability to provide
insight into the biochenical changes underlying a
particul ar disease. Infornation that nornal 'y
requi res biopsi es (i nvasi ve) can now be acquired
by MRS non-invasively, invivo. A present, MRS
is being used i n many areas of cancer research,
such as intracranial tunors (Luan & Zhang 1998,
Gastill o & Kinock 1999), head and neck cancers

(Danielsen & Ross 1999), breast cancers
(Jagannat han et al. 1998, 1999, 2001), and
prostate cancers (Kurhanew cz et al. 2000,

Snanson et a . 2001).

Mtabolites that are Detected by MRS

MRS can be carried out using different nuclei such
& H 2P, cabon (2Q, lithium(7L) and fluorine
(B, é@c. *p MRS provides infornation about
energy status [ phosphocreatine (PQ), inorganic
phosphat e (A) and nucl eoti de phosphates (NP ],
phosphol i pi d net abol i tes [ phosphononoest er s
(PMB), phosphodiesters (FCB)], intracel lular pH
and free cellul ar nmagnesi um concentrati on.
Natural abundance or enriched ®C MRS provi des
i nformation about gl ycolysis, gl uconeogensi s,
amno acids and |ipids. Veter -suppr essed *H MRS
shows tatal chaline (TGho), total creatine (TGQ),
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lipids (Lip), gutamate (QGu), glutamne (Gn),
inositols (Ins), lactate (Lac), and Nacetyl
aspartate (NA). L and ®F MRS can be used to
study phar nacoki neti cs.

Hgures 10 and 11 depict the netabolic
pat hvays (criver et al. 1989, Mirray 2000) whi ch
have becone nore rel evant si nce the advancenent
d invivo MS Thisis because, it is possibleto
detect certain biochenicals that participate in
df fa ent netabol i c pat hways. For exanpl e, PQ,
NIPs, etc., involved in energy pat hways and NAA
TQr, TQo, ec., invdvedinnewr ochenical pat hways
mainly through =PandH MRS, respectively.
H gure 10 depicts the ng or pat hways of energy
net abol i smthat occur in cells of the body. Fetty
acids and sugars (largely d ucose) serve as fuels to
provi de energy to the cell's on oxi dati on. G ucose
after enteringthe cell, nay be either stored as
gl ycogen, or netabolized by glycolytic and
oxi dati ve pathways. In the absence of oxygen,
ol ucose nay be converted to |l actic acid, generating
linmted anounts of ATP. Inthepr esence of oxygen,
thecitricaddcyde (o tricaoboylicacidcyd e T
net abol i zes the netabol i ¢ products of gl ucose or
fatty acids wthin the mtochondria produci ng GO,
ATP gererated fr omoxi dati ve phosphoryl ationis
exported tothe cytosd whereit isusedfor cdluar
work and in turn is hydrol yzed. The energy
produci ng reacti ons of biosynthesis (not shown in
the figure), nuscle contractionand iontranspart are
driven by the breakdown (hydrol ysis) of high-

Glucose
ADP Glycogen
Pyruvate <> Lactate

Citric acid cycle }—— Cco,

oy

Fatty acids ——

Adenosine
AMP
e 'Q(‘
IMP ATP ADP+Pi
Inosine PCr Biosynthesis

Urate

3Na 2K

0

Fgre 10 The netabolic pathway showng the energy and
neurochenical pathways. The bi ochemical s (netabalites)
shown in bol d are detectabl e by proton and phosphorus MRS
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Figure 11 The netabol i c pat hway observed specifical |y
in brain cells. The biochemcal s shown as bold are
detectabl e by proton MRS

ener gy phosphat e bonds of ATP. Hydrol ysis of
ATP produces ADP and Fi. In the presence of
oxygen, ADP and H reenter the mtochondria and
are re-synthesized to formAIP. Aternatively, AP
may be subsequently converted to AM,
adenosine, inosine, and utinatey uric acid

I'n nuscl e (skel etal and cardiac) and brain, the
enzyne creatine kinase is responsible for
generating the storage form of high-energy
phosphate, PG . Wen suf ficient oxygen and fuel s
aeadldletofadlitae ATP synthesis, abundant
anounts of PO are produced. In tine of energy
crisis, when hypoxia, ischemia, or cell danage
inhibits ATP synthesis, PO serves to naintain
ATP levels so that cellular work can conti nue.
However, if RO storesa e depleted and ATPis
not synt hesi zed, ATP concentrationwll fall toa
poi nt at whi ch nuscul ar contraction and ion
transport can no | onger occur.

