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Abstract 

;&'! P&8,)! P(/?! -! ?(*?! '(.3! &C! =,D,%&$()*! 7',-./! 1-)1,'I! /?,! /',-/8,)/!

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

F?(%,! ?(./&%&*(1-%! ,D-%<-/(&)! &C! /(..<,! .-8$%,.! (.! ',%(-7%,! C&'! ()D-.(D,! 7',-./!

1-)1,'.I!/?,!8-%(*)-)/!$&/,)/(-%!C'&8!=<1/-%!1-'1()&8-!()!.(/<!QB0:GR!1-))&/!7,!

',%(-7%>!$',=(1/,=!C'&8!?(./&$-/? &%&*>H!!+(&8-'3,'.!()!/?,!7',-./!?-D,!-$$,-%!-.!

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

/&! -11<'-/,%>!$',=(1/! .?&'/ S/,'8! 7',-./! 1-)1,'! '(.3! ,D,)! ()!B0:GH! !+>!<.()*!OT!

562! 8,/-7&)&8(1.! &)! ()/,'./(/(-%! 7',-./! C%<(=! $ '&D(=,=! C'&8! '-)=&8!

$,'(-',-&%-'! C(), S),,=%,! -.$('-/(&).I! -.! P,%%! -.! P-.?! C%<(=! C'&8! 7',-./!

,#/'-1/(&).I! .&8,! $&/,)/(-%! 7(&8-'3,'.! ?-D,! 7,,)! <)1&D,',=! /?-/! 1&<%=! -(=!

$?>.(1(-).!()!/?,!$'&*)&.(.!&C!?(*? S'(.3!P&8,)H !
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Dedication 
 
:!=,=(1-/, !/?(.!/?,.(.!/&!L, ,H!!J?-)3!>&<!C&'!>&<'!<)P-D,'()*!.<$$&'/!-)=!

,)1&<'-*,8,)/H!!F(/?&</!>&<I!:!P&<%=!)&/!7,!),-'%>!-.!,#1(/,=!C&'!P?-/!/?,!

C</<',!?&%=.!-)=!/?,!?-$$(),..!/?-/!:!C,,%!,D,'>!8&')()*!P?,)!:!P-3,!<$H!!! !  
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$&%-'(U,=I!/?,!=(..&%</(&)!./(13!='&$.!()/&!/?,!.-8$%,!?&%=,'!-)=!',8&D,.!/?,!
.-8$%,!C'&8!/?,!?,%(<8!7-/?!-)=!'-$(=%>!=(..&%D,.!/?,!.-8$%,!-)=!.?&&/.!(/!C'&8!
-!1-$(%%-'>!/<7,!&</!&C!/?,!T>$,'.,).,H !HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH!_Z!

!
;(*<',!MV!6(1'&P-D,!.P,,$!&C!$>'<D(1!-1( =H!HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH!_` !
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1. Introduction 

1.1. Introduction to Nuclear Magnetic Resonance 

5<1%,-'! .$() ! (.! /?,! ='(D()*! C&'1,! 7,?()=! -%%! 8-*),/(1! ',.&)-)1,!

,#$,'(8,)/. H!T&P,D,'I! / ?,! 1&)1,$/! &C! .$()! (.! 1?-%%,)*()*! -)= ! -7./'-1/f! -.! -!

',.<%/I! /?,! 1&)1,$/! &C! .$()! (.! <.,=! -. ! -! 1&)D,)/(&)! =,D,%&$,= ! /&! =,.1'(7,!

,#$,'(8,)/-%! ,D(=,)1,H! G$ ()! (.! -)! ()/'().(1! $'&$,'/>! & C! -! $-'/(1%,! -)=! (.!

1&).(=,',=!-! C&'8!&C!-)*<%-'!8&8,)/<8!/?-/!(.!)&/!$'&=<1,=!7>!-!'&/-/(& ) H!J?,!

',-.&)!(/!1-)!7,!1&).(=,',=!-!C&'8!&C!-)*<%-'!8&8,)/<8!(.!/?-/!. $()! 7,?-D,.!-.!

,#$,1/,=! C'&8! -! 1%-..(1-%! =,.1'($/(&)! &C! -! '&/-/()*! &7d,1/! -)=! C(/.! /?,! K<-)/<8 !

8,1?-)(1-%!=,.1'($/(&).!&C!-)*<%-'!8&8,)/<8H!J?,!/&/-%!-)*<%-'!8&8,)/<8!&C!

