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1. Introduction
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L1801 <81 &1 $(1=&P)II", $,1/(D.%>  HIJ2,18-%),/(118&8,)/11-)1 -..<8,1-)>!
&)@ N7< $.1,.. (&)!'&11<1()!-%%! &'()/-(&).! &/?,'"1 [?2-)1/?2, B! <P &'
SOI=&P) &' ()-(&H 132 1=(CC,)LIO) 1 7P 2, 1P&L 1,1 (/2!
@-881C' K<,)1>! QgjsRHIANR&SI,8$,-/<", 11/2,)*>I=(CC,")1,17,/P,)l/?,
-1 (1.8-%%! 1&8%-',=!/& kTINP?,'13!(.1/?,1+&%/U8-))! 1&)./-)/'-)=1J! (.1/?)!
1,88,-1<'101b,%D()  HI P! (1&)%>1-1 %(*2/! #1,.1 &C!.$().|-%(*),=! P(/?! /2,!
8-9),/(1IC(,%=1Q0)!/2,1%&P,"1,),*>]  %,D,%R!1&8$-',=1/&1/2&.,1-%(*),=1-*-()./1/2,!
C(,%='Q(!/?,'?2(*?,"1,),”*>1%,D,%RC&" )<1%,(! P(/?!-! $&.(/(D,! *>'&8-*),/(1!"-/(& H!

G&8,! )<1%,(! %(3,! )(/'&*)I' ?-D ,! -1),*/(D,! *>'&8-¥) /(1! /(& 11 8,-)0* /2,!

N



[
$0 S$!1-)17,1C&<)=I(1/2,1%8&P, 1)), *>1/-/,  HU?,! %2/ #1,.1&0.$(0).!] >(,%=.!
-1),/18-%),/(118&8,)/1I1P2(1?1(.1/?,1.(*)-%!=/,1/,=1()!-)!562! #$,'(8,)/H!J?,!
H#1,.1&CL$0.10 1?,1%&P,',),*>1%,D,%!(.|.8-%%R&C/,)18,-.<'()*  1-$$'&#(8-/,%>!

O! $$8H! I T&P,D,'1! /-3,)! () 1&)/#/1  1/2,'1-,1ON ™4 $().! (! -! 8&%,! &C!P-/,'l!

8,)0*  12,1),/18-¥),J(U-/(&)! (. )&/!),*%(*(7%, H! 2-12,'1/2-)! 1&) (=,1-1.0%%,!
SOU+%&LAHD.2&P, =1/ 2-/(/\P-.1$&..(7%,1/&1&).(=,1/?,!).,.87%,1&C1.$(). )=
7<%318-%),/(U-/(&) HI?, 1),/18-%),/(U-/(&)! C&-)!,).,87%, 1&C!.$()!m!)<1%, (! (!
PUI)-. 9
!,"*h’B
! Mo o

P2, In N(U?2, LS0OI=).0>  IKICH2,1%>'&8-#),[(11-/(& 1+l (1/2,1,#,)-9618-()!
8-%),/(1! C(,%=I! 131 (.1 /2,1 +&%/U8-))! 1&)./-)/I' OHa N! #! ON" opifl! gy (.! "%-)13e!
1&8).-)1=(D(=,=! 7>IMJUIOHNVZ!I#8@bdp.11-)=IT1(.1/2,!/,8$,"-/<'|()! b, %D()H! +>!
[-30*!/ ?2,1D,1/&'1.<81&D,"-%%!.$().1!/2,17,?-D(&1&C!/2,1.$().!()!-18-%),/(11C(,%=!
1702, 1'( 7,2 1-11<, %> 7>1/2,14%&121 K<-/(&) IIP'(// )10V, &-I()*IC*-8, |

HO!MH

M .(1)=e""(M .(0)cosAwt + M ,(0)sin Awr), @R



— -tIT, :
M .(1)=e""*(M .(0)cosAwr - M .(O)sinAwr), an

! M_(t)=M_(0)e™"™ + M (L-e"™), R

6 416 >1-)=16 u-,1/2,1#I1>1-)=1U11&8%&),)/.I!",.$,1/(D,%>1! &C!/?,18-1'&.1&$(1!
8-*),/(U-/(&)!&C!-!.-8$%,1$%-1,=1()!-18-%) J(1IC(,%=1+ ' -/,=17>1-)12;1$<%.,!
(12,) +d-$$%(,=18-%),/ (LIC(,%=1/2-/'(.|&1?&*&)-%!/&!/?,18-()!8-*),/(1!C(,%=H o!
=13 -2 %&)*(I<=()-%! -)=! /-).D,".,! " Y%-#-1(&)! /(8,.11',.$,1/(D,%>H! J?,!
%&)*(/<=()-%! ' Y%-#-/(&)! (8, (.1/?,1/(8,! (I'/-3,1C&"16 U /& 7" ./& =1 /&! (/.]
K<(%(7'(<8! D-%<,! &C!6H! 3, %-#-1(&) ! (1 12,1",.<%/! &C!)&) S=(-/(D,! ()/,"-1/(&).!
7P 2,1.80!.>.0,81)=1/21%-/[(1,H! I, %-#-/(&)!1&8,.1C'&8!/?2,1.$()  S$()!
0/,-1/(&).1 P?(1?! 1-<.,! 2, @-'8&"I C',K<,  )1>1 &C! /2,1 .$().! /& 17-)%! )= |
=$7-., 1/2,18-%),/(U-/(&H!)!1/2,1-7.)1,1 &C! 7'&-=,)()*!, CC,1/.1Q.<1?!-.1/2&.!
C'&8! 8-%),/(1! C(,%=! (8%,'C,1/(&).RI' /2,! .$() S$(! O/,-1/(&).! = ,1,'8(),! /2!
P(=/?!&C!H$,-3H!ral!Z!
1.1.1. The Vector Model

) /2,1 D,1/&" 88&=,%I! /2,! 7<%3! 8-%),/(U-/(&)! 1-)! 7, D(,P,=! -.! -I
8-*),/(U-/(&)! D,1/&1 12-1' $&()1.! -%&)*! 12,1 =(',1/(&)! &C! 12,! -$$%(,=! 8-*),/(1!

C(,%=1! 7> 1&)D,)/(&)! /2, &, L/(&)H! | F?,)I >&<! /($!/?,! 8-%),/(U-/(&)! D,1/&"



<.()*1-)12;1$<%.,1 7>1 .&8,1-)*%,111/&!/?  JUSH(.!Q;(*<',| ORII/?,18-%),/(U-/(&)!
D,1/&'1 '&/-1,. -T&</1 2,1 =(,1/(&)! &C! /2,1 8-*),/(11 C(,%=I! .P,,$()*1 &</1 - 1&),!
2-$,HII2(1$,1,..(&)! (12,1 @-'8&1C' K<,)1>I1.2&P)! () K<-/(&)!Q ORHI1/1(.!
12,0 $.1,..(&)! &C! /2(.! 8-%),/(U-/(&)! D,1/&" /2-/' (! =,/,1/,=! ()} -)! 562!

#$,'(8,)/HI !

> >

Figure 1 The net magnetization, or bulk magnetization M, is aligned along the
z-axis. M is stationary and aligned parallel to the magnetic field B,. By applying a
radiofrequency (RF) pulse, the magnetization can be tipped into the transverse plane,
as illustrated on the right. During the RF pulse, M precesses around the B, field,
which is orthogonal to B,. In the illustration above, the arrow represents the bulk
magnetization.

32,0 (-1 .8-%%! 18&(%! &C! P(,! -'&<)=!1/2,! -8$%,! /-1 /2,1 8-¥) /(U-/(&)!

D,1/&1 M!s1</t -1 (1 $',1,..,.1 0! /2,1 /'<).D,".,} $%-),H! 1 0<" )/ (.1 )=<1,= I



P2(12!(.1-8$%(C(,=!-)="",1&'=,=H11J?,!= /,1/-7%,1.(*)-%!1-)!7  17'&3,)1=&P)!()/&!

(.1#-)=1>1188$8&),)/.IP2(1?1-'1.(8$%,&.1(%%-/ (&).1-/1/?,!@-'8&C" K<,)1> M

Figure 2 A 90 degree pulse would rotate M completely to the transverse plane.
The sense and rate of the precession of M in the rotating frame depends on the
resonance offset frequency, ! . If! is equal to zero, then M is on resonance. If! is
greater or less than zero, the frequency of the precession of M is greater or less than
the resonance frequency, as illustrated to the right.

N2, V&I-)MC-8,I1  -IWNI= ¥, 12;1$<%. IP(%%!"&/-1,161()/&!/?,!
I).D,".,1$%-),1-)=1-10"NI=,*, 1$<%. |P(%%!'&/-/,|6!C'&8!/?,1$&.(/(D, /&
), 5-I(D,UI=(, LI(&)HIN<%., 1- 11 /= 1751-1-=(&C",K<,)1>1/?-1$'&=<1, 1-1./-/(1!
+d8-),/(11C(,%=!1$,'$,)=(  1<%-'/2,18-()!18-*),/(11C(,%=H!J?,IC%($!-)*%,|&C!/?,12;!
$<9%..,1(/1=,1,'8(),=17>1/2,1)</-/(&)!C',K<,)1>1-)=1/?,1$<%.,1%,)*/?HIT&P,D, I

12,18-%),/(U-(&)!$'&=<1,=!()!/?,!/-).D,".,1$%-),!1C'&8!-1$<%.,I!.<1?!-.I-]WN!



12,18-%),1(U-/(&)!P(%%!",/<')1/&!1?,'8-%! K<(%(7'(<8I1&-12,'1! #$,'(,) 1,1 d

' Yo-#-/(&)HI)-==(/(&)!/&!2(.)", Yo-#-1(&)11/?,1D, 1/&"18&=,%!-%.&! (% %<./"-/,.|JM

' %-#-1(&)!P, %11 I?(.L.$() SSO, %o-#-/(&)!(.1-1%&. 1& CI$?-.,11&?,)1,17,/P,))!

0=(D(=<-%!.$().HA.1/?,18-%) /(U-/(&)!$',1,..,.101/? 1#>1$%-),11.&8,1&C1/?,!

$().18->12-D,IC' K<) 1(,.1* -/,1&'1%,..1/2-)1/2,1",.&)-)/IC' K<,)1>1-)=17 *()!

1&IC-)I&</P-"=IP(/2!",.$,1/1/&!/2,"",.&)-)/'C' K<) 1>H!! !

1.1.2. Fourier Transform in NMR
J?,1:&<'(,')/-).C&'8!(.1-18-/2,8-/(1-%!/,1?)(K<,1/?-/11&)D, /.1=-/-IC'&8!

/2,1C" K<,)1>1=&8-()1/&!/?,!/(8,!=&8-()I'-)=!D(L,!D,".-H!1J?(.! (.!-)! )D-%<-7%,!

18&8%! ()! =-I-! $'&1,..(*! ()! 8-%),/(1! ',.&)-)1,H! ! Al =(.1<..,=! 7'(,C%>I! /2,

8-%)./(U-  /(&)!(.1=,/,1/,=17>1/2,11&(%! ()!/?,1 562! $'&7,H!1J2(.1 8-*),/(U-/(&)! (.!

'1&'=,=1 -1 -1 C' L ()=<1/(&)! =,1->! Q;:BR 1! P2(1?! (.! -! 1&%%,1/(&)! &C! =(.1',/,!

-8$%(/<=,! -)=1/(8,! D-%<,.! *-/2,",=1 -/ -1 1&)./-)/' /(8,! ()/,'D-% HI1J2(. ;B! (!

=11,=1<.0* P& &'12&*&)-%! =,/  ,1/(&)!1?-)),%.1-%&)*! /2,1 #1-)=1>1 -#, f1 /2(.!

8,/2&=!(.11-%%,=1 K<-="-/<"1 =,/ 1/(&)!-)=! (.1 <.,=1 ()! -%%! 8&=,")! .1-)), . H! :&']

-121'.&)-)1,101/?,1.8,1/'<811/?, /P&!.(*)-%.1C'&8!/?,.,1#!-)=1>11?-)),%.!-',!

1&.(),1-)=".(),!C<)1/(&).1/?-1?-D,1/?,J&CC.,/IC' K< )1>IX1-)=I=,1->1-/1/2,1"-/,]



OcdH!1J?,. |/P&IC)L/(&).I- ' *-'=,=1-.1/2,1' -%!-)=1(8-*()-">1 1&8%&),)/.1&C!
12,118&8%$%,#! .(*)-%!-)=!1-)!1 7,1 1&)D,/,=! )/&! /?,! C' K<) 1>! =&8-()! /2'&<*?! -|
:&<'(,1/-).C&8H !

1.2. Spectroscopy

1.2.1. 2D Spectroscopy

Al 1-=(/(& )-%! IP&S=(8,).(&)-%! #$,'(8,)/1 1-)! 7,1 7'&3,)! =&P)! /&! C&<'!
7-.(11/(8,1 0/, D-%.H! 132, /(8,1 0/,'D-%.1 )1%<=,1/2,1$'$-/(&)!Q  usR!$, (&=
D&Y</(&)! @RI B#()*! Que RI!-)=1/2,1=,/,1/(&)1/(8,1Q/ WRHI1J?,1$ $--/(&)!$,' (&=
“%%&P.1/?2,1)<1%,-'1 $()1.>./,81/&! 1 &8,1/&!-)! K<(%(7'(<8! &I -1)&),K<(%(7'(<8!
SV P21 <) (K, -)=1 =, (7%, $'83, (.. HIT1J?2(.11-)!7,1-11&8%$%(.?,=! .(83%>!
[2'8<*21-1/(8,1=,%->1  &'1/?'&<*?1-18&'1 ,%-7&"/,! $<%.,! .,K<,)1,1.12,8,! /&!
S$',$-,11/2,1.>./,81C&'1/2,I", 8-()=,1&C/?,1/P& $(8,).(&)-%! #$,(8,)/H!1J?,!
C(-%!./,$101/2,1$",$--/(&)1$,'(&=! (N 1&!'&/-1,112,18-%),/(U-/(&) 16 1()/&1/2,1#>!