I nhi bi tion of the sodi umpunp causes | oss of
cel lular potassiumand i ncrease of cel lular sodi um
resulting in edena and cell death. Therefore,
codtiosthet impair cdl fuxtiono viadlity such
as anoxi a, ischema, or tissue danage produce the
folowng events: (a) inpairnent of ATP synthesis
resutinginafdl o RC adrised H; (b utinatdy,
Oep etion of ATP concertration, and (¢) producti on
of lactic acid, resutinginriseof tissuelactate
concentrationand fall of pH Restoration of tissue
oxygenation | eads to areversal of these events:
lactate concentrations fall, and pHreturns to
cotrd. ATP and R concentrations rise wiile H
falls. The phosphorous netabolites that are shown
inbddinfigres 10 ad 11a e detectdd e invivo. In
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addition, figure 11 presents the additional
bi ochem cal pat hways observed specifically in
brain cells (Dani el sen & Ross 1999). Thei r |inkage
wth other standard pathways i s al so shown to
give an overviewof the whol e netabolic activity
inbrain The netabalites that can be pi cked up by
IH MRS i n such pat hways are presented i n bol d.

2P MR Spect roscopy

Infact, ®P MRS has becone the tool of choice to
i nvesti gat e noni nvasi vel y energy net abol i smin
human nuscl e (Cozzone & Bendahan 1994) and
intunors (Negendank 1992). It is wdely used as
a technique to neasure pH invivo . Sudies on
hunan nuscl e reveal ed that in nornal exercising
nuscl e, the concentration of ATP renains
constant while PO falls and A increases (A gov
et al. 2000). Intense exercise produces severe
intracel | ular acidosis and changes in pH During
the recovery period PO gradual |y increases, H
and ADP decrease, and pHretunstoitsrest
levd. ®P MRS is al so used for diagnosis and
noni toring of many mtochondria di seases. The
level of PO/H at rest in nuscles was | over in
mtochondrial nyopathy (Arnold et al. 1985).
Hghintracellular pHs in association wth the
loss of PO at rest has al so been reported inthe
nuscl e of patients with nmuscul ar dystrophy
(Giffiths et a. 1985 Younkinet al. 1987, Kenp
g d. 199. /Invivo®PMSis auseful tool to
noni tor netabol i ¢ changes i n di sease processes
that affect the brain. Reduction in PO and PCE
with increased PME i s reported in neni ngi onas
(Newman et al. 1982) and ot her brain tunors
(Hibesch et al. 1989, Heindel et al. 1998, Mintz
g d. 2000. 3P MRS has al so been used to
noni tor netabol i c changes in brain tunors after
radi ati on and chenwot herapy (Segebarth et al.
1989).

Proton MR Spect roscopy

The naj ority of MRS applications have been on the
hunan brai n especial |y using a proton nucl eus. |t
pdasavitd rdeinthe assessnet o dincd trids,
i ncl udi ng the nonitoring of newdrug therapi es.
The clinical utility of MSrests on two i nportant
properties. Frst, the nature and concentrati on of
tissue biochenical s i s renarkabl y consi stent, hence
a‘“nornal” tissue (e.g. brain) spectrumis readily
recogni zed. Secondly, aparticd a biochemcd is of
clinca relevance inhed thy and/or diseased state.
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Accordingly, abnornal brain MR spectra are
read |y r ecogni zed and cl assified. Together wth the
abnornal anat ony and physi ol ogy identified by
the MR, MRS gives a nore conpl ete picture of
di sordered net abol i smencountered i n clinical
practice (Dani el sen & Ross 1999, Rand et al . 1999,
Burtscher & Holtas 2001). Poton MSis also a
useful nodal ity to detect biochenncal abnornalities
at the nolecular level in chronic alcoholics
(Jagannathan et al. 1996) and in congenital
hypot hyr oi di sm(Jagannat han et al. 1998) even
before structural danages are apparent in MR.
Inth s section afewexanpl es fromthe st udy
carried out inour |aboratory are presented to show
thepatetid o in Vo NSinactud dincd seting
The transaxial MRinage of a patient suffering from
brai n tunor (crani o pharyngi ona) in the floor of
thethirdvertricleis shominfigre 9A Roton in
vivo MRS froman 8cc (20 *20 * 20 mm?) vol une
(voxel) fromthe nornal posterior tenporal region
of the brain shows (figure 9B three naj or peaks
| abel ed as NAA, Cr and Cho. NAA is an amino
acid and i s general | y consi dered to be a neuronal
mar ker. It isdstribuedthr oughout the cer eoral
cortex wth a concentrationinthe range of 7-15 nM