-! $-'/(1%,! P(/?! .$()! /-3,.! D-%<,.! &C! /?,! C&'8! gh!"!#$%i OcMI! P(/?! &!#$! $&..(7%,!

.<7%,D,%.H! J?,! .$()! K<-)/<8! )<87,'I! !I! =,$,)=.! &)! /?, ! ()?,'(/ ! )-/<',! &C! /?,!

$-'/(1%,!7,()*!1&).(=,',= H!!

5<1%,-' !8-*),/(1! ',.&)-)1, !(.! 7-.,=!&)! /?, !()/,'-1/(&)!&C!-!)<1%,-'! .$()!

P(/?!-)!,#/,')-%!8-*),/(1!C(,%= I!',C,'',=!/&!-.! '(H!J?(.!()/,'-1/(&)!1-<.,.!/?,!.$()!

/&!C,,%!-!/&'K<,I!C&'1()*!(/!/&!$',1,..!-'&<)=!/?,! ,#/,')-%! 8-*),/(1!C(,%=!Q'(RH!J?,!

.(U,!&C!/?,!/&'K<,!,#$,'(,)1,=!7>!/?,!.$()!=,$,)=.!7&/?!&)!/?,!1?-'-1/,'(./(1.!&C!
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/?,! .$()! -.! P,%%! -.! /?,! .(U, ! &C! /?,! 8-*),/(1! C(,%=H! J?,',C&', I! /?,! '-/,! /?,! .$()!

$',1,..,.! =,$,)=.!&)! /?,! 8-*),/(1!C(, %=! -)=!/?,! 1?-'-1/,'(./(1.!&C! /?,! )<1%,<.H!

J-3()*!()/&!-11&<)/!-% %!/?,.,!C-1/&'.I!/?,!C',K<,)1>!&C!/?,!$',1,..(&) !Qj NR!(.!*(D,)!

7>!/?,!@-'8&'!,K<-/(&)9 !

! !0 = " (1! # )B0 ! QOR!

P?,',!k!(.!/?,!*>'&8-*),/(1!'-/(&!QMHY`!#!ON `!'-=c.cJ,.%-!C&'!OTR!-)=!l!(.!/?,!

.?(,%=()*!1&)./-)/ !1',-/,=!7>!,%,1/'&).!&'7(/()*!/?,!)<1%,<.H !!

;&'!.$()!m!)<1%,( I!/?,',!-',!/P&!./-/(&)-'>!./-/,.f !&),! (.! -%(*),=!P(/?!/?,!

8-*),/(1!C(,%=!-)=!&),!-)/( S-%(*),=!P( /?!/?,!8-*),/(1! C(,%=I!P?(1?!(.!',C,'',=!/&!

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

&'(,)/-/(&)I! 7</! $',1,.. (&)! &11<'.! ()! -%%! &'(,)/-/(&).! &/?,'! /?-)! /?,! . $()! <$! &'!

.$()! =&P)! &'(,)/-/(&)H !J? ,! =(CC,',)1,! ()! ,),'*>! 7,/P,,)! / ?, ! /P&! ./-/,.! (.! /?,!

@-'8&'!C',K<,)1>! QgjNRH!A/!'&&8!/,8$,'-/<', I!/?,!,),'*>!=(CC,',)1,!7,/P,,)!/?,!

./-/,.! (.! .8-%%!1&8$-',=! /& !)*I!P?,',!3! (.! /?,!+&%/U8-))!1&)./-)/! -)=!J! (.! /?,!

/,8$,'-/<',! ()! b,%D() H! J?,',! (.! &)%>! -! .%(*?/! ,#1,..! &C! .$().! -%(*),=! P(/?! /?,!

8-*),/(1!C(,%=!Q()!/?,!%&P,'!,),'*>! %,D,%R!1&8$-',=!/&!/?&.,!-%(*),=!-*-()./!/?,!

C(,%=!Q()! /?,! ?(*?,'! ,),'*>!%,D,%R!C&'! )<1%,(!P(/?! -! $&.(/(D,! *>'&8-*),/(1! '-/(& H!

G&8,! )<1%,(I! %(3,! )(/'&*,)I! ?-D ,! -! ),*-/(D,! *>'&8-*),/(1! '-/(& I! 8,-)()*! /?,!
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.$() S<$!1-)!7,!C&<)=!()!/?,!%&P,'!,),'*>!./-/, H!!J?,! .%(*?/!,#1,..!&C!.$().! >(,%=.!