$%-),11&C/,)1-118&8%$%(.?,=17>!1-1.(8$%, \WNv!$<%. JH!!

T t T t

Preparation Evolutio Mixin Detection

Figure 3 The four time intervals of a traditional two-dimensional NMR
experiment. The time intervals include the preparation, evolution, mixing and
detection time. By systematically adjusting the evolution time t, in a series of
experiments, the connectivity and/or exchange dynamics of a compound can be
determined.

°l



|
32,1 D&%</(&)! /(8,! QKR! (.1 P?,1/2,1 8-%),/(U-/(&)! ,D&%D,.! C',,%>! .&! [?2-16 4]
$.1,..,.0-N/2! @'8&  'CK<,)1 >H!"-1?1)<1%,-"1 8-%) /(U-/(&)! (.! s/-** =t!
“11&'=()*1/&! (1.1 )=(D(=<-%! 1?2--1/,'(/(1! @-'8&'!C'K<,)1>I!P?(1?!=,$,)=.!&)!
12,(1$-1(1<%-"1 T-8(%/&)(-)H!! B(#()* C&%%&P.1/?,!, D&%</(&)!$,'(@EP?(12!*(D, !
12,18-%) /(U-1(&)!1 ()12, 1#>1$%-),1/(8, /&I ()) ,-1/1&"1s8(#11/?,(!P-D,IC<)1/(&).H!
NOUR(MB =121 $&1,.., 1 &I 7,1 ()D, J(*-1,=1$' =&8()-/, %> /-3,1$%-1,H!!
32,10/,'D-%! us18->17,1.2&1  7</11-)1-%.&17,1-)|()D&%D,=.,K<,)1,1&C1$<%.,.1/2-/!
'&J-1,! 6! &</1 &CI /2,1 #>1 $%-),! -)=! -%%&P! /(8,! C& /2,1 .$()! .>./,8! /&! ", Yo-#H!!
&Y6%&P ()*1 /2(.1 8(#()*1 /(8,1 (1/2,1%-/1/(8,1 )/, D-%I  1=/,1/(&)! Q/WRH!1J?(.1 (.1/2,!
)&'8-%6!=-/-1-1K<(.(/(&)!$,'(&= 1/&!I-1K<(,1/?,1C", 1 0=<1/(&)!=,1->H 11J,1?)(K<, .!
0!/P& $=(8,).(&)-%! .$,1/'&.1&$>! =(CC,"18-()%>1 ()! /?,! ./'<1/<'1 &C!/?,(" 8(#()*
$,'(&=H!1J?,1 )C&'8-/(&)!/&!=,/,'8(),! /2,1 1&)),1/(D(/>!-)=! #1?-)*,1=>)-8(L.!
O1-1/-=(/(&)-%!MB S,K<,)1,!(1-11&8$%(.?,=17>I-! > /,8-/(11D-'(-/(&)!&C!/ dC'&8!
&), #$,(8,)I&I2 ) #H  IMM!
1.2.2.1. The COSY Sequence

JP& $(8,).(&)-%! 1&",%-/,=! .$,1/'&.1&$> QO[G\R  I1.2&P)I ()!;(*<'1Z  I1(.!
&C/)1<.,=IC&/?,1=,%(),-/(&)1&C!/2,1.$() S$()!1&<$%()*!),/P&3.1&C!-1.>./,8 IC&'

1?,] $<'$&.,! &C! .$,1/-%! -..(*)8,)/ H! 1J?,! .$,1/-1 /2,8.,%D,.! 1-)! 7,1 ,(/?,"!



-7.8&%</,1D-%<,181$7-.,1..).(/(D,H!1:/1(.1/2'&<*?1/2,1',.&%D,=1C(),|./'<1/<' 1&C!/?2,!
1'€..18,-3.1/2-/1".&)-)1,I-..(*)8 )11 1-)! 7 1&7/-(),=1/&!>(,%=1/?,1K<-)/(/-I(D,!

8,-.<'8)LI&CI.$()  S$()!1&<$%()*11&)./)/.H!! J?,11'&..1$,-3.1/2,8.,.%D,.I-'
%)< =17> 1211).CN&CI)/( S?-.,18-%), /(U-/(&)! &C!=(', 1/%>1 1&<$%,=! .$().I!

J2<.1' D,-%()*11&)),1/(D(/>!()!-11&8$&<)=H! !

90 90

X X

o

RF

|

N |

Figure 4 Traditional COSY sequence.

:&1-1/P& S$()!.>./,81:GI11-%1<%-/()*1/2,1.$()!C&:1-C/, /2, IC("./1$<%. ,1-)=!

, D&Y6</(&)/(8,1H1/2,1$'8&=<1/18$,"-/&"11-)17,IP'(//,)!-.|C&%%&P.H !

I (90 )¢ Qf it
Z

—1 cosQ,t, cosmJ st +21 .S _cosQ, 1, sinmJ gt ovR

+1,sinQ ¢, cosmwJ it + 21 S _sinQ,t, sinJ gt

:88,=(-/,%>1C&%%&P()*!/?,!., 1&)=1$<%.,IIP,12-D,/?,I$'& =<1/18$,"-/&'.2&P)!()!

"KHLHINI?IC(.NMP&!'8.1-,1<)&T.,'D-7%,H!1 3?1 /?('=!/,'8! P(%%! ,D&%D,!-/1/?,!
ar



!

S8IC K< )ISIO -t (1=(210Y M-)=12<15(D, V(. 1&Y2,1=(-+&)-%!$,-3.1 )12,
$,1/'<8HI1J?,.,1=(-*&)-%!$,-3.1=&!)&/",D,-%!-)>!()C&'8-/(&)!7,>&)=!P?-/!1-)!
7L0M&),  S(8,).(&)-%!#$,'(8,)/H!1]?,IC&<!I?1-)=IC()-%!.$()!,D&%D, .1-/1X w
&$$&.,=1&IX ()1 M*(DO*!'(.,/&1/2,11'&..1$,-3.1/2-/1.2&P/2,118" %-1(&) .1 )/?,!

$,1/'<8H! !

I ] (90,)5

—I,cosQt cosmdt, - 21,§ cos 1 sinmd -

+1,sinQ,t, cos It - 21,3, sinQt; sinzwJ
J32,1=(-*&)-%!$,-3.1P(%%! ?-D,!-)1 () $?-.,18<%/($%,/!./'<1/<'IP?,,-.1/?,1 1'&..]
$,-3.1P(%%!",D,-%!-)1-)/( $?-.,L./<L/<IP(/?V,.$,1/1/8Y/2,)0  d1&<$%()*H!!]),!&C!
12, ="-P7-13.1 18112} /-=(/(&)-%6! O[G\! ., K<) 1,1 (1 /2-11/2,! =(-*&)-%! $,-3.1 -,
01)! 7,1-<.,1/2,>1 1&D," -1 %-*,! - -1 &C! /?,! MB! .$,1/'<8! 7,1-<.,! &C! /?,("!
=(.$,.(D,!$&S,/(,.HI  )1-1$2-.,1.).(/(D,!0[G\.$,1/'<8I!/?,1 1'&..1$,-3.1-)=!
=(-*& )-%! $,-3.12-D,! =(CC," )1 %(),.-$,..  -)=1(/,).(/(.I!  8-30* (/! =(CC(1<%/! /&
)%>U,1/2,1()C&'8-/(&)'(1711'&.1$,-3.1/2  -/1-1()11%&.,! $'&H(B(/>1/81/?,18&,!

01)., 1=(-*€)-%!$,-3. H[),!P->1/&1* 1-&<)=/2(.1(1/&! .<$3',..1/2,.(*)-%! &)!

12,1=(-*&)-%! &C!-1 P& S=(8,).(&)-%! #%,(8,)/H! 1 J&! -11&8%$%(. 2! /2-/Il -1 ., K<,)1,!

ac



[2-N1<., 1-1=&<T%, IK<-)/<8IC(%/,11-)17,1-8%  %(,=H!1J2(.I(.L.2&P)I()};(*< IV 1-)=!

(.rC,=l&!-1-1B]; D[G\H h I i!
1.2.2.2. The DQF-COSY Sequence

90, . 90 90

XY X0y X

I‘\Jtl—c’—‘N

Ap= -1 +3 -3
Ap= -1 -1 +1

Figure 5 The DQF-COSY pulse sequence. A third 90 degree pulse is added directly
after the second pulse in the conventional COSY sequence.
J?,!B]; D[G\I(.!18 <1?1%(3,!/?,!0[G\! #$,'(8,)/! #1,$/'C&'/?,!-==(/(&)! &C!-!
12(=! WNV! 2;! $<%.,! -==,=! (88,=(-/,%>! -C/,'l [?,! .,1&)=! $<%.,! ()! /?,! O[G\!

GKS)LH! J2(0 $-1(1<%-"1 L K<,)1,! -/,8%/.1 1&) .&%D,! /2,1 ()1,).,! =(-*&)-%!

ar



|
$&7%,8! 7>! 1-<.()*1 [2,! =(-&)-%! $,-3.1 1&! 7,1 )($?2-. 1 )= ),-%>! $<'!
7. &'SI(&)HIN)-==(/(8)-%!/&!.<$S',..()*1/2,1=(-*&)-%!.(*)-%I1.()*%,/!",.&)-)1,.!
C'&8!(.&%-/,=! .$().!-',|-%.&! .<$$',...=H 11J2,1$?-1&C!/2,|C(./ [P& $<%.,.! -"!
1>1%,=1/&!.,%,1/18)%>1$<"|=&<7%,IK<-)/<8!1&2,")1,.1=<'0*1/2,1),*%(*(7%,! /(8,!
0/, D-%IWII7,/P,)1/?,1.,1&)  =1-)=1/2(=12;1$<%.,.H!1J?,1&)%> I/,'8!" /-(),=! (.!

120 &)1 [2-111&)1-().1 12,0 =,.(,=! =&<T%,! K<-) /<81 1&?,)1,1! -.1 .2&P)! ()!

K<-/(&)!Q RH
I (904 )i Qt ! Jishy S (90, )15
Z
1 8
-21,§,cosQ t;sin/ J ., ®)
J?2,1,'81  [?-[11&)/-().}/?,!=,.(,=IB]'1&?,",)1,1/&!7,!.,% A, =175182-.11>1%, (!

'-0,=HNI2(1$'&=<1/1&$,-1&:  +GI(.1,K<(D-%,)1/&IB] >&] >f/?,1U,'& K<-)/<8!
1&8$&),)! (.1',8&D,=! 7>1 /2,1 $2-.,1 1>1%()*! 8,-)()*! /2,! /'8! M: G117,

\$%-1,=17>1/7,18$,-/&1B]  >yQIS, +21 S, ReMU&I&T/-()!/?,1C&%%&P()*!/,'8.H

ﬂ_%(zl S, +21,§)cosQt sind

%_%(ZIXSZ+2IZSK)COSQ,’[1 sinzd ©

+&/?1&C?,),.<%/()*1/,'8 .1-'1&7.,'D-7%,H!1J?,IC(./'\/,'8!",$",.).1?,1=(-*&)-%!

$,-31!P?(1?1!-.1=(.1<..,=17,C& I!,D&%D,.!-/'[?, XdC'K<,)1>I()7&/?!/?,'8(#()*
(O



=1=,/,1/(&)!(8,1 (), D-%.HI J2(.1/,'81 P(%%! 7,1-)/(  S2-.IP(/?!",.$,1/1/&!/?,)0
18<$%()*1()1;M-)=1; HU?,1.,1&)=1/,'81  $',.).1/2,11'&..1$,-311P?(1?!, D&%D, .
1CLK<)ISIX =<' ()* /2,1 8(#()*1 /(8,! ()/,'D-%! -)=! X d (! ?,1=/,1/(8&)! (8,
O1,'D-%f1/2(.11,'81(.1-%.&1-)/($?-.,1P(I?"",.$,1/1/&1/2,J0  l1&<$%()*1()! 7&/?:d-)=!
D HI+&I21=(-*&)-%!1-)=11'&..1$,-3.17-D, /2,1 .-8,18&=<%-/(&)!()!  /?,18(#()*!/(8,!
0, D-%1/d-)=1$2-.,101/2,1=,/, L/(&)'()/,D-%!/  WHIJI?(18,-)./?,1.$,1/  <8!1-)!7,]
$2-.,=1/&17,1$<"1-7.&'$/(&)! ()1 7&/?'=(8,).(&).H!! !

! 32,0 182, )1,1 $-/2P->1 (1 %, 1/,=! 751 $2-.,1 151%()*H! | A2-.1 1>1%()*!
<$$',..,.1 1&)/'(7</(&).1 C'&8! 12-)*,.1()1 1&2,)1,!-)=! %, 1/.1 $-/?P- > IP(/?!
12-)%,.1011&2,)1,1&'="  IwW$H!!;&1&7.,'D-7%,!.(*)-%I! /2,1 &D,-%%! w$! 8<./17,!
K<-9%1/&1z0zH!1:&1/2,1B]; D[G\/2,1$-12P->.1  wy{O!-'1()?,")/%>!.,%,1/,=17>!
12,1C(.N1$<%., 102, K<)LHI[  ),1$&..(7%,!1$?-.,11>1%, IP&<%=17>0 1 2 3I!P?,"!
NI(CIWN!I=*, IOI(IO'NI=*, IMI(IM_NI=*, 1)=lal(laYNI=*,,.  [1-$$%(,=!/&!
12,1C(./IP&I$<%.,.101?2,1. . K<,)1, HI?22( =1$<%.,1P&<%=!"8-()IC(#,=!-)=! /2!
' 1,(D, 1P(/?1/?,1.-8,)<87,'/&!=* 11&)D,".(&).IIP&<%=!), =!/&!7, 11>1%.,10
2 0 2.11G<121-11>1%,! <$F',..,.1 /2,1 $-/17P->1wy{O! - )=1.&!/2,!-#(-%! $,-3.!-"!
<$$',..,=H!Il J2,1CO-%!wSyBl-)=!|Ol!-.1., )IOL;(*<' IVI1-)=1/?,18&)%>!=,/,1/-7%, !