Table 3 @Wrcatraion of soe bran b ochecd s (netabd i tes)
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Any change (nai nly decrease) of N inreationto
ahedthy braintissue ind cates altered netabo i sm
such as neurond [ oss o newronal deathinvariety of
brain tunors (table 3). Thetotal G (wth RT)
netabd ite appears as asing e peak a 3.00 pom ad
is areliable narker of intact brain ‘energy
netabol i sm. Its nornal concentration in hunan
brainis 4.0-5.5 nM The T(ho peak [arising from
phosphochol i ne (PQ, gl ycerophosphochol i ne
(GQ and free chaline] is ateredin nany di sease
processes (table 3) andits concentrationin the
normal brain is approxinately 1-2 nM Mo-
inositd (nh), asugar, gpearsaound 34 pom It is
located in astrocytes were it is recogni zed as the
nost inportant osnol yte, or cell vol une r egul ator.
QG utamat e and gl ut anmi ne appear together as a
broad conpl ex pattern near 2.3 ppmand i s nornal |y
denoted as “Gx”. Qutanmine, like nm, is an
atr ocyte narker, while gl utanate functions as an
excitatory neurotransmtter, but obviously has a
nuniber of other functions. Lactate is not
observed in normal brain and hence its
appearance i s indicative of altered netabolism
nai nly fail ed oxi dative netabol i smin the brain
(tded. A poton spectr umof the sane patient

innornal ad d seased states

Biochemical Increased (1)

Decreased (1)

N-Acetyl-aspartate (NAA)
(normal 7-15mM) development; hyperosmolar

Canavan’s; post head injury.

Creatine (Cr)

(normal 4-5 mM) increase with age.

Choline (Cho)

(normal 1-2 mM)
stroke; post liver transplant;
hypersomolar.

Lactate (Lac)

(normally less then 1 mM)
hydrocephalus; lymphoma;
toxoplasmosis.

Lipids (Lip) Lymphoma; cryptococcoma;

Axonal recovery e.g. MS; infant

Trauma (Hyperosmolar response);

Trauma; diabetes; neonates; post liver
transplant; tumor; chronic hypoxia;

Hypoxia; anoxia; ischemia;
Alzheimer’s and other dementia;
developmental delay; epilepsy; MS;
neoplasm; stroke; lymphoma; tumor;
encephalitis; diabetes mellitus;
Alexander’s; AIDS/HIV.

states;

Hypoxia; stroke; tumor; infant; trauma
lymphoma; hyponatremia;
toxoplasmosis; PML

Asymptomatic liver disease; HE;

toxoplasmosis; nonspecific dementia;
hyponatremia

Hypoxia; anoxia; ICH; near-drowning;
stroke; Canavan’s; Alexander’s;

active

growing tumor; PML; toxoplasmosis; MS;

inflammatory diseases.

myo-inositol (ml) Alzheimer’s
(normally 5 mm)

Neonate PML

Diabetes mellitus Hyperosmolar states;

Chronic HE; stroke
Tumor; lymphoma;
Hypoxic encephalopathy
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froma 8cc voxel fromtunor shows (figure 90
t he absence/ reducti on of the neuronal narker
(NAY) and the energy netabol i c marker (Q),
while the choline level is seento be el evat ed,
i ndi cating the presence of a tunor.