-!),/!8-*),/(1!8&8,)/I!P?(1?!(.!/?,!.(*)-%!=,/,1/,=!()!-)!562!,#$,'(8,)/H!J?,!

,#1,..!&C!.$().!() !/?,!%&P,'!,),'*>!%,D,%!(.!.8-%%I!&C/,)!8,-.<'()* !-$$'&#(8-/,%>!

O! $$8H! ! T&P,D,'I! /-3,)! ()! 1&)/,#/I ! /?,',! -',! ON Ma! .$().! ()! -! 8&%,! &C! P-/,'I!

8,-)()*! /?,! ),/! 8-*),/(U-/(&)! (.! )&/! ),*%(*(7%,H! 2-/?,'! /?-)! 1&) .(=,'! -! .()*%,!

.$()I!+%&1?!hOi !.?&P,=!/?-/!(/!P-.!$&..(7%,!/&!1&).(=,'!/?,!,).,87%,!&C!.$(). !-)=!

7<%3!8-*),/(U-/(&) H!J?, !),/!8-*),/(U-/(&)!C&'! -)! ,).,87%, !&C! .$()!m! )<1%,(! (.!

P'(//,)!-. 9!

! M0 =
! 0"

2!2B0
4kT ! QMR!

P?,',!n N!(.!/?, !.$()!=,).(/> I!k!(.!/?,!*>'&8-*),/(1!'-/(& I!+N!!(.!/?,!,#/,')-%!8-()!

8-*),/(1! C(,%=I! ! 3! (.! /?,! +&%/U8-))! 1&)./-)/I! OHa`N! #! ONSMa! opbSOI! g! (. ! ^%-)13e.!

1&)./-)/!=(D(=,=! 7>!MqI!!OHNVZ!#!ONSaZ!op.I!-)=!*!(.! /?,!/,8$,'-/<',!()!b,%D()H!+>!

/-3()*!/ ?,!D,1/&'!.<8!&D,'!-%%!.$().I!/?,!7,?-D(&'!&C!/?,!.$().!()!-!8-*),/(1!C(,%=!

1-)!7,!=,.1'( 7,= !-11<'-/,%>!7>!/?,!+%&1?!,K<-/(&).I!P'(//,)!()!/?,!'&/-/()*!C'-8, !

hOI!MiH!

Mx ' (t) = e
!t/T2 (Mx ' (0)cos"!t +My ' (0)sin"!t) ! QaR!
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My ' (t) = e!t/T2 (My ' (0)cos"!t !Mx ' (0)sin"!t) ! QZR!

! Mz (t) =Mz (0)e!t/T1 +M0(1! e!t/T1 ) ! QVR!

6 #I!6 >!-)=!6 U!-',! /?,!#I!>! -)=!U!1&8$&),)/.I! ',.$,1/(D,%>I!&C!/?,!8-1'&.1&$(1!

8-*),/(U-/(&)!&C!-!.-8$%,!$%-1,=!()!-!8-*),/(1!C(,%=!+ NH!0',-/,=!7>!-)!2;!$<%.,!

(.!/?,! +O!-$$%(,=!8-*),/ (1!C(,%=!/?-/!(.!&'/?&*&)-%!/&!/?,!8-()!8-*),/(1!C(,%= H!!J O!

-)=! J M! -',! /?,! %&)*(/<=()-%! -)=! /'-).D,'.,! ',%-#-/(&)! /(8,.I! ',.$,1/(D,%>H! J?,!

%&)*(/<=()-%! ',%-#-/(&)! /(8,! (. ! /?,! /(8,! (/! /-3,.! C&'! 6 U! /&! 7,! ',./&',=! /&! (/.!

,K<(%(7'(<8!D-%<,!&C!6NH!JO!',%-#-/(&) !(.! /?,! ',.<%/!&C! )&) S'-=(-/(D,! ()/,'-1/(&).!

7,/P,,)! / ?,! .$()! .>./,8!-)=!/?,!%-//(1,H! J M!',%-#-/(&)!1&8,.!C'&8!/?,! .$() S.$()!

()/,'-1/(&).I! P?(1?! 1-<.,! /?,! @-'8&'! C',K<, )1>! &C! /?,! .$().! /&! 1?-)*,! -)= !

=,$?-., ! /?,!8-*),/(U-/(&)H! :)! /?,! -7.,)1,!&C!7'&-=,)()*! , CC,1/.!Q.<1?! -.! /?&.,!

C'&8! 8-*),/(1! C(,%=! (8$,'C,1/(&).RI! /?,! .$() S.$()! ()/,'-1/(&).! = ,/,'8(),! /?,!