(%)-%!2-.1$y! SOHI1J?,!.,%,1/(&)!&C!/?,., [P&I $-12P-> 1¥<-")/, 1 [2-11/?,1 &)%>!

a.



18)/'(7</&' 11&)[?,1&7.,'D,=".(*)-%!P(%%!7,/C'&8!/?2,11&2,' )1,.IP(l  ?1&'=,"1$y{M!
$,.)1d<./17,C&' 1/2,1/2(=I$<%.,H!hai !
! J?2,1=(.-=D-)/-* /&!<.()*I-1B]; D[G\IS'&I&1&Y6!(N/2-1112,1.,).(/(D(>1(.}-!

C-1/&1&C!mY/2,1..).(/(D(/>'&CI-17-.(110[G\L,#$,'(8,))  HWW!

1.3. Water Suppression

F-/1(0 -1%),'(11.8%D,)/1<.,=1()15621./<=(,.'7</<.()*!/?(.1.&%D,)/!1-)!
1',-/,1 -)! &D,'P?,%8()*! $'&/&)! .(*)-%! Q}ONNBR! /?-/! 1-)! &D,'%-$! &' .-/<",!
P,-3,'L(*)-%.HIIAI%-"* IP-/,'1(*)-%!1-)1-%.8&11',-/,1&/2,1$'&7%,8.1P(/?!.$,1/-I!
<120-17-.9%(),) =(J&I(&).L-)=! -1 $2-.,1 '&%%H! J2,! -.(,./1 -)=! $,'2-$.! 8&./!
&TD(&<.! .&%</(&)! 1&! ,Y%(8()-/,! -)>! $'&7%,8.1 P(/?! P-1,"! -I<"-/(&)! (. /&! <.,! -!
=,</,-,=! .&%D,)/H! | T&P,D,I! \D,)! =,</,/,=! .&%D,)/.! 1-)! 1&)/-()! .8-%%!
-88&<)1&CI<)=,</,-,=  c$-/(-%YE=,</-/,= 1.&%D,)/1-)=!=,</ -/,=!.&%D,)/.!
1-)17,1<)$-1/(1-%! ()1 $'&/, ()1 /<=(,.1-)=1 (8$&...(7%,! ()! .&8,! 7(&%&*(1-%! .-8%%, . H!!
"#12-Y* 1 P(/?) %-7(%,! $&/&).! 1-)! 1-<.,! [T! -)=! 5T! /&! =(.-$$,-'1 C'&8! -!
$,1/'<811 -1 P,%%H! | J&! 1&$,! P(/?! -1 %-"* "1 P-/,'l .(*)-%! /?-/1 8->1 &/?,'P(.,! 7,!

<)-D&(=-7%,I! 8-)>! 8,/2&=.1 ?-D,! 7,)! =,D,%&$,=! /& .<$$',..! P-/,' <.O*!

a



D-'(&<.!11&87()-/(&).!&C!2;!1$<%.,.I-)=1*"-=(,)/.1 &1 $&./ $'&1,..0*/,1?)(K<,.H!

HON!
. Main sequence Past-su reséion ~ Post-
Pre-suppression | (jnteorated solvent suppression pp acquisition
) ) v data
processing

Figure 6 Possible water suppression schemes (can use one or a combination of
techniques) for NMR experiments.

J2,157,./11-$$'&-121 C&'1P-/,'1 <$%',..(&)! 1-)1 =,$,)=! &)! -I D-'(,/>1 &C! C-1/&..I!
(01%<=()*1 7</1)&/1 %(8(/,=!/&! .-8$%, 1! />$, &C! () C&'8-/(&)! =,.(,=I!.$,1/'&8,/,'I!
3(%%! &C! &$,-/&1! /(8D-(%-7%,1 /&) .,/<$/2,! #%$,'(8,)1'=,*, 1 &C! .<$$',..(&)!
=,.(\=I1-)=1 /2,1 562! #$,(8,)/1/&! 7,1 $,'C&'8,=H! | 0%,-'%>I! P(/?! /2(.! 8-)>!
18).(=,/(&).11/2,' 1 ()& &),!1-).P, "1 -[(.C>()*1 2&P! /&) .<$$',..1-1.&%D,)/11 !
$-/(1<%-'Il -1 P-/'1 .()-%H! Hil J2,! 8&./! 1&)D,)/(&)-%! -$$'&-1?! /&! P-/.'l
<$$..(&)! (1 &) S.&))L!S$, /<& &C! /2,1 P/ ",.&)-)1H! 1 32! (!
=( 1<, = O %, = -(%! O 12,0)#0 .,1/(&)H! | T&P,D,'l! /2(.! 8,/2&=! 1-)!
L)< ()-%.1),-1/2,1 P-1,1C K<, ) 1>H! L J&!",%(,D,! .&8,1&C!1 /2,1 (..<,.| P(/?!
Q)P-)/, =1 -I1,)<-I(&)I! 8,/2&=.12-D,1 7,,)! =,D,%&$,=! /2-/! <. 1$<%.,1.12,8,.!
12-11%,-D,1 12,1 $()! $&$<%-/(&)! &C! /2,1 P-/,'1 <)$,/<'7, =1 =<'()*1/2,1" Yo-#-1(&)!

=,%->H1132,.1/,12)(K<,.11-)17,1%&<$,=101/2", 11/, *&'(,.H!! !

O\



!
«  0<8$!-)=I"/<"c.,%,1/(D,! #1(/-(&)!.1?,8,.1<., =1 -1 ) -1K<(.(/(&)!",-=!
$<%.]
o G1?,8,.1/2-N=($?-., 1/2,1/-).D,".,1 1&8%$&),)/! &C! P-/,'18-*),/(U-/(&)!
=<'0*-1.$() D6&13I$<™*,1$<%),
o G1?,8,.1/12-1-$$%>1$<%. =1*-=(,)/.1&C!./-/(118-*) /(1!C(,%=!/?-/"-%%&P!C&'!
12,1,CC(L().,%,1/(&)!&CY?,11&?,')1,1/-).C, 1$-/?P->HIl |
T&P,D,'1'8-)>1&C!/?,18,/?&=.1/?-I"C-%%! ()!/?,.,'1-/,*&'(,.!11-)!.<CC,"1C'&8! %&P!
(*)-%1&N&(,101-1.()*%, - 1K< (.(/(&)H! F?,)1/(8,! (1-11'<1(-%! C-1/&1()!-)! 562!
#$,(8,)/11-18,/128=! P&<%=17,1" K<(',=!/2-/' 1&<%=! K<(13%>! $'&=<1,!-I", %(-7%,!
$,1/'<8I P(/21 2(*?1 .(*)-%! /& )&(.,! (! -1 .2& 1 -8&<)' &C!/  (8,H!! FAJ'2LAJ"!
QP-/1.<$$',..(&)!7>1*-=(,))  F-(%&,=!#1(/-/(&RI!=(.1<..,=1()!8&",!=,/-(%!()!-!
%-/,1.,1/(&)'$'&=<1,.l, CC(L(,)'P-/,1.<$%",..(&)!)!-1.()*%,!-1K<(.(/(&)H!14)%(3,!
1?2,18,/?2&=.1=,1'(7,=! -'%(,'I' FAJ"2LAJ"! <.,.I *-=()/! $<%.,.! /&! ',8&D,!
QP-) =l 182, )1, 21 29 %1 -$$&$(-/,! 1&?,))1, $-).C,1
$-/?P->.H! OO
1.3.1. Water Suppression Using Presaturation
N <I@IQ;(<, RI(I-,1?) (K<, IP?,1-11&)/()<&<.I'P,-3!Q-)=!/?,' C&",!

C',K<,)1> S,%,1/(D,R! -=(&C' K<) 1>! ("-=(-/(&)! (! <.,=! $'(&"1 /&! #1(/-/(&)! -)=!

a.



SIK<(((&)H!1I2(1 % (8()-/,.1 /2, P-1,"18-%),/(U-/(&)! ()1 /2, .(8%%,. N1-)=188&./!
,CC,1/(D,! P->! C&'! -1 $,5<$%,..(&)! 8,/2&=H! :)! ",1,)/! >,-'I! 2&P,D,'I! /2(.!
8,/12&=12-17, )10/, %-/,=10/&/2,18-()1.,K<,)1,11.<121- 10)1/2,18(#(*!/(8,1&C!
JI5["G\I,K<,)L,H!  ION

Excitation Pulse

Acquisition

Pre-saturation Pulse

90°

Figure 7 An example of a pulse sequence using a presaturation pulse for water
suppression. The presaturation pulse is added prior to the excitation pulse, though in
some sequences, it has been added in the main body of the sequence, between
excitation pulses.

32,0 12&(1,! &C! $<%.,! $&P,'l -)=! =<"-/(&)! <.<-%%>! ' K<(,! .&8,! -8&<)/! &C!
188$'&8(.,11-.1 )1'-., = $&P,"1-%%&P.! C&'1 ,CC(1(,)/! ,%(8()-/(&)! &C! .&%D,)/! 7<!
1)1 /<)), 7> 12,8(1-%! 2(CL) )=l (01,2t =<-/(&)! >(,%=.] * /!
SI<-I@) T, =<1,.1/2,1 ,CC(1(,)1>! &C!.()-%! -D,-*()*H! I F2)! 1&).(=,'(*! -!
$,.-1<-1(&)!$<%.,1 ()!-)! 562! #$,'(8,)/11 (/! (1 1'<L(-%6!/2-/1/?,18-%) /17 1P %%!
2(88,=11 7</1 /2,1 $<%.,1 1)1 -.(%>1 7,1 <.,=1 ()! 1&)d<)1/(&)! P(/?! 8&./! #(./(*!

5621 #$,(8,).H!1J?," - | .&8,="-P7 1311811218, .-<-1(&)!,12) (K<, I

01%<=(*.-I<-/(&)V/-).C,1)=I1'&.. S %-#-/(&)?-"1-)!",=<1,1/2,10)/,).(/>!&C!

a



!
H12-)50)* $'&J&).) -)=! [2-1 .&8,! $'&/&).1 %(,! =(',1/%>! 7,),-1?1 12, P/, &
<CC(L1(,)/%>! 1%&.,! 12-11[2,>1 1-))&M ,.1-$,! /?,! -I<'-/(&)!/? ,8.,.%D,.H! ! G&8,! &C!
12,0 (.<, 1 1) 7,1,8,=(,=1 7>1 8()(B(U()*! '-/,.! &C! #12-)* 1 7</1 2.1 () &!
-%P->.1$&..(7%, Hili!
1.3.2. Water Suppression Using WATERGATE

F-1,'1 .<$$',..(&)! 7>! *-=())/ 3-(%&',=! #1(/-/(&)! QFAJ"2LAJ'R! (.! -!
2(*?%>! .,%,1/(D,! P-/1 <$$',..(&)! /,1?)(K<,! =,D,%&$,=! /& ,).<' ! * -/
<$S,..(&)! O -1 .0*%,! -1K< (L(/(&) H! ! 3?(.! 1&87()-/(&)! &C! /-(%&',=! #1(/-/(&)!
$<%.,.1 P(/?! 8-%),/(1! C(,%=!*-=(,)/.! (.! 1&)=<1(D,! /&! 8&./' 8<%/($%,! =(8,).(&)!
562! #$,(8,).H  O@OMJI?,!/-=(/(&)-%! FAJ"2 LAJ".1?,8,! (.!.?&P)! ()!

(<" HI

a\



20 180,

RF — -

Gradient ( 2 / ,

Figure 8 WATERGATE pulse sequence with nonselective 90, symmetric short
field-gradients and a selective 180 degree sandwich.

A1&) S,%,1/(D,!WNV!I 2;1$<%.,! #1(/L-%%!",.&)-)1,.I <)(C&'8%>H!1J?,! .<7.,K<,)/!
1?&!.,*8,)/1 (1 C&'8,=17>!/P&! 2&/1C(,%= F'-=(,)/'$<%.,.l/?-/!?-D,!/?,! .-8,!
-83%(/<=,1-)=L.()!P(/?!-11,)/%!.,%,1/(D,!IO'Nv! - 2;1$<%.,!.-)=P(1?H!1J?,|0°Nv!2;!
$<%.,! (.1 .-)=P(1?,=!.<121/2-/1[?,1),/V'&/-1(&)! &C! [2,) P-/1I1 P?(12! (! /! &)!

L&) 11-$$'&-17,.1U,'&!IP?(%,!1/2,!",./1&C1/?,1.$,1/'<8! (. C%($$,=! 7>!/2,/O"NV!
$<%.,HIOM J2(.! 8,-).1 /2", ()& P-/,'1 .(*)-%! ' $?"-.,= 1 K@)
PO=&P! &$,).H! | A%%! 1&?,")1,.! #1(/,=! 7> /2,! C(./!)&).,%,1/(D,! $<%.,! -',!
=,$2-.,=17>12,/C(./1C(,%=*-=()/1-)=/2,)!",$?"-. =1 7>1/?,] | 1&)=1*-= O
$'&D(=,=1/?,>1#$,'(,)1,1/2,10° NVI'&/-/(&)'7>1/2,1.,%,1/(D,!.-)=P(1?H!  hO@Oa!
L J&IB0BU?LCCLIECIOBE=<Y-/(&))=S0)  STON Yo-#-M(&)I?,1 178!