Scizures and epilepsies make up a
het er ogeneous col | ection of epi sodes of di sturbed
cerelrd fuction Inalarge nunber of patients wth
sei zures, MR denonstrates atrophy and/ or hi gh-
sigd intensity inthe af fected ar ea. However ,a
significant nuner of these patients has nornal
MR studies. The use of MRS is suggested i n such
cases along wth DV investigations. My reports
of single and mul ti-voxel proton MRS have been
reported. GCormon to all MRS studies is the
decrease in NBAin the affected area conpared to
nornal contras that represent neuronal dysfunction
and neuronal 1oss (Achten et al. 1997, Thonpson
et al. 1998, Jackson & onnel Iy 1999, Rudkin &
Andd1999). MSlocaizes nlaterd seizuefaoc in
concordance wth the BEEG In addition, it al so
denonst rat es the presence of high proportion of
bilaterd amornalities (e ly et al. 1994), which
can be difficult to observe by other techni ques.
(oservation of el evated | actate has been reported
inalinmted nunber of studies (Mtthews et al.
190 et d. 19¥). Thelocd incresseinlactae can
persist for severa hours and nay be used as a nore
direct narker of seizure activity (Dani e sen & Ross
1999, Rudkin & Arnold 1999). Sudies have al so
denonstrated el evated y-anmino butyric acid
(GBA leves after treatnent wth vigabration, an
anticonvul sant that acts as an irreversi bl e GBA
transamnase inibitor (Rthamet a. 1993 Ratroff
eéd. 199

ot on MRS net hods have al so been ext ensi vel y
used to study acute and chronic functional
inpairnent innoltiplesclerosis (M) whichresuts
frommul ti pl e nechani sns, incl uding denyel i nation,
conduction bl ock, and axonal injury. The nmai n
findnginMlesiosis decr eased NAA  However,
early increase in Go and lactate, as well as early
transi ent decrease in @ can be observed (Anold
1999, Rudkin & Arnold 1999). Sudies usi ng short
echo tines have shown increased m and lipid
sgds(vied d. 199). Reatly, sequatid proton
MRS studies of brain netabolite changes were
noni tored during a conpl ete pat hol ogi cal cycl e of
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denyel i nation and renyel i nati on i n experi nental
denyel i nati ng | esi on nodel of M5 (Degaonkar 2002).

I nfecti ous Q\S di seases are often the cause of
sdzuesinthetropcd coutrieslike lnda adthese
are often caused by cysticercosis or tubercu osis. In
t he albsence of appr opriate therapy, the d sease can
be fatal, and noninvasive differential diagnosis
woul d be of great relevance. In fact, proton MR
spectrascopy has been found to be useful in patients
where radi ol ogi cal investigations are not specific
(Jayasundar et d. 1995, Jayasundar e a. 199, Gpta
e d. 20, Sudae d. 201, Verkateshet d. 2000).
Local tenperature in tunors, in addition to
i nfl uenci ng a nuniber of nornal bid ogica functions
such as the protein activity, enzyne nedi at ed
reactions, henag odin' s affinity fa aygen, ec ae
al so known to play an inportant rol e in di seases
(Vanda et a. 1990). MSis anideal techniqueto
deternine the local tenperature of tunors
noni nvasi vel y. For exanple, evensnall variaionsin
brain tenperature can affect the extent of injuryin
brai n i schenna (Jayasundar & S ngh 2001). Therefore,
know edge of | ocal tenperature coul d provide
additional infornation on the pat hophysiol ogy of
the di sesse pr acesses tothe dinicias. Reetly, few
papers have described the rol e of proton MSto
neasure tissue pH(Rothnan et al. 1997, Pat et a .
1983, VanS uis & d. 199).

Inour laboratory, tterded inviw MSBinthe
study of breast cancer vas eval uated in 100 patients.
The MRinage fromone patient suffering form
infiltrating ducatal carcinona (100 of the breast is
shomn infigure 12A vhile figure 12Bis the praton
MRS fromthe nornal region of the breast and
figre12Cisfromthe tunmor. Sgificat spectrd
differences between the nornal and tunor portions
of the breast is clearly visible. The presence of
chaline fromthe tunor can be used as a netabdite
marker of nalignancy and its |evel reduces/
di sappears in patients treated wth neoadj uvant
chenot herapy (NACT). Qur study reveal ed that in
vivo proton MRS has 78%sensitivity and 86%
specificity indetecting chdineinnalignat breast
tunors. In conparison, the sensitivity and speci -
ficity of dynamic contrast MR was 30- 95%and
60 - 80% respectivel y (Haywang- Kobrunner et al .
1997). (servation of chaline before treat nent and
its disappearance (or reduction) after treat nent
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Fgure 12(A) T1 - veighted sagittal MRinage show ng
the tunor of a patient suffering frominfiltrating ducta
carcinona (100 of the breast (slice thickness =5 mm TR
=600 ns; TE=15ns); (B) Volune | ocalized proton MR
spectrumfroman 8 nh voxel positioned in the nornal
position of the breast of the sane patient (TR = 3000 ns;
TE=135ns; N6=32); (C) Wlune localized proton MR
spectrumfroman 8 mh voxel fromthe tunor position of
the sane patient (TR=3000 ns; TE= 135 n3; NS=64).

serve as a useful indicator of response to treat nent
(Jagannathan et al . 1998, 1999, 2001). Accurate
assessnent of tunor response to treatnent by MRS
hel ps insd ecting petients for breast conservati on.
Such studi es have shown that invivo MSis a
beneficial, noni nvasi ve techni que to assess the
response of tunors to different drug treatnents. In
general, nonitoring the level s of various tunors
netabol ites both prior to surgery/therapy and
after surgery/therapy helps the patient’s
t herapeu-ti ¢ managenent (Tom et al. 1997,
Jagannathan et al . 1998, 1999, 2001). It isasoa
useful nodality to nonitor efficacy of different
drugs as well as testing of newdrugs.
Spectroscopi ¢ Inaging () or chemcal shift
Inaging (C3) is atechnique that conti nes features
of both inagi ng and spectroscopy (Brown et al.
1982, Mwdsley et al. 1983). It is a nethod for
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col | ecting spectroscopi ¢ deta frommi ti pl e ad acent
vaxel s covering alarge M in asing e neasurenext.
Satiad locdizationis done by phase encod ng in one
(1IDA3), tw (2D A3), or three di nensions (3D
3). The sequences used far 9 aresinlar toa MR
i nagi ng sequence, but wth no readout gradi ent
applied during data cd lection. The presentati on of
the | ocal i zed spectral data can be exanined in
different ways: as single spectra related to
indvidud voxd's, as spectrd naps, or as netabdite
inmages. In fact, both the spectral naps and
net abol i te i nages nay be over | ai d on conventi onal
MRinages. C3 is an efficient neans for conparing
spectra fromvoxel s contai ning different tissue
types. For exanpl e, inthe case of focal di seases,
spectra froma | esion are conpared t o spectra from
nornal brain tissues, and het erogeneous net abol i ¢
distributions wthin the lesion may also be
investigated. A nuniber of applications of 9
technique inthe study of severa brain pathd ogi es
and breast cancers have been reported (Mikherji
1998, [ani el sen & Ross 1999, Doyl e et al . 1999,
Brrescon e d. 2002).

JAuarine (®F) MR Spect roscopy
Huorine, whichis 100%natural |y abundant, has a
sasitivity of 8%tothat of 'Hand has relatively a
short TL It is anest entirely absent inthe hunan
body and hence a perfect tracer for NMR studi es.
The only fluorine signal that wil be detected cones
fromthe fluorine that is deliberately introduced
bef ore the neasurenent. Mny drugs, including
nuner ous psychoacti ve agents have fluorine as a
part of their nol ecul ar structure and hence can be
detectable by invivo MRS Inaddition, invivo®F
MRS can al so be used to study the netabol i smand
phar nacoki neti cs of these fluorinated drugs in
hunan liver indfferent conination regi nens.
5-fluorouracil (5R) and other fluoropyri-
mdi nes are anti-neopl astic agents that are wdd'y
used either singy or concomtantly in the treatnent
of hunan cancers, especialy of the gastrointestina
tract, lr east and ovary. The netabol i smof these
drugs has been extensively studied. Hgure 13
shows the pathway of 5-FU netabolism
(Heidel berger et a. 1983). The catabolic (detoxi -
fication) pathway of 5 FUinvol ves hydrogenation
and openi ng of the pyrimdine ring, redtingin o-
fluoro- B-urei dopropionic acid and final products,
o-fluro B-aanine (FBA), fluorideion (F), carbon
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di oxi de, and aimoni a. The |iver renai ns the naj or
sitefor caabdismaf 5-RJ sincethe activity of the
enzyme di hydrouracil dehydrogenase is the
highest intheliver.