%,)*/?' (1 3,$/'-1.2&' -1 $&..(7T%,H!1J?,1%,)*/?1 &C! /2 )&) SHL(/,=!"*(&)'()!/?,!
MI



=PRI =,1,'8(),=1 7>1/2,1%,)*/?1&C1/2,!.,.%,1/(D,) WNV! $<%.,.1' *(D,)!/(8,! uH
32,0 #1(/-1(&)17-)=P(=/2! (1% (8(/,=! 7>1/2,12:1C(,%=!()/,).(/>1&C1/?,)&)  S,%,1/(D,!
$<%.,.H! 1 32,1 .$,1/-%! -)* ! (1 ',=<1,=! /& C',K<,)1(,.! {Ocu! C'&8! /2,1 1-"(,"
C',K<,)1>IIP2(1?1(.1/2,1P-/, 'IC'K<,)1>HIOM

! [$/(8-%!",C&1<.()*1 1-)!1 7,1 -12(,D,=! 7>! <.0*1.$,1(-%(U,=! $<%.,! /'().! ()!
$%-1,!&C!/?,1O'NV! .-)=P(1?H!1[),! &C!/?,! 8&./' C' K<,)/%>! <., =1 &$/(8(U ,=! $<%.,!
1-0.1(12,17088(-%la  SEOWIIP?(1?1=,)&/,.1-.>88,/'(1].,K<,)1,la~  SISV-HISOWS
UDWHISV-S1S~! QYZ~yO'NRI! -.1 .2&P)! ()1 ;(*<',1 WH! I 32,1 /-()! =,%(D,".! -1 ),/!
H1(-1(8)!&)!",.8)-)1,1-)=!-1C' K<, )1(,.1-/'we vy {@BROCUP?,",13y!NIOIMIal€ H!

Hoa!!

3a 9a 19a 19a 9a 3a

64a=

180
RE = R

Gradient / | (

Figure 9 WATERGATE sequence with 3-9-19 selective pulse train included for
optimization of water suppression.
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1.4. Multivariate Statistical Analysis

32,0018 J-1(&)! &C1 %-"* 1 =—/-. [.1" %(,.! &)! 1&8%$</-/(&)-%! -$$'&-17,.!
C&'1-)-%>.(1-)=ID(.<-%(U-/(&)H!16,/2&=.1/&I<)/-)*%, |/?,1188$%(1-/,=!),/P&'3.1&C!
7(8%&*(1-%! 38! (1%<=! $()1$-%! 1&8$&))! -)-%>.(! Q"OARI
8<%I(=(8,).(8)-%! .1-%()*I 1%<./,'(* /,1?)(K<,.Il -)=! =(1'8(-) ! C<)L(&)!
)-%>.(1-8&)*1&/?," H! DB i10&88&)!/&! 8&./11&C!/?,.,18,/2&=.1(1/2-/[?,>!
7<(%=1<$&)!1/2,10/,'=,$,)=)1(,.1 7./P, )1 1%-..,.1- | #$',.. =1 7>1-11&D-'(-)1,!

&' 1&" %-/(&)! 8-"(#H! F?,)! -$$%>()*! 8<%/($--8,/'(1! /,1?)(K<,.! C&' $-//,')!
L 18)(/(&)!()! 7(&%&*(1-%1 > /,8.11 (/1| (B$&-)//&I1&).(=,1P?,  ,ID-'(-)1,18->!
7,1=,(D,=H!ls-'(-/(&)!1&8,.IC'&8Y/?',,1.&<'1, .101-17(&%&*(1-%!.>./,8H!  HOZ!
o G$,1(CLS$,/<T-I(&). 832,18, I<T-I&.L()  !-17(8%&*(1-%! .>./,8!- -]
$,1(C(11-)=1%8&1-%(U,=!()/,'D,)/(&)H
o L%&T-%! $,/<7-/(&). S 2,1 12-)%,.1 ()=<1,=! -/! 8<%/($%.! .(/,.! P(/2()! -!
),/P&'31&C!-17(8%&*(1-%! > ./,81&'1()/,'D,)/(&).1 T'&<*2/1-T&<NT>! #],)-%!
C-1/&'1/2-12-D,1-1.(*)(C(1-)/1.(8<%/-),&<.I()C  %<,)1,1-/18<%/($%,!.(/,.11-)!

7,11%-..(C(,=!-.*%&7-%!()!)-/<', W

MI



|
o )0.(LID-(-T(%(/> Se-'(-)1,1=,(D,=1C'&B112-)* 1/2-1=&1)&/!" $',.,)/!
1=,9%(7, 1S, 1<'T-1(&)! &1 12-)*, 1 &C12,1$2>.(8%&*(1-%6! /-1 7</1"-/2,')
2 1=(D, 21751000 (LD (-7(%(/>-11 &).(=,,=1010.(L/&Y?,1.>./,8HI 1
32,0 J-I(/(1-%! 8,/28=.! 8,)/(&),=! $',D(&<.%>! C-%%! ()/&! /P&! 1-/,*&'(.I!
<).<$,D(.,=! -)=! .<$,D(,=H! ! J,1?)(K<,.! .<1?! -l N0Al -'! 1%-..(C(,=! -.!
<).<$,'D(.,=17,1-<.,1/2,>!" K<(,)&! a priori!3)&P%,=* |&C!/?,11%-..1&C! .-8$%
=1 17-, 218121 1-%1<%-/(&)! &C1%-/)/1D-'(-7%, .H!1J,12)(K<,.1 01/2( 1 1/, *&'>!
2 1<, C<%IP?2,)1/2,1=-/-1(1'(121-)=1$%, )/(C<%! 7</1/2,1 2>$&/?,.(.1 &' () C&'8-1(&)!
e=(41/2,0 =<1 (1S&&H!  FOVIOYIE? )12, 1 (-1 &)%) 1 2>$8&/?, (1 -)=!
8&',! )C&'8-/(&)! ", *'=()*1 /2,1 -8$%,1! .<$,'D(.,=!/,1?)(K<,.l 1-)! 7,! <.,C<%H!!
32, 1,12)(K<,.101%<=,1=(.1'(8()-)/1-)-%>.(.1-)=1$-/(-%1%, - /1 K<-',.1-)-06> (. H!!
G<$,D(.,=!/,1?)(K<,.1?-D,1.&8  1$-/1,).1/2-11?-D,!-1=,.(",=",.$&).,1/2-1-,]
3)&P)!/&1/2,1()D, J(*-/&H!1J?,1*&-%1&C! .<$,'D(.,=!8,/2&=.1(.1/&!8&=,%!/?,1=-/-]
&2, 1(19)1-11</,18-$1C&1/2,10$</ IP(I212,1/-"* | HI1J?,(=,-1(.)1=,D,%&$!-!
/-0 H2-11-)17,1-$$%(,=1/&12,1-  )-%>.(.1&C!-%%!/?,!.-8$%,.!1()!-I=-/-.,/H!

oW1
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1.4.1. Principal Component Analysis

~()1($-%!1&8%38),)1-)-%>.(1(.1-1.(83%,1)&)  $--8,/(1!8,/2&=!<.,=1/&!
H-1/1" %, D-)/1()C&'8-/(&)!C'&81%-"* 1&11&)C<.()*I=-/-.,/.HI1J?,1-(81&CINOAI(.!
1&! (=)/(C>1 12,1 8&./18,-)()*C<%! 7-.(1 )! P?  (1?1/&!", SH#S$',..l /2,1 =-/-| P?(%!
C(%/, OM&</&(.,1-)=!"D,-%()*12(==,)L./'<1/<' HIIJ?'&<* 2V 0AIN(/1(.12&$,=!/2-/!
12, /) C&'8-1(&)?-11(N(8$& )N =<)=-)1&)&(.,11-)1-%%!7,1=(.1,"),=H!! !

6-/2,8-/(1-%%>I! P,! 8<./! 8-3,1 [?',! -..<8$/(&).H! ;("\/Il P! -.< 8,
%(),-(/>I! .&! /2,! $&7%,8! 1-)! 7,1 C-8,=! -. -1 12-)*1 &C! 7-.(.H! | G,1&)=1! /?,!
-..<8$/(&)! (.1 8-=,1/2-/1%-"* 1 D-'(-)1,.1 () /2,] =-/-1 2-D,! (8$&/-)/! ./'<1I<',.]
[2-11\D,-%! <.,C<%! ()C&S-/(&)H! ! J2(=I! /2,! $'()1($-%! 1&8$&),)/.! Q*O.R! -'!
&'12&%&)-%I1 P2(1?! (.1 -)! ()/<(/(D,! .(8%%(C(1-/(&)! /?-/! 8-3,.1 "OAl .&%<7%,! P(/?!
%(),-"1 -%*,7-1 =,1&8% &.(/(&)! 1,1?)(K<,.H! "0.! -, %(),-1 18&87()-/(&).! &C! /2!
&'(*()-%!=,. 1'($/&".1/2-11 1 1-%1<%-/,=1 /&1 7 1<) 1&" Y%o-/,=| P(/?1 &),1-)&/?,"1-)=!
=,.1'(7,1-1=,1' -.()*1-8&<)/1&C!=-/-ID-'(-), - 1>&<1. K<,)/(-%%>18&D,1/2'&<*?!
/2,170.H! OB 10&).(=,1-1=-/-1../1  XIIP?,'1 -1?11&%<8)!(.1-!.()*%,!.-8%%, ! Q&!
)-$.2&/1 ()1 /(8,RII-)=1  YII P2(1?! (1 )&?,1 m x n! 8-I'(# " %-1,=! 7>! %(),-"
[-).C&8-I(&)! I&! 8-I(#!  P. X! (/2,0 &(*0-%! =~/ )=! Y (1 /2,!),P!

'S, )-I(&)I&CY? =</ HI ]



PX=Y (10)

PI(1/2,18-/'(#!/?-1-).C&8.) X ()& Y!/?'&<*?1-I'&/-/(&)!-)=!-1./' /1 ?H!

J?,V'&P.I&CI P 1L N&CH?)),P7- (1D, L/&" 1< =& #$',..1/?,11&%<8).1()! XH!

J?,I'&PID,1/&' 1()1/2(.1/'-).C&'8-/(&)!7,1&8,!/?,1"0.1&C! XH
P1
PX=| : X, ... X, (11)
pﬂl
pX o PiXy
Y= R : (12)
pmxl o pm‘xm

A)I&'128)&'8-%!8-/'(# P18<./17,1C&<)=!()! Y=PX!.<1?!/?-/! Cy= (1/n) YY"
(1-1=(-*&)-9%! 8-/"(#H1J?,18-3,.1/2,1'&P.1&C!  P!/?2,110.1&C! XHA.0*! (*,)D,1/&!
=,1&8$&.(/(&)1,12)(K<,.I18-/'(#18-)($<%-/(&)11-)!>(,%=/?,|C&%%&P()*!",.<%/.H !

c =Llyy"

v n
-Lex)yxpy
n

= lPXXTPT (13)
n

= P(lXXT)PT
n
C,=PCpP'
J?,18-/'(#M(.).,%,1/,=Y/&17 )-18-/'#IP?,',-1?V"'&PI!$ U[@B]

,(*)D,L/&1&C! (1/n) XXTH!I+>1/2(.1=,C()(/(&)IP)(.!|,K<(D-%,)/I&IE’H
M\



C, =PC P’
=P(E'DE)P’
=P(P'DP)P’

=(PP")D(PP")
=(PP')D(PP'")
C,=D

(14)

D)1.<88-">11 NOA" K<, 2-1 /2,1 =-/-1 (1 &*-)(U,=! ()! -! m x nl 8-I'(#
P2l ml(1/?,18,-.<",8,)/1/>$,.1-)=! n!(.1/2,1)<87,"1&C!.-8$%,.11/?,18,-)! (.}
<T7I-1/,=) C'&8! -1?1 8,-.<",8))/! [>$,1! -)=! C()-%%>! /2, ,(*,)D,1/&"! &C! /2!
1&D-'(1)1,! (.1 1-%1<%-/,=! P(/?!/?,!8,/7&=1 &</%(),=!-7&D,H! 101 J?,! C<)=-8,)/-%!
$8S,/(,.1 &CI110.1 (1 /2-11/2,>1 -1 &'/2&)&'8-%! -)=! 12<1<)1&" %-1,=1 P(1?! &),!
&[2,1 Y=L [2-11[2,) C(.11 A0 1&)/-(). 12,1 %-*,./1 $-'/1 &C! /2,1 D-'(-)1,! &C! /2,!
=—/- Il P(/?! .<7., K<) A0 1&)-(()* 1&8",.$8)=()*%>! .8-%%,"! -8&<)/.! &C!
D-'(-)1,H! 1 J2(.1 8,-).1 /2-/1 -1 $%&/! &C! /2,1 C(./1 [P&!I &'1/?',,180.1 *(D,.1 /2,1 7 i
'8, )-(8)12,18,-))*C<%./'<1/<' 1&CY?,1=-/-. H! OYIO !



2. Metabonomics

|
2.1. What is Metabonomics?

L,)&8(1.!1-)=!$'&/,&8(1.1?-D,!17,,)! 1'<1(-%!/,1?)(K<, 1()!1<)'-D,%()*1/?,!
8>./,'(,.1&C! 7(&%&*(1-%! .>./,8.11<)%&13()*!.,1',/.1 &C!=(.-.,1-)=12<8-)! ?,-%/?H!
J&!-$$%>!1/?,1*)&8(1!-)=! $'&/,&8(1! 3)&P%,=*,! ,CC,1/(D,%>! 7,/P,,)! D-'(-/(&)!