To increase the response rate of 5-RJ ot her
agents are co-adnini stered to nodul at e the effi cacy
of 5FU Mthotr exate (4-amino, 4-deoxy, N10-
net hyl pteroyl glunai c acid) is one such nodul at or
that bindstigtly but reversidy toitstarget ezyne
di hydrof ol at e reductase, | eading to a cessation of
de novo purine synthesis. Qher nodul at ors t hat
are conmonl y used are | eucovorin and | evanisol e.
The efficacy of these treatnent regi nens can be
assessed by invivo ®F MRS, Nunerous st udi es of
5 FRUnetabolismin anind nodel s (Sevens et al.
1984, Sjens et al. 1999 and in hunans (VA f et d.
1987, Vol f et a. 1990, and Mbhanakri shnan et al .
1999) are reported. The nodul ation by an effector
drugis actua |y nonitored by neasuring changes in
5FJha f-life or the tine constant (t ) for the
fornation of its catabdite, FBAL using invivo®F
NVR exanination in the |iver.

F gure 14 shows our data on the sequential *F
NMR spectra carried out on a patient wth breast
cancer (Mhanakrishnan et a. 1999). The initial
spectrumrecorded inthe first 3.5 nminutes at the
onset of drug admini stration has only a sing e peak
at about O ppmdue to 5-RUJ In the second spectrum

5FUH,

;
- AABOLI FUPA
\ /

FBAL

Fgwe 13 Pathvays of 5 FU netabolism The different
products of the netabd i c pathways are 5—RJ(5fluraradl);
AR (5fluorouridine); RHR (5fluoro-2 —deoxyuridine);
FUMP, FUP, FUIP (5flurouridine -5, — nano-, d-,
tri phosphate); FJUW, FdUDP, FdUTP, (5fluro2 —
deoxyuridre -5 — nono-, di-, triphosphate); SAH, (5 6
d hdro 5fluroracil); RPA (x—fluro—2-ueidoproponic
aid; BA (x—fluro—2-dairg); F (flurickia).

N R Jagannat han
F BAL
5-FU

Time

Min

P NIAAN A e 35
315

28
24.5

e

M\/\ 17
MM 14

‘,\"\/"\—"-W«/\w’\/j\.w 10.5

\WW\/\!\A-J’\/\ 7

:MWJ,\M?MV\% 35
40 20 0 —20 —40

Chemical Shift (ppm)

Fgre 14 Sacked invivo ®F MR spectra at 60.1 ME as
afunction of tine fromthe liver of abreast cancer petient
followng the bolus infusion of 5FJ tw hours after
net hot rexat e admini strati on.

recorded after 7 mnutes, thesigd inewsity of this
peak i ncreases and, another signal appears at about
—19 ppmthat is assignedto FBAL onthe basis of its
rel ative chemcal shift. The 5FUsigna intensity
decreases and FBAL intensity increases wthtinein
subsequent spectra recorded at various tinings as
shown. At about 21 minutes, no 5-FUsignal is
visible. The apparent tine constant (t ) for the
di sappearance of 5 RJresonance and t he appear ance
of BAInliver aels5+16mnand 25+ 22 nmn,
respectively. Thet  , for 5FUin liver anong 9
patients studi ed by us under different contination
regi nens of nodul ators varied between 5 and 17
mnand this agrees wththet , for 5RJinblood
Thet , values of 5-FUtrapped in tunors ranged
between 20 and 78 minutes. In spite of the increase
int val ues for intratunoral 5-RJ fluorinat ed