)= =( -0 - $&AL 2= I&D T L 1T%(2, 2! 241 <, =1 -1 >./,8.1 7(&%&*>!
-$$'&-1 ?21/2-/ 1 #-8(),=18,/-7&%(11$-/?P->1-1/(D(/>H! HOWJ?,!8,/-78%&8,!&CC,".!
()C&8-/(&)!7,>&)=!/?-1&C!*)),.1-)=I$'&/, 0.1-%8&),11-.1(/"",C%,1/.18&',1 1%8&.,%>!
12,1 -1/(D(/(,.! &C! 1,%%.! -/! -! C<)1/(&)-%! %,D,%H! ! 0?-)*,..I ()! /?,! 8,/-7&%&8,! -',!
-8$%(C(,=!P(/?!",.$,1/1 /& 12-)*,.1 )1 /2,1 /). 1'($/&8,! -)=! $'&/,&8,! -)=! 1-)!

>(,%=! C<'/?,'! )C&8-/(&)! -7&</! 12-)*,.1 ()! 12,1 *)),J(1! #3',..( &)! [?7'&<*?!
$'&/,0! $'&=<1/(&)!-)=! O/, *-/,=! 1,%%<%-"! 7(&17?,8(1-%! ', *<%-/(&)! -)=! 1&)/'&%H!
J2(.112-"-1/,"(U-/(&)!&C!$'&/,()IC<) /(&) ?'&<*21/2,1$2,) &/>$()*1?7-.17,1&8,1-)!
(8%&/-)/' &7d,1/(D,! ()! C<)1/(&)-%! *)&8(1.! -)=! (.! -11&8%$%(.?,=! /?'&<*?!
8,/-7&)&8(1.H! MOV OY! O\8V@ 6,/-7&)&8(1.! -%%&P.! C&' /?,! K<-)/(/-/(D, !
8,-.<'8)1 &C! [?,! =>)-8(1! 8,-7&%(1! ',.$&).,! &C! %(D()*! .>./,8.! /&!

$72>.(8%&*(1-%! ./(8<%(1I! 7(&%&*(1-%! ./',..&D('&)8,)/-%! 1&)=(/(&).I'  &1*) /(1!



[
8&=(C(1-/(&)M HOY! O 1! MIN MM ! J?,! <%/(8-/,! *&%! &C! 8,/-7&)&8(1.! (.! /&!
K<-)(-/(D,%>! -)=! K<-%(/-/(D,%>1)-%>U,! -%%! &C! /2,1 8,/-7&%(/,.! (! *(D,)!
7(8%8&*(1-%! .>./,8 $&D(=0* - )1 <)7(-..= !.$-/(-%! -)=! /,8$&-%! .)-$.2&/! [?-/!
$&D(=,.!I-1*%&7-%!$(1/<', BC!-1/<-%! 7(8&%&*(1-%!,D,)/.1()12./,8H! FO [IMOMa!
4)1&D,()*,)= &)/ 7(&8-'3,".1/2-/11-)!7,1<. =I C&'I $'&*)&.(.1 &'18&) (/&' ()*!
I'-18,)1$%-).1 2-.1% -/} (8$&-)1,! () 1/2,1C(,%=! &C! $,".&)-%(U,=! 8,=(1(),I! -.!

P(%%:!7,1=(.1<..,=10/2(.11?2-$/, H!!

2.1.1. Using NMR as a Tool in Metabonomics

9=l 01%<=,! 2(*?1 $,C&8-)1,! %(K<(=! 1?'&8-1&*-$?>1 QT @ORIl *-.!
17'88-/1&*-$?7> B-.! .$,1/&8,/> QLO  BGRI! 8-..! .$,1/'&8,/>! Q6GR! -)=!
5621 .$,1/'&8,/>H! | J-=(/(&)-%%>! 562! -)=! 6G! -',| 1&).(=,",=! /&! 7,! /2]

$(8->11 8&./1 <)(D,'.-%! -$$'&-12,.1 ()1 /2,! C(,%=H | HMIN [/?,"l 8&=-%(/(,.! &CC,"!
1')*12.1018,/-7&)&8(1.11?&P, D, 115621 (1<) (K<, 1-)=1-=D-)/-* &<.1()1/2-/\(/!

(10?2, )1%>1)&) S,./<1/(D,IN&) K)D-.(D,IIK<-)/(/-/(D,1())-I<',1-)=1$'&D(=, .I-!
P,-%6/?!&C!()C&'8-/(&)!-7&</1)<1%,(1/2/1-',1562! D(.(7%,! Q(H,H! OTI! 020! OVERM!
MAIMIIF?(%,16G! (.18&,.,).(/(D,1/?-)156211=(CC," )/(-%! (&) (U-/(&)!.<$$,..(&)!

1-)1 8-3,1 $-//,)! K<-)/(C(L1-/(&)! K<(/,! =(CC(1<%/HHOY! :)! -==(/(&)I! 562! (. 8&',!

M



'&T<./1 12-)1 6G! P2))! (! 1&8,.1 /&! .-8$%,! $',$-/(&)I! ", $'&=<1(7(%(/>]! -)=!
-7.8%</,1-)="" %-/(D,)K<-)/(I-/(&)H MMN+,1-<.,15621$'&D(=,./()C&'8-/(&)!-7&</!
-1 12,8(1-%.! ./'<1/<'I! ) 5621 .$,1/'<8! (! -| $2>.(1-%! 1?2--1/,'(/(1! &C! -!
188$&<)=!(.1/2(.)(1?&P15621.$,1/'&.1&$>1(.1?(*?%>!" $'&=<1(7%,H! HVIN
5<1%,-'18-%),/(1!",.8)-)1,!.$,1/'& 1&$>1 1-)! $'&=<1,! C-./1-)=! =,/-(%,=!
)-%>.(1&CH/2,17(888%,1<%-"1 1&8$&.(/(&)! &C 1'<=1 #/-1/.1.<1?!-.17(&C%<(FWN
[CC,'0* -1 <)(C&8! =,/,1/(&)! .>./,8! P(/?! K<-%! .,).(/(D(/> C&" -%%! $:&/&) S
18)1-()()*! 8&%,1<%,.I! OT $62! (.l -7%,! /&! =,/,1/1 1?-)*,.1 ()! 8,/-7&%(.8! /?-/!
&11<' 7,C&'1 -)>1 *&..1 8&'$2&Y6&*(1-%! 12-)*,.H! )l -==(/(&)I! )<8,'&<.! )&D, %!
7(&8-' 3,.1&C1&™*-) S$,1(C(LY&H(L(/>1?-D,!.2&P)!/?-/156211-)! #1,%!P?,)I<.,=!
S 1) HS%& 18> /&&YHDVIO IIMVAF(/?1/?,.,1 K<-%(C(1-/(&).1)! (/.| C-D&'1! /2,1 C(,%=!
&C!8,/-78)&8(1.! <.,.1 562! /&! 8,-.<',1 7(&1?,8(1-%! $,'/<'7-/(&). 1-<.,=! 7>!
=(.,-, HI J2(.1 2-1 7,))! .<11,..C<%%>! =,8&).//,=! -.! -| D(-7%,! /,1?2)(K<,! P(/?!
=(-al 012 &I 1-=(-11 =(.,-, )=l A-13().8) ) =(.,m. ) 128K 2]
2)-%>.(.1&C1$'&./-/(11C%<(=1<'(),11-)=1$%-.8-HAVIYIM  11J?,11<" )/1./<=>1(.1-(8,=!
-1<)1&D,'()*1-18<%/($--8,/'(1!8,I-7&%(1!",.$&).,\&CI ()/,"/(/(-%! 7' -/l C%<(=!/&!

1)1, -1 $-128$7>.(&%&*(1-%! /(8<%<.HIDi! :8% %,8,)/(*! -)! 562 .=



!
8,/-7&)&8(1!-$$'&-1?!-%%&P.! C&'",%-/(D,%>! 1'<=,1 .-8$%, .1 .<1?! -1 ()/,"./(/(-%!
7' - IC%<(=1/&!7 ,1-)-%>U,=IP(/21%(//%,!.-8$%,!$',$-'"-/(&) HHVIN
2.1.2. Metabolites as Biomarkers for Breast Cancer
6,/-7&%(/,.11-)17,11%-..(C(,=!-.1,(/?,1,)=&* )&<.I'P?(1?18,-).1/?,>!-',!
1&=,=1()1/2,1%,)&8,1-)=!-"10/'().(11/&! 1,%%<%-"| C<)1/(&)I! &1 #,)&7(&/(11' P?(1?!
8,-).1/?,>1-'1=(D,=1C'&8!-IC&",(*)!1 &8$&<)=HOYIOW!
J?2,1),=IC&17(&8-'3,.1/&!",C(),!.2&1  $,817'-./11-)1,1'(.3!,./(8/,.!
)=18,-.< 12,1, $&).,1/&1$',D,)/(&)! O0/,'D,)/(&).1 (1, D(=,)H! +(&8-'3,".1 ()!
7' - 1(.<,1-)=1 C%<(=! 2-D,1-$$,-%! -.1 7,(0*! =(',1/%>1",C%,1/(D,! &C! <)=,'%>()*!
$'),&%3%-./(1!1$'& 1,..,.1-)=11&<%=17,!<.,=l/&!-11<"-/,%>I$' =(1/1.?&']  $,'8!7',-./!
1)1, 1'(.3H! MMIIMW+(&8-'3,".1/2-1D-">IP(/?1'(.  31-)=!",.$&).,!/&'$',D,)/(&)!
0/, D)(&).1-1&C1)!/,'8,=1s.<"&*-1,,)=1$&()/1 7(&8-'3,".1!-)=18<./IC<%C(%%!
12,1C&%%&P()*!', K<(’,8,).! raN9!
o +(&%08A%Y6>1-)=1/-/(/(1-%%>).(*)(C(1-)1()11-)1,1=,D,%&S$8,)/!
o AN MO -.8)-7%,1$'&$&(&)!I&C!-  H.3!()=(D(=<-%.!
o +1&7/-(),=1()!8()(8-%%>!()D-.(D,!$'&1,=<',c. !
o +1 "D (7%, P(?! $.D)(&)! ()/,'D)(&).! [?-I' ?-D,! 7,)!

D-%(=-/,=1()!=,1',-.0*1-)1,101(  =,)1,H!!

ah



|

T&P,D, I1=(/()1/N.<"&*-/,1)=1$&()17(&8-'3, .1 /?-I1$',=(1/1/?,1 1%()(1-%!
&</1&8,1&CIC<%%>!=,D,%&$,=!()D-.(D,!1-)1, IP(/212(*?!=* 1&CI1,'/-()/>!-)=c&]
[2,1",.$8).,1 &CI 7' -1 1-)1,"1 /& -)[(1-)1,"1 12,-$(,.1! -.! P,%0%! -.! [2&.,! [?-]!
E)(CIT,)(* )1%.,.(&).1/2-/'P(%%!%-/,1$'&*",..1()/&! ()D-.(D,! 7',-./11-)1,".112-D,!

> /11817, (=)/(C(,= HtaQ!6,/-7&%(/,.' &CC," -1 1%8&..,1",C%, 1/(&)! &C! 1,%%! -1/(D(/>! -/! -

E)(C>0* 1?,.,! .8-%%! 88%,1<%,.! -)=! (/'S /0% /2,! 1&",%  -/(&).! ! /?,!
),/P&3.L () P2(1?! /2,51 $-/(1($-/,! &CC,.! (12! $&/)I(-%! ()! <)1&D,'()*!
7(&8-'3,.1/2-/1 1&<%=! C<%C(%%! /?,!),,=.1 &C! $7>.(1(-).! =(-*)&.()*! 7',-./1 1-)1,'H!
T&P,D,Il .<"&*/,! )=! $&()/! 7(&8-'3,"1),,=! I&! $',.)/! ! -! ',-.&)-7%,!
$'&$&/(&)!1&C!-!.-8 $%,! $&$<%.-/,! &CI(.3! ()=(D(=<-%.1! .2&<%=!7,1 &7/-()-7%,! ()!
8()(8-%%>! ()D-.(D,! $'&1,=<'.I! -)=! .2&<%=! 2&P! ' D, .(7%,! I')=.! P?)!
0/,'D)/(&).!-',1-$$%(,=H! HOZIMAM !

2.2. Breast Cancer
A11&'=()*1/&1/?,15-/(&)-%!10-)1,":)./(/</,1OI()! I P&8,)!P(%%! 7,!=(-*)&.,=!P(/?!
7',-.11-)1,101?,1%(C,/(8,!-)=17" - 11-)1, ", .< %/.1()!&D,"ZNINNN!=,-/2.1()}/?,!
4)(/,=) GI-1,.) -1 > ' HI L J2(1)<87,'L (1 J-** XN T</V* -1 /(%%! -1 /2!

)<87 1&CI$-/().1=(-*)&.,=IP(I2! 7" ,-11-)1,1 O/ 1 4)(/, =1 GI-/, 1 -121> -'I!

al



K<-9%9%>1 8&',! /2-)1 O_1Z'N! 1-.,.1 >,-%>H! |+ -/1 1)1, )! C-1/1 1 (.1 /2, 8&./!
18888&)!8-%(*)-)1>1-88)*IP&8,)IP&'%=P(=,H!  haM!

5<8,'(1-%! /&&%.! 2-D,! 12,! -8-U()*!  $&/,)/(-%! &C! 7<8-)(U()*! /2,! $-1/(1,! &C!
8,=(10),1! -%%&P()*! /2,1 $-/().1 1& 7,1&8,! ()C&8,=! $-1),".1 (1 /2,1 =,1(.(&).!

-78&</11?,-$,</(11&$/(&).H! haai!

ah



Figure 10 Breast anatomy and typical progression of breast cancer from
hyperplasia (enlarged cells caused by an increase in production rate) to fully
invasive ductal cancer.
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2.2.1. High Risk Patients

! 1+,>&)=IP&8,)IP?&!- 1=(-*)&.,=! PU2U2(=(.,- 112, 17-.1-%.817,))!
11/ *&'>1&CIP&S,)IP2&I-" 1-/1-12(*?,1'(.3IC&'1=,D,%&$()*! 7',-./1 1-)1,'H!1 2(.3!
C-1/&'.1()1%<=,1C-1/&'1.<1?!-1$' (&1 7(&$.>! #2(7(/()*! .<.$(L(&<.1%,.(&).I'3)&P)!
+20A0CcM!&'1.<.$,1/,=18</-/(&)! 1-"(, 1 &1 $'(&'1 1&)/"- %-/,-%!7",-/11-)1, H! J?,!
+20A0CMI- 17" - 11-)1,'.<.1,$/(7(%(/>1%,), /2-N-' 1 $&).(7%,!C&'I-1* &<$I&C!
2,(F7%,1 7'~ /11-)1,' H1 1) P&8,) 11 8</-/(&).1 ()!/2,.,1%,),.1 1&)C, " P(/?! -1 ZN S
CNJ9%(C/(8,101,- 1O T -1 1)L HD /2,1 C-U&NLIE<IL-1 K 8)&$-<.-%!
J-<. 11 28'88),1 &'1 &'-%! 1&)/-1,$/(D,! <.,I! -* 1 &C! 8,)-'12,! -)=! 8,)&$-<.,!!

%&1-/(8&)! 2(./&>1! C-8(%>! 1-)1,"1 2(./&'S Q()1%<=()*! 7',-./I! 1&%&)I! &D-'(-)! -)=!
$&J-111-)1, R 1I-=(-/(&)! #$&.<',1-)=1"-1,1-%.8&12-D,1 7,)1 1&).(=,,=! P?,)!
=/'800*P?,  [2,1-IP&8-)IP-.1-12(*?,1'(.3!C&'=,D,%&$()*! 7',-./1 1-)1,'H!
Bz i1 Al$&$<%-"188=,%!/&!-..,..1/?,1'(.31&C!I()!.(/<!-)=! )D-.(D,! 7',-./1 1-)1,'I!
&'(*()-%%>! ()! P(/,! P&8,)! 7</1/2)! #$-)=,=1/&! ()1%<=,18-)>1"-1,.11 (12,1 V S
> ~'1L-(%!8&=,%H!1J?(.18&=,%I!-.1P,%%!-.1(/.!|.<7.,K<,)1=,'(D-/(D,.IP-.1<.,.=1()!
12,14 ,-.10-)1,"1", D )/(&)! J'(-%.11 7</-%%!D,".(&).1&C!/?,188=,%!  <)=, $'=(1/!
&1&D,'S',=(1/ 1/2,1'(3IC&1 7'~ J11-)1,1()!.&8,! .<7./1&CIP&8)H!  HMi!J?,!

(83%(1-/(&)! (1 12-/' P&'3 /(%% ),,=.1/&! 7,1 =&),1 /&) -11<'-/, %> =(-9)&.,1 2(*?  (.3!

av



P&8,)!/&!=,D,%&$!-1$,'.&)-%(U ,=!/'-18)1$%-)! 7-.,=1&)! $-/(,)].e!),,=.1/?-]!
8->1-D&(=!/?,18&',1-=(1-%! /' -8, )1 &B/(&).H!!  Gl<=(,.1.?&P! HV1IMWaz!/?-/!
11,1 &C! /2,0 7'- 0 1)1 7,0 % %> ' =<1,=1 ()! /2,.,] ?(*? .3! P&8,)! 7>!
I',-18 )V P(/2! 1-8&#(C,)I' $'&$?>%-1/(1! &&$?&', 1/1&8>! Q.<"*(1-%! ',8&D-%! &C!/?,!
&D-'(,.R! -)=c&'l $'&$?>%-1/(1! 8-./,1/&8>! Q. <*(1-%! ',8&D-%! &C! /?,! 7',-./RH!
T&P,D,'I1 )& -%%! P&8,)!),,=! &'17,),C(/' C'&8! ='<*1 [2-$>1 &I ="- [ %(C, S
-%I,'()*1.<™*,'>H! AMTIMWA !
2.2.2. Treatment Options for High Risk Patients

J?,'1-,1..D,"-%!/',-18)/' &$/(&).!-D-(%-7%,! C&"' P&8,)!-/-1?(*?!"(.3! &C!
=,D,%&$()*! 7',-.1'1-)1," & [?&.,\P(I?! - %>1&)., 7',-./' 1-) 1,HIT&P,D,'1M/?,!
=* 1&C!7,),C(/.1 0!/,8.1&C!=(.,-.,!C',,!.<'D(D-%!-)=! &D,"-%%! .<'D(D-%! 1-)! 7,!
<)1,7-01,)&<*?1/&18-3,1/2,1=,1(.(&)!C&/'-18))1&'1/?,!$',C,",)1,1C&'IP?(1?!
I'-18)1" &$I(&)! #I',8,%>! D-'(-7%,! -8&)*1 $-/(,)/.H! haai! J?,! 8&./! P(=,%>!
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2.2.5. Random Periareolar Fine Needle Aspiration
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Figure 11 Schematic for random periareolar fine-needle aspiration as designed by
Carol Fabian. RPFNA is a breast biopsy technique that is minimally invasive.
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Table 1 Explanation of Masood cytology index scoring system.

Cellular Cellular Myoepithelial Aniso- Nucleoli Chromatin  Score

morphology pleomorphism cells nucleosis clumping

Monolayer | Absent Many Absent Absent Absent 1

Nuclear Mild Moderate Mild Occasional Rare 2

overlap micronucleoli

Clustering | Moderate Few Moderate Occasional 3
Micronucleoli

Loss of Conspicuous Absent Frequent | Macronucleoli | Frequent 4

cohesion




A minimum of one epithelial cell cluster with at least ten epithelial cells were
required to determine the pathology and the Masood cytology index score (Table
1) was assigned for six morphologic characteristics without a knowledge of the
subjects clinical history. [29, 40]

The presence of hyperplasia and hyperplasia with atypia in the FNA (fine-
needle aspirates) were more prevalent in high-risk women than low-risk women
and the presence of atypia in the initial RPFNA was associated with an increase
in the decision to take tamoxifen when compared with women who had
borderline atypia or nonproliferative cells. [28, 34] However, to date, the greatest
limitations of RPFNA used to predict short-term breast cancer risk and monitor
response to chemoprevention agents has been its focus on morphologic analysis.
Molecular analysis has the potential to enhance the reproducibility and
prognostic value. [29] With this sight in mind, metabonomics can open a new

opportunities using RPFNA that have prognostic value.
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3. Using Interstitial Breast Fluid and NMR Spectroscopy
to Assess Risk for Breast Cancer

3.1. Materials and Methods

3.1.1. Random Periareolar Fine-Needle Aspiration Samples

Random periareolar fine-needle aspiration (RPFNA) was performed as the
biopsy technique using the standards developed by Carol Fabian. This procedure
extracted epithelial cells, interstitial breast fluid and fat from the breast of the
patients participating in the study. [29, 38] Our collaborators collected the breast
samples at the Women’s Wellness Center on Duke University’s Center for Living
Campus as part of an ongoing clinical trial under the supervision of Victoria
Seewaldt, MD. A 1.5 inch 21-guage needle attached to a syringe was used for
aspiration. Eight to ten samples were pulled from each breast and collected in a
test tube that was immediately centrifuged. From this tube, the interstitial breast
fluid was then removed by pipette to a separate test tube containing heparin, an

anti-coagulant. If the spectroscopy was performed within 24 hours of sample
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acquisition, the samples were kept on ice and refrigerated; otherwise the samples
were frozen until they could be analyzed at a later time.
3.1.2. Sample Preparation

Frozen samples were thawed. For each sample, 550 ul of interstitial breast
fluid and 50wl of a 5mM 3-trimethylsilyl-1-propanesulfonic acid sodium salt
(DSS) solution in deuterium oxide were pipetted into a 5mm glass NMR tube. If
the solution volume from the patient was not 550 ul, the volume difference was
accommodated by adding more of the DSS solution to reach 600 ul for all
samples. The values were recorded and the internal standard concentration was
calculated according to the specific values listed for each sample
3.1.3. High Resolution NMR Spectroscopy

The interstitial breast fluid samples were run on a Varian 800Mhz 'H
NMR. The software used was VNMR] Version 2.1 Revision B with CHEMPACK
Version 4.1. The probe is a Varian 800 MHz Cold Triple (HCN) PFG probe for
work on NMR samples between 10 and 50 degrees Celsius (283 - 323 Kelvin). The
NMR coil is cooled to 28 Kelvin with a continuous flow of cold helium gas
supplied from a helium compressor, a helium refrigerator and two pumps. A

standard presaturation (PRESAT) pulse was used to suppress the water signal.
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For one set of samples that were frozen and stored in DMSO, a unique pulse
design was created to suppress the signal at the chemical shifts of both water and
DMSO. This was not part of the standard PRESAT sequence. The duration of the
saturation pulse was two seconds. A spectral width of 9kHz was used with a
5.333 second acquisition time. The relaxation time was two seconds. Two
dummy scans were included. The transmitter offset was -298.2 Hz.
3.1.4. Data Processing

The data was processed using Chenomx NMR Suite Professional
Version 6.01 and MestReNova Version 6.0.3-5604. To accurately model the
metabolites in interstitial breast fluid, it was necessary to determine the
reproducibility in the sample collection and resulting NMR analysis. There was
variation associated with the dynamic nature of the individual biological systems
that had to be accounted for before significant conclusions could be made. To do
this, a computer-based pattern recognition tool was used to classify metabolites
by identifying inherent patterns in a set of NMR spectra. This information was
used in conjunction with data obtained from mass spectroscopy analysis done at
the Sarah W. Stedman Nutrition and Metabolism Center under the supervision

of Christopher Newgard, MD.
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The samples were catalogued according to the patient number. The PCA
was an unsupervised method and the Masood cytology was not taken into
account when conducting the statistical analysis, making this a blind study.
Below is a table that includes the patient numbers, whether the sample was from
the right or left breast, the Masood cytology index score and the menopausal
status of the patient, if the information was available. Following the completion
of the scores plot, the Masood scores were included in the graph to add context
to the grouping and clustering that were seen; this was done so that the

sensitivity and specificity could be calculated.
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Table 2 Samples of women at high risk of developing breast cancer. Twenty-
six samples were included for the PCA. The patient number denotes which patient
the samples were taken from and whether it was taken from the left or right breast (L
or R). The patient's menopausal status was also recorded for some patients. The
samples are color coded based on their Masood score risk, red being high risk, purple
mid-range risk and blue little to no risk. For more details on the meaning of the
Masood cytology scores, see Table 1.

Sample Score Menopausal j Sample Score Menopausal

Status Status
130.6L 14 post 296L 12
130.6R 15 post 188.3L 14 post
76.6L 16 pre 188.3R 13 post
76.6R 16 pre 297L 13
291L 14 297R 14
291R 10 298L 9
292R 15 pre 299L 16
293L 14 299R 13
293R 18 300R 16
294L 10 post 95.5L 13 pre
294R 13 post 95.5R 13 pre
295L 14 pre 301L 14
295R 16 pre 301R 17
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3.2. Results
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spectrum and normalized to one. This peak was at 3.45 ppm. There are other

methods of normalization, but none were explored here.

[ *1e6]

1 Water suppression with only
1 WATERGATE and gradient

| MUM)uwi ’

1 I'#$%&'())%$**+,-&.+#/&,-01&
pre-saturation and gradient

15

10

]
»- Water suppression with pre-
1 saturation, WATERGATE and
1 gradient
. WJ
A T T " tppmi

Figure 12 Example of spectra taken of the same sample with various
combinations of water suppression. The best water suppression was a chieved
using a combination of presaturation, WATERGATE and a gradient pulse.
This is represented in the bottom spectrum.

The resulting spectra were binned in increments of 0.04 ppm to eliminate
the spectral shift and differences in linewidth. An example of this binning is
illustrated in Figure 13. As is readily evident, the resolution of the spectrum was
greatly diminished by this binning technique, subsequent work could focus on a
supervised binning technique that uses smaller bin sizes in targeted regions of

the spectra where metabolites of interest are present. However, for more
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Figure 13 Example of the spectral binning used to correct for shifts in
the spectra between samples. This is applied prior to PCA calculations.



Shown in Figure 14 is the loadings plot from the PCA applied to the 26
interstitial breast fluid samples. The significance of this plot is that it illustrates
the areas of the spectra that contributed the most to the variance in the dataset.
For the interstitial breast fluid samples, it is evident that there was a significant

source of variance around 1 ppm, a significant amount of variance in the 2.5-3.7
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Figure 14 PCA loadings plot of the first three PCs of the interstitial
breast fluid sample set. The loadings plot shows the source of variance in
the dataset. There is a large variance contribution from the peak around 1

ppm, many peaks contributing in the 2-4 ppm range, and a small
contribution further up field near 7 ppm.

ppm range and a small contribution around 7 ppm. Further inspection led to the
conclusion that the 2.5-3.7 ppm region could be excluded from making

meaningful conclusions because this is the sugar region; it can be assumed that
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Figure 15 Metabolic pathway of tyrosine, provided by the KEGG
database.
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metabolite to pursue. [30] The intricate metabolic pathway of tyrosine is mapped
out in Figure 15. [41]

The total variance from each PC, plotted on the top of Figure 16, shows
that most of the variance is accounted for within the first few PCs. There is the
same number of PCs as there are bins from in a spectrum; in this particular case,
there were 225 bins and therefore 225 PCs. However, the significance of each PC
decreases as you move from the first PC to subsequent PCs; as illustrated in
Figure 16; by PC ten, you are looking at less than one percent of the total variance
in the data. By minimizing the PCs to the first few, it creates a more manageable
dataset; patterns and clustering can be sought analyzing these PCs and referring
back to the loadings plot for context. With the binning techniques and PCA
conducted for the breast biofluid, the best clustering results are shown in the
bottom scores plot of Figure 16.