12

nucl eosi de/ nucl ectide signal s were not detected. It
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nay be possi bl e that 5fluoro-2 -deoxyuridine 5’
nmonophosphate (FdUMP) forned is rapidly
i ncorporated i nto DN& RNA and the fl uori ne
signal s fromt hese nacronol ecul es are too broad to
detect. Based on the results obtained froma
nuniber of patients who were receiving 5 FJUand
addi tional chenotherapeutic agents such as
net hotrexate, |eucovorin or levamsole, it is
concl uded that the nodul ators of 5-FU do not
significantly lengthen the tine constant for the
di sappearance of 5 FJ from the [iver
(Mhanakrishnan et a. 1999). ®F MRS has al so been
used to study the concertration levd inthe brain of
anti psychoti c drugs such as trifl uoperazi ne and
fl uphenazi ne and t he anti depressant fl uoxetine
(Durst et a. 1990, Renshawet al. 1992, Konor oski
e d. 19%).
Lithum (7Li) MR Spectroscopy
The isotope 7Li has a spin 32, receptivity about
2%caf H andisardativey atractive nucl eus for
NMRstudies. It typically gives a singl e narrow
lineinnost biodogica systens arising fromthe Li
cation, inboththeintrace luar and extracel | ul ar
environnents. Lithium salts are used wth
consi derabl e success in alleviating or preventing
bot h depr essi ve and nani ¢ recurrences of nani c-
depressive illness. Thereis a consideradl e i nterest
onits clinical effects, pharnacokinetics and
nechani smof action. However, its nechani smof
action renai ns unknown. Patient nonitoring relies
on neasurenent of the Li |evel in serumand the
range 0.5-1.2 mml /L considered to be the
opti numl evel and those greater than 2.0 mmol /L,
aretoxic. @ course, serumlevel s nay not reflect
brai n concentrations, which night be expected to
relate nore closely to clinica response. Patient
noni toring and el uci dation of Li biochemstry in
vw aredfficdt duetolack of suitable nethods to
followthe dstribution, concentrati on and physi ca
state, for exaple degee of ionbindng ec., of L
invarious organs. There i s no known net hod for
followng Li concentration invivo i n hunans
avai | abl e except NWR spectroscopy al t hough a
neutron activati on nethod has been proposed.
Renshaw and co-workers have extensively
studied the application of “Li NVR in vivo
spectroscopy (Gnzal ez et al . 1993).

Fgure 15 shows the results obtained by
Konoroski et al. (1990) of a patient suffering from
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nmani c-depressive illness with an episode of
hyponani a. The patient was under Li therapy (900
ny/ day of Li ,CQ,inthree doses). The seruml evel
of L risestoabout O0.75mmal /L in 8 days, and then
drops to 0.6 nmol /L. The drop occurred during a
brief release of the patient fromthe hospital
i ndi cating the suspicion of nonconpl i ance wth
therapy during this period. The i level in nuscle
rises stead |y thr ough t he sevent h day, d oppi ng
preciptosly ther edfter. Thelranli led rose nore
rapidly thanthat for nuscleinitially, then nore
slowy ther esfter. Thus, it aopears thet the i |eved
in nuscle nore closely fol | ons the seruml evel .
Several other workers have al so noticed that the L
level in brain is about half those in serum
(Konoroski et al. 1990, Kato et a. 1992). Gonzal ez
et a. (Konoroski et a. 1993) have neasured the Li
level inthe brain by conputerized norphonetric
anal ysis and conpared it that obtai ned fromnuscl e,
cerebrospinal fluid, and bl ood obtai ned usi ng MRS
The inportant issue is the conpartnentation of the
L ion invw ad igaingthed fferent cdl types,
the ratio of intracellular-to-extracellular Li
concentrationis not knowninbrain. LU presunadly
vorks intracellularly inthe brain and about 80%ocf
the volune of the brain is intracellular; the
intracel lular concentrati on nay be substantially
lover thenextracdlua concertration, asis the case
for N Thus, the invivo i signa nay prinarily
repr esent non active Li, however, it is very
dfficdt tofindout theratiod theintrace luar-
to-extracel lular Li concentrations (Konoroski
1993). The conpartnent ati on i ssue can probabl y
be sal ved by invivo perfusion studies of cultured
cel l's (Konoroski 1993).