The PCA was done blind; there was no organization of samples prior to
using the statistical analysis technique. The samples were not sorted to higher or
lower risk, they were run without knowing the Masood cytology index score.
The Masood cytology scores were matched to the plot as a final step to add

information to the data and meaning to the clusters that were calculated. This
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means that the sensitivity and specificity shown are a result of the data
separating itself through the PCA based on the variance of different metabolites
in the system. Because the aim is to find women in the high-risk category that
possess indicators that they will develop breast cancer, this type of separation is
important and can lead to isolating key metabolites in breast cancer progression.
More work needs to be done looking at samples from cohorts of healthy women,
as well as those diagnosed with breast cancer, so the clusters seen in Figure 16
can be compared to both healthy and cancerous samples. However, the initial
grouping of this data from high-risk women is an important fist step to
uncovering meaningful biomarkers from a less invasive procedure that can lead
to more informed decisions from both physicians and patients in disease
prognosis.

Using a cluster analysis in the Matlab Multivariate Statistics Toolbox, we
were able to separate the data into two main groups using the Masood cytology
scores, as seen on the bottom of Figure 16. While not a perfect split between high
and low Masood scores, there was a meaningful separation between the data that

divided the lower Masood scores from the higher (meaning the lower risk scores
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Figure 16 The top figure illustrates how much variance is accounted for
in each PC, becoming less significant as you move from left to right. By PC
six, less than five percent of the variance is left to consider. The plot on the

bottom shows the grouping of the data with the Masood cytology scores
included for context. These groups were divided using cluster analysis in PCA

space.

from the higher risk scores). It is from this kind of grouping that we can hone in

on specific metabolites using the loadings plot and identify where the
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contributions of variance were derived. A numerical value to the separation in
the low and high scores can be assigned using the sensitivity and specificity
calculations.

By looking at only the first PC, and thus reducing the amount of variance
we were taking into consideration, we could separate the data into groups with a
sliding vertical line to determine the best placement for optimum sensitivity, the
statistical measurement of true positives, and specificity, the statistical
measurement of true negatives. In the case of breast cancer, the most desirable
outcome is to minimize the number of false negatives. False negatives would
result in a failure to treat patients to prevent the progression of breast cancer. In
disease prognosis, physicians tend to err on the side of caution, which leads to
the overtreatment or more radical treatment options for women who are labeled
as high risk for developing breast cancer.

The sensitivity is calculated by taking the number of true positives
divided by the number of true positives added with false negatives. With this
binary system, we would call a true positive a patient that was placed in some
cluster or group that was labeled as high risk and the patient actually had a high

Masood score to support its placement. A false negative would be a patient that
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had a high Masood score that was placed in the group or cluster that was labeled
as low risk. Specificity is calculated in the same fashion as sensitivity but uses
the rate of true negatives. (This would be the number of true negatives divided
by the number of true negatives plus false positives.)

With additional tools that provide information about the rate of false
negatives, treatment options for patients may be improved, such as a tendency
toward more breast conserving treatment opposed to mastectomy. The
sensitivity of the plot on the bottom of Figure 16 is 79%, which is very
encouraging. However, the specificity is 50%, meaning there would still be a
tendency to over-treat patients if using this plot as a standard. According to the
Receiver Operating Characteristic (ROC) curve shown in Figure 17 for the first
PC, the optimum separation of the single PC yielded 70% sensitivity. From these
results, it is clear that there are metabolites that contribute to a significant
separation of the data and that it is possible to, with some accuracy, divide
higher and lower Masood scores using NMR spectroscopy. From the loadings
plot of our PCA, the spectral regions that contribute the most, and therefore the
metabolites that contribute the most, to the separation of the samples can be

isolated.
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Table 3 Amino acids present in the interstitial breast fluid samples and an example of a typical amount in

UM concentration. Also present were cysteine and lysine, lactic acid, fatty acids, cholesterol, beta-hydroxybutyric
acid and 2-(4-hydroxyphenylacetic) acid.
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Using Table 3, we were able to identify many of the metabolites seen in the two-
dimensional spectroscopy. The two-dimensional spectroscopy also allowed for a
more detailed look at the region around the tyrosine peak. There were finer
structures present that were not seen in the one-dimensional spectroscopy, and
with the help of the mass spectrometry, we were able to identify the smaller
peaks as 2-(4-hydroxyphenylscetic) acid (HPA). HPA is known to increase the
risk of disease in humans and was of specific interest in this experiment as an
indicator of breast cancer risk. [42] HPA is also part of the tyrosine metabolic
pathway. [41] Some of the peaks seen in the two-dimensional spectroscopy
remain to be identified. Hopefully, this can be accomplished in the near future

using the metabolic databases available.
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Figure 18 Two-dimensional DQF-COSY with water suppression that is
labeled with the compounds present in the mass spectroscopy results.

$%18'()*+&,-I'.J08&18AI-&(, 1 (11+3/1".J0+2456178910(4):1:/1:(,/(,!
2 [+[:12/-&(,'61 403118, 1+3/1+%62('&, /<= 2 @B%:2(A%.3/,%)*0/+&0BI*0&:12/-&(,C!!
2D3&1&1+3/12/-&(,|(11&,+/2/'+1,[*21E). . 5CBIB%!)((F&,-1*+178I=1(11+3& 14+*2-/+/:!
2/-&(, 6!G38&0310(,+*&/:1%;(4+=HII(11+3/1J%2&* ,0/1&,1+3/1:*+*1% :10(4):1;/!
* 44 D8 A1+ (1+962( &, /1*,1=2 @%:2(A%. 3/, %)*0/+&O0BI*0&:1:%6!) ((F &, -*+1+3/1/*F'l
&,1+3/1)(*:&,-'1.) (+61*13&-3/2"'/,' &+&JI&+Y?EKIBO(4)::/1*03&/J/})  G&+3!*I'&,-)/!
786H3(4-31+3/1' /0&1&0&+IBHIBIG*! (+15403103* -/:  @D3/1)(*:& ,-'1.)(+!

'3(G, &, L &-42/'#K %) A4+ (VN +3*+1+3/1'/0(,:17813*:1+3/I'+2(,-/'+!



contribution from the region of the tyrosine peak. It also had small contributions
from the 2-(4-hydroxyphenylacetic) acid peak. It was from this information that
the second PC was chosen for the scores plot instead of the first PC, which clearly

accounts for more of the overall variance in the data, as seen in the top of Figure

18.
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Figure 19 The principal con;ponents and loadings plot for the
tyrosine/2-(4-hydroxyphenylacetic) acid region of the spectrum.
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Figure 20 Scores plot of the tyrc;sine/2 -(4-hydroxyphenylacetic) acid
region of the spectrum.

Unlike the scores plot shown in Figure 16, the plot above is of only
one PC. As discussed earlier, this is a plot of the second PC in the targeted
region. Looking at just one PC allows a different perspective in dividing the
data, and if enough targeted variance is derived from one PC, it can contain all
the information needed to accurately measure sensitivity. In this case, the
sensitivity was 79%, which, in conjunction with other diagnostic tools, could aid
physicians in treatment plan assessment. While this dataset did not yield 100%

certainty in diagnosis, it can be applied as a tool, giving more information to the
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physicians that must make tough decisions concerning the personalized
medicine of women considered at high risk for breast cancer. It is the
combination of all three graphical representations of the PCA that we are able to
optimize the way in which we examined the data. The variance bar graph
allowed us to limit our PCs, the loadings plot allowed us to target the
appropriate PCs and finally, the scores plot illustrated the specific variance of
interest. This is an example of targeting specific metabolites for further analysis
that could reveal more about the role of specific metabolites in breast cancer risk.
HPA has already been identified as a key player in liver disease; its presence in
the PCA of interstitial breast fluid is therefore thought be meaningful and

warrants further investigation.

3.3. Discussion

Metabonomics has proven itself an important tool in the analysis of
biosystems. NMR-based metabonomics has found use in a variety of fields,
including the study of external stresses on a biological system, such as
temperature change, profiling gender to help simplify disease detection through
biomarkers, and the study of oxidation susceptibility of serum lipids using

chocolate. [43-45] By looking at interstitial breast fluid with a metabonomics
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perspective, we were able to gain a small insight into the elaborate metabolic
networks that come together and had moderate success in using this information

to uncover distinct subgroups in a cohort of high-risk women.
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Figure 21 Distribution of the Masood cytology scores of the patient samples
included in the PCA. The majority of the Masood scores fell in the mid-range
of 13-14.

This project would benefit from a larger variety of samples. In the current
study, all of the women are labeled as high risk and subsequently assigned a
score after biopsy. The distribution of Masood scores is shown in Figure 21; most
of the Masood scores fell in the 13-14 score range. For a control, women who are
not at high risk, or even women who are known to have breast cancer, could
shed more light on the groupings we saw in the scores plot of the PCA and show

validation for the Masood scores. However, a group of women that are labeled
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healthy are not guaranteed to be risk free or even cancer free. In addition,
women who do not believe themselves to be at risk of developing breast cancer
may be reluctant to undergo the RPFNA biopsy procedure and procuring
samples from women sick from breast cancer may prove equally difficult. This
study was at the mercy of an ongoing clinical trial being conducted by Victoria
Seewaldt, M.D., and altering the study group may lie beyond the scope of what
is feasible for our group.

However, even with the limited sample number and type, we were able to
see promising results in the groupings shown in the scores plot of the PCA. With
the information we gathered, we were able to group the women into higher and
lower risk groups with over a 50% selectivity using metabonomic techniques
alone. Because RPFNA is a much less invasive biopsy technique than taking a
core biopsy sample and results in no scare tissue, it would be helpful to get as
much information from these RPFNA samples as possible. The scores plots and
subsequent groupings of our data could help physicians develop an
individualized treatment plan for high risk by using this analytical technique.
While our data does not yield 100% accuracy, it does provide another outlet of

information that could be very useful when deciding on a difficult prognosis.
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Furthermore, focusing on targeted groups of metabolites yields additional
information. Using a global snapshot of the entire spectrum of the sample in
conjunction with targeted PCA reveals very distinct groups within the high-risk
women that were part of this study. Overall, our study provides initial evidence
for the association of specific metabolites with breast cancer risk according to the
separation of the Masood scores in the PCA. Although the exact mechanisms
remain unclear and further work is necessary, the novel finding that the
interstitial breast fluid metabolome is in some way connected with risk supports
the idea of applying this method on a larger scale to study breast cancer risk.
Further studies with a larger sample population and risk spectrum may provide

new opportunities and insights to identify additional meaningful biomarkers.
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4. Hyperpolarizin g Using Dynamic Nuclear Polarization
and the Hypersense

4.1. Hyperpolarization

In general terms, hyperpolarization refers to the significant enhancement
of signal intensity of NMR visible nuclei that have a low natural abundance and
are otherwise difficult to see. It is an important tool in structural and mechanistic
studies of, specifically, biologically relevant molecules. [46]

In a collection of spin %2 nuclei, the polarization is determined by the

following equation:

p_N1-N|
N1T+N | (15)

This equation illustrates the difference in population between energy levels
where N represents the number of spins in the -%2 or %2 state, respectively. The
population in each energy level is determined by the energy difference between

the energy levels and are calculated using the Boltzmann distribution (Eq. X)

N _
1 — o ALKT

N (16)
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where —AE is the change in energy, ! is the Boltzmann constant and T is the
temperature in Kelvin. The magnitude of the observable magnetization is

proportional to the polarization, as shown by Eq. X

M, = ZN/HP
2

(17)
where Ns is the number of spins in the sample. In the case of thermal
equilibrium in the presence of an external magnetic field Bo, the polarization is

written as

L

/
P = tanh(-

where k is the Boltzmann constant and T is the temperature in Kelvin. [47]

There are a number of different methods to achieve enhanced
polarization. These include optical pumping for noble gases [48], para-hydrogen
induced polarization [49, 50], and dynamic nuclear polarization (DNP) [46, 51].
The method that will be discussed in some amount of detail here is DNP, as it is
the method used in the Hypersense, an instrument that sits in Bryan Research

Center at Duke University.
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4.2. Dynamic Nuclear Polarization

4.2.1. Solid Effect

The solid effect is a two-spin process that relies on the mixing of states. This
mixing is caused by the nonsecular component of the hyperfine coupling.
Irradiation at the frequency wos+wor or wos-woarleads to a zero-quantum or double-
quantum transition. The solid effect requires a polarizing agent with a narrow
electron spin resonance (ESR) spectrum so that only one of the forbidden
transitions is excited at a time. This is achieved by an ESR linewidth that is much
smaller than the width of wo. If both transitions are irradiated, a partial or

complete cancellation of the polarization effect occurs. [46]

Figure 22 Saturation of the forbidden transitions, either zero- or double-
quantum, leads to a positive or negative enhancement through the solid effect.
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4.2.2. Thermal Mixing
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Figure 23 Illustration of thermal mixing.

Our Hypersense uses dynamic nuclear polarization where thermal
mixing, shown in Figure 22, is the dominant mechanism. The thermal mixing
phenomenon is often described as a three-spin electron-electron-nucleus process.
DNP takes advantage of the energy difference of electrons. The method uses
ESR, which is a sophisticated spectroscopic technique that detects free radicals or
inorganic complexes in chemical and biological systems. In our case, the ESR
linewidth is greater than the NMR frequency. For this technique, you start with
a 50/50 population distribution between the two lowest energy levels. Because

we are irradiating a radical, we use microwave irradiation because electrons
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have a gigahertz energy separation. The microwave irradiation is set to the
frequency of e, which excites the el spin flip. From this energy level there can
be relaxation back to the original state or mixing to the equivalent energy level
where the polarization is transferred to the nuclei. If mixing occurs, relaxation of
e2 can occur down to the ground state. This process slowly depletes the second
energy level and builds up the population in the ground state. However,

through the mixing process, there is a build-up of the polarization of the nuclei.

4.3. The Hypersense

To polarize the sample using DNP, the sample must be cooled to 1.4 K to form a
glassy solid. This is accomplished by placing the sample in a liquid helium bath
under vacuum. The sample is then irradiated with microwaves of a particular
frequency; determining the appropriate frequency is discussed in the next
section. Outside of the Hypersense, the sample is placed in a sample cup, which
is attached to the end of the sample insertion stick and is inserted directly into a
sample holder that is located inside the VTIL. The sample holder is lowered into a

helium bath.
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Figure 24 Hypersense diagram taken from the Hypersense User’s
Manual. The Hypersense is based on a standard 3.35 T vertical bore magnet.
The Hypersense has been altered to contain a polarizing chamber, which
receives helium from the helium can of the magnet, and a sample holder that
sits in the center of the magnet where the sample is placed and irradiated by
microwaves at 1.4 K. Once polarized, the dissolution stick drops into the
sample holder and removes the sample from the helium bath and rapidly
dissolves the sample and shoots it from a capillary tube out of the Hypersense.

When inside the Hypersense and ready for polarization, the sample is in
the center of the magnet where it is irradiated by the microwave source and is

held at a temperature of 1.4 K. While the sample is polarizing, the polarization
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build-up is monitored using a series of low flip angle pulses. The maintenance of
the helium bath under vacuum is a challenge, and the Hypersense constantly
balances the flow of helium into the sample chamber and the vacuum. The
helium in the sample chamber comes from the helium can of the magnet.

The probe installed on the Hypersense is designed only to detect the
signal from carbon-13, although the system is capable of polarizing a wide range
of nuclear spin types. However, without the appropriate probe, other nuclei are
hyperpolarized blindly, it is impossible to know the polarization level. If the
solid-state probe for nitrogen-15 is used, the probe is used much like the
insertion stick. The sample is placed on the end of the probe (where the coil for
build-up monitoring is located) and inserted directly into the Hypersense exactly
like the insertion stick. However, unlike the insertion stick, the nitrogen probe
should not be removed prior to the polarization procedure nor should the cup be
ejected from the end of the stick. Also, the BNC cable in the back of the
Hypersense must be changed from the carbon-13 cable to the longer nitrogen-15
cable. In addition, 6 dB of attenuation must be added to the system. There is a
box that can be added in series to the attenuation already located on the

Hypersense and is labeled with “6 dB Attenuation.” The microwave frequency
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must also be changed to match that of nitrogen. The probe must also be tuned
and matched, which can be done using a Morris instrument.

Because the nitrogen probe remains in the system during the
polarization buildup, a dissolution cannot be run. The nitrogen probe should be
used to calibrate the system for the nitrogen compound and determine the
optimum polarization time. Then, the sample and probe can be removed
together by following the steps on the software interface. The sample should be
reinserted with the insertion stick and a blind polarization should be run without
the probe. This can be done exactly how a dissolution would be run on a carbon
compound. [52]

4.3.1. Calibration and Monitoring Polarization

During polarization, it is possible to monitor the polarization buildup using the
NMR coil located in the VTI. This coil, however, is only tuned for carbon-13 and
cannot monitor the buildup of other nuclei. We have the capability of
monitoring the polarization buildup of nitrogen-15 through the use of our solid-
state probe. This probe has to be inserted into the Hypersense and left inserted
through the duration of the polarization. This will be described in a later section.

Polarization rates and levels depend on the sample formulation. Some samples,
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such as neat pyruvic acid, form a glass on their own without any additional
solvents. The buildup times for pyruvic acid usually range from around 45
minutes to 1.5 hours. Some compounds, however, can take upward of five hours
to reach their maximum polarization. A polarization is complete when the
graphic display shows a plateau in the buildup plot and there is no longer any
polarization growth.

Efficient polarization requires that the frequency of the microwave source
be tuned to the specific compound being polarized. This calibration is done by
slowly sweeping the microwave frequency to find the frequency that
corresponds to the maximum buildup. An example of a microwave sweep curve
is provided in Figure 24. The microwave sweep should be completed for every
compound you wish to look at, as the frequencies could vary and will affect the

overall success of your polarization.
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Figure 25 Microwave sweep of pyruvic acid.

4.3.2. Troubleshooting

"4 0 (%

The sample chamber is filled from the helium reservoir through a
capillary tube with a needle valve. The vacuum that maintains the temperature
inside the sample chamber also causes a vacuum in the helium reservoir. As a
result, it is vitally important that all of the fittings to the outside environment are
completely airtight. As part of routine Hypersense care, the O-rings need to be
checked regularly for cracks or wear. Any cracks or irregularities mean that the
O-ring is no longer creating a good seal, which allows air to penetrate the system
create ice. To clear ice from the helium reservoir requires the system be warmed

to room temperature (which requires de-energizing the magnet). The system
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then needs to be pumped and flushed with pure helium gas. This is a costly
procedure that requires the assistance of an Oxford Instrument service engineer.
4.3.3.2. Contamination

A sample is inserted into the Hypersense using a specially designed
insertion stick. This insertion must be done quickly and carefully for a number
of reasons. First, the VT is open to the outside environment during the insertion
process and is vulnerable to contaminants. The faster the stick is inserted and
removed (or the solid-state probe is inserted), the sooner the VTI is closed to
outside contamination. Second, the insertion stick must remain straight during
the insertion process. This not only prevents the stick from being damaged
during the procedure, but it also minimizes the chances the sample will spill. If
the sample splashes up the side of the cup into the insertion stick, it can freeze to
the stick and you will not be able to deposit the cup into the VTI. A worse case
scenario is that you can spill sample directly into the VTI, which would
introduce more contamination and affect the polarization buildup of future
polarization experiments by giving false signal. As the contamination builds in

the VTI, the vacuum pump becomes less effective at reducing the pressure in the
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In addition to contamination in the VTI, there can also be contamination in
the capillary tube. This is the tube that feeds the liquid helium from the helium
reservoir to the VTL. If this happens, the rate at which the helium fills the VTI is
diminished or sometimes blocked completely. An early indicator that the
capillary tube suffers from contamination is reduced pressure during the filling
period. When the Hypersense begins filling the VTI, the needle valve opens to
100%, as does the butterfly valve (to provide a vacuum on the system). For the
tirst few minutes, only gas comes through the capillary because the VTI is too
warm for liquid helium. If the capillary is unblocked, the pressure should be > 50
mbar. As the VTI cools, liquid begins to flow and the pressure will drop to 30-50
mbar. At this point, the liquid helium gauge on the VTI will begin to register the
liquid. If there is a block in the capillary tube, these numbers will be significantly
lower than those detailed above.

Heating the VTI and the needle valve can clear the contamination in the
capillary tube. Both have small heaters that can be controlled by the software
while under vacuum. It is important to monitor the temperature on both heaters;
they should be turned off before the temperature gets above 300 K. The heating

combined with the vacuum can clear the block after several hours.
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4.3.3.3. VTI Level Calibration

The level sensor in the VTI measures the amount of liquid helium present
in the VTI. The sample must be covered by liquid helium to cool properly, and
an overfull VTI can result in large pressure spikes when the sample is inserted or
removed. This will cause a system alarm to trip. The alarm must be
acknowledged and the system reset. The reason for a poor calibration is the
contamination that gets into the VTI level sensor, causing it to misread the
volume of liquid or even short out. To determine if the sensor is misreading the
level, watch the level of helium as the VTI begins to fill. The level meter only
switches on when the temperature gets below 4 K. Once it switches on, it may
read an unlikely number if the sensor is misreading. For example, if the system
has been idle for a week, meaning the VTI should be empty, and is then put into
cool-down that begins to fill the VTI with helium, The level sensor should not
immediately read 20% or have a number like -15%. Should these types of
numbers appear, the system is clearly not calibrated.

The system must be baked out to remove any contamination that might be
causing a poor calibration. The level-check script in ScopeView should then be

started. The system should be put into cool-down to start the VTI filling, which
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can be viewed in the software as the curve collected in ScopeView. At first, there
will be an adjustment in the level of the line as the system cools. As the VTI
begins to fill, the line will gently slope up. When the plot has a zero slope prior to
the upward slope seen in the ScopeView plot, you have found the new zero
point. The cool-down can be terminated and the settings adjusted for the level
meter on the HMI Hypersense software. The 0% and 100% marks are linearly
related; therefore, a change in the zero point by +0.02 V will result in a change by
+0.02 V for the 100% mark. The yearly service that is part of the warrantee on the
Hypersense should include a calibration of the cryogen levels.

If the calibration sensor is shorting out, when the system goes into cool-
down and switches on the level meter, the level meter will send a “very full”
message to the computer, causing it to trip the alarm. The system can be baked
out several times to remove the contamination. If that does not resolve the
problem, then one of the wires connected to the level meter must be faulty or
broken and the whole VTI insert should be removed by one of the Oxford service

engineers.
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4.3.3.4. Sample Cups

Cups can appear lost in the instrument for several reasons. Determining if
a cup has been lost in the instrument is straightforward. If you start the
polarization and there is no signal, then either the sample is bad or the cup is not
in the polarization chamber. In this case, do not run a dissolution because the
dissolution will spray solvent into the VTI. Instead, the cup can be retrieved
without a polarization. You should click the button that reads “Abort” to
terminate the polarization. Then, you can remove the sample. However, if after
you walk through the steps to remove the sample and the cup does not appear
on the end of the dissolution stick, contact Oxford Instruments.

Also, when inserting a sample, if the cup freezes to the insertion stick,
there is a procedure to follow to return the system back to its ready state. When
the cup remains on the insertion stick, the Hypersense “thinks” the cup has been
deposited in the polarization chamber; thus the software menu options appear
ready to start a polarization. To reset system so it does not “think” there is a cup
in the polarization chamber, you will follow the procedure to remove a sample
like there was, in fact, one in the VTI. The dissolution stick should be moved into

the operating position and allowed to drop down into the VTI to pick up the cup.
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Once this is completed, you may start the process over again. It is important the
insertion stick be allowed time to dry after removing it from the VII. The frost
that develops on the stick causes a lot of moisture that can freeze the stick and/or
the cup inside the VTL

Often times, when a dissolution is completed and the dissolution stick is
moved away from the VTI, the cup can seem stuck on the end of the dissolution
stick. Allow a few minute before an attempt to remove the cup, it can be frozen
to the end of the dissolution stick. Also, a gentle wiggling motion has proven

effective in getting lose the toughest of cups.
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Appendix A
Matlab Code for PCA

close all

$The following loads all of the data files for the binned,
normalized data

load tyrosine.mat

load tyrosinebins.mat

load acid.mat

load acidbins.mat

load bins.mat
load datal.mat

load masood.mat

load pre post.mat

load pre post labels.mat
$The is the command for PCA; it outputs data for a loadings
%plot, scores plot, biplot, and distribution of wvariance

%along the PCs

[coefs,scores,variances,t2] = princomp(data);
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$This will give a figure or a heirachical dendogram of the

¢data, it uses the scores data from the PCA

N
I

linkage(scores, 'ward', 'euclidean');

c cluster(Z, 'maxclust',2);
figure
[H,T] = dendrogram(Z, 'colorthreshold', 'default');
set(H, 'LineWidth',2)
xlabel('Patient Number')
ylabel('Distance Between Spectra')
title('Hierarchical Tree for Groupings of High Risk Women')
labels=cellstr (masood);
$This will plot the scores information of PCA and include
%$the Masood score
%labels
figure
plot((1l:25),scores(:,1),'b.")
text((1l:25),scores(:,1), labels);
ylabel('Patient Number')
xlabel('lst Principal Component')
title('Scores Plot')

mapcaplot(scores,data);

$This will plot the loadings plot for any of the PCs that

87



gmay be useful.

$Simply change the index to change the PC that is being
¢plotted.

figure

subplot(3,1,1);

plot(bins(:,1:224), coefs(:,1),'b")
title('Loadings Plot PC1l")

xlabel('Binning Value (ppm)"')
subplot(3,1,2);

plot(bins(:,1:224), coefs(:,2),'r")
title('Loadings Plot PC2'")

xlabel('Binning Value (ppm)"')
ylabel('Principal Component Contribution')
subplot(3,1,3);

plot(bins(:,1:224), coefs(:,3),'g")
title('Loadings Plot PC3")

xlabel( 'Binning Value (ppm) ')

$This will plot the percent of variance from each othe PCs
%in bar graph form along with the total sum of percent

$variance as a %line.

percent explained = 100*variances/sum(variances);

figure
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subplot(2,1,1);

pareto(percent explained)
xlabel('Principal Component')
ylabel('Variance Explained (%)')

title('Principal Components')

$This will create the centroids and groups in the cluster

%analysis of the PCA scores results.

[idx,ctrs] = kmeans(scores,2,...
'Distance', 'cityblock', 'start',
‘uniform');
subplot(2,1,2)
plot(scores(idx==1,1),scores(idx==1,2),"'."', 'MarkerSize',20)
hold on

plot(scores(idx==2,1),scores(idx==2,2), 'o', 'MarkerSize',7)

plot(ctrs(:,1),ctrs(:,2), 'kx',...
'MarkerSize',12, 'LineWidth',2)
plot(ctrs(:,1),ctrs(:,2), 'ko',...
'MarkerSize',12, 'LineWidth',2)
legend( 'Group A', 'Group B', 'Centroids’',...
'Location', 'NW')

text(scores(:,1), scores(:,2), labels);

"#



xlabel('lst Principal Component')
ylabel('2nd Principal Component')

title('Scores Plot with Cluster Analysis')
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