0.8
0.7 =

0.6 =

)
g 05
E 4
3 04 - O serum
i @ calf
0.3 = W head

0.2 =

0.1 :
0 3 6 9 12 15

Time (days)

Fguwe 15 Pharnacokinetics of lithiumby Li NWR in
serum brain and calf nuscle of a patient suffering from
bhipda illness.
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@oncl usi ons

MRdue toits multiplanar i nagi ng capability, high
spatia reso ution, excellent soft tissue contrast,
and the absence of ionizing radiationis well
establishedas atod inclinical, experinenta and
bi ol ogical research. It covers a broad range of
applications fromfast noni nvasi ve anat onical
neasurenents, to studies on tissue physi ol ogy
and netabolism dSnceit is noninvasive, studying
chroni ¢ di seases both in humans and ani nal s has
several advantages for repeated nonitoring of
di sease progression and therapy response. The
nethod i s al so highly desirabl e when st udyi ng
transgeni ¢ and knockout ani nal s. A naj or use of
MR in experinental aninal research is the
possibility of directly linking pre-clinical to
clinical findings. MR can also be used for
phar macodynanmi ¢ studi es i n hunans t o assess
whet her new conpounds are exerting the sane
phar nacol ogi cal effects in patients as in aninal s.
Such studies wll serve and guide the dose
sel ection for the extensi ve and expensi ve clini ca
dficacytrids. As MR technol ogy nat ures, the
technol ogical limts on the achi evabl e scanni ng
speed and pixel resolution are rapidly
approaching the limts inposed by the | ans of
physi cs.

Due to the high natural abundance of hydrogen,
aditsudiquityinal invivw netabdites, it has
been the focus of nany clinical MRS studies. The
potentia ly poverful feature of invivo MSis the
ability to neasure endogenous netabolites
noni nvasi vely as well as changes in tissue
netabolism for exanple, by H o =P MRS
noni tori ng of endogenous net abol i tes (such as
energy netabol i sm acidosis, etc.). The techni que
can al so be used for neasuring the distribution, and
phar nacoki neti cs of drug invivg in both hunans
and ani nal systens. MRSis currently enpl oyed for
clinical investigationin nany sites around the
world, including India. The sensitivity and
specificity of invivo MRS for several disease
patterns, particudarly for snall |esions, needto be
i nproved before MRS can be i ncorporated into
clinca practicee Resently, MSis acting as a
conpl enentary tool to histology, mamography
and ot her accept ed techni ques. Hwever, once MRS
becones establ i shed for clinica use unani guousl y
inone disease it canbe expected that the avail dd e
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technol ogy wll be nore rapidy be applied to ot her
diseases. Infact, MSa ready has great clinical
inpect inthelocaization of foc and brain danage in
epi | epsy and represents a val uabl e conpl enent to
conventional inagi ng techni ques such as CT and
MI. The ability to perform MR and MRS
noni nvasi vel y in the sane setting wth the sane
equi pnent wth out the injection of radioactive
i sotopes or bl ood sanpl i ng provi des a consi derabl e
advantage in patient care.

Future of MR

Thefuuweisinred by gxtinistic for MRindinicd
and experinental research. Inless than tventy five
years of its induction as a diagnostic nodality in
dincd raddagy, anazi ng changes have taken pl ace
in generating fast high-resolution inages wth
thinner slices, noninvasive brain functiond ity, dc
MR has al so been devel oped as a powerful tood to
quideinterventiona proceduresinclinca ned cine
Designs of new open nagnet systens allow
inproved patient access for MRguided
interventional procedures with the use of MR
conpeti bl e need es and catheters. Adicaios o ths
interventional MR include aspiration cytal ogy,
chenoabl ation, cryoblation, etc. The new genera-
timhghfiddstrengths MRoperating at 3 and 4 Teda
woul d enabl e greater detection sensitivity and
i ncreased chencal shift di spersion especialy for
MRS. MR spectroscopy still provides nore
chal | enges and can be expected t o expand to ot her
clinical areas such as therapy nonitoring. MRS
whether it can answer severa diagnostic chal | enges
above and beyond MR, SPECT, FET, and CT wl|
depend on further clinical studies and future
techni cal devel opnents. The future of MRis very
bright. The rapi d devel opnent of newand exciting
rescarchwll sconprovide avirtud!ly linmtless éility
to accuratel y di agnose and provi de better treat nent
for patients. This woul d understandably be a
renar kabl e achi evenent i n nedi ¢i ne nade possi bl e

through i ngeni ous use of physi cs.
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