P(=/?!&C!-!$,-3H!haI!Zi !

1.1.1. The Vector Model 

:)! /?,! D,1/&'! 8&=,%I! /?,! 7<%3! 8-*),/(U-/(&)! 1-)! 7,! D(,P,=! -.! -!

8-*),/(U-/(&)! D,1/&'! /?-/! $&()/.! -%&)*! /?,! =(',1/(&)! &C! /?,! -$$%(,=! 8-*),/(1!

C(,%=I! 7>! 1&)D,)/(&)! /?,! US=(',1/(&)H! ! F?,)! >&<! /($! /?,! 8-*),/(U-/(&)! D,1/&'!
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!V!

<.()*! -)! 2;! $<%.,! 7>! .&8,! -)*%,! r! /&! /? ,! US-#(.! Q;(*<',! ORI! /?,! 8-*),/(U-/(&)!

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

.?-$,H!!J?(.!$',1,..(&)!(.!-/! /?,!@-'8&'!C',K<,)1>I!.?&P)!()! ,K<-/(&)!Q ORH!!:/!(.!

/?,! $',1,..(&)! &C! /?(.! 8-*),/(U-/(&)! D,1/&'! /?-/! (.! =,/,1/,=! ()! -)! 562!

,#$,'(8,)/H!! !

!

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 B0. 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 B1 field, 

which is orthogonal to B0.  In the illustration above, the arrow represents the bulk 
magnetization. 

J?,',! (.! -! .8-%%! 1&(%! &C! P(',! -'&<)=! /?,! .-8$%,! /?-/! /?,! 8-*),/(U-/(&)!

D,1/&'! !! s1</.t! -.! (/! $',1,..,.! ()! /?,! /'-).D,'.,! $%-),H! ! 0<'',)/! (.! ()=<1,= I!
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P?(1?!(.!-8$%(C(,=!-)=!',1&'=,=H!!J?,!=,/,1/-7%,!.(*)-%!1-)!7 ,!7'&3,)!=&P)!()/&!

(/.!#!-)=!>!1&8$&),)/.I!P?(1?!-',!.(8$%,!&.1(%%-/ (&).!-/!/?,!@-'8&'!C',K<,)1> H!

!

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. 

:)!/?,!'&/-/()*!C'-8,I! -!WN!=,*',,!2;!$<%.,!P(%%!'&/-/,!6!()/&!/?,!

/'-).D,'.,!$%-),!-)=!-!O`N!=,*',,!$<%.,!P(%%!'&/-/,!6!C'&8!/?,!$&.(/(D,!/&!

),*-/(D,!U!=(',1/(&)H!!^<%.,.!-',!1',-/,= !7>!-!'-=(&C',K<,)1>!/?-/!$'&=<1, !-!./-/(1!

+O!8-*),/(1!C(,%=!$,'$,)=( 1<%-'!/?,!8-()!8-*),/(1!C(,%=H!J?,!C%($!-)*%,!&C!/?,!2;!

$<%.,!(/!=,/,'8(),=!7>!/?,!)</-/(&)!C',K<,)1>!-)=!/?,!$<%.,!%,)*/?H!!T&P,D,'I!

/?,!8-*),/(U-/(&)!$'&=<1,=!()!/?,!/'-).D,'.,!$%-),!C'&8!-!$<%.,I!.<1?!-.!-!WN!
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=,*',,!$<%.,I!P(%%!)&/!$',1,..!()!/?,!#>!$%- ),!()=,C()(/,%>H!!A.!=(.1<..,=!,-'%( ,'I!

/?,!8-*),/(U-/(&)!P(%%!',/<')!/&!/?,'8-%!,K<(%(7'(<8I!&'!'-/?,'I!,#$,'(,)1,!J O!

',%-#-/(&)H!!:)!-==(/(&)!/&!/?(.!',%-#-/(&)I!/?,!D,1/&'!8&=,%!-%.&!(%%<./'-/,.!JM!

',%-#-/(&)!P,%%H!!J?(.!.$()S.$()!',%-#-/(&)!(.!-!%&..!& C!$?-.,!1&?,',)1,!7,/P,,)!

()=(D(=<-%!.$().H!!A.!/?,!8-*),/(U-/(&)!$',1,..,.!()!/?,!#>!$%-),I!.&8,!&C!/?,!

.$().!8->!?-D,!C',K<,)1(,.!*',-/,'!&'!%,..!/?-)!/?,!',.&)-)/!C',K<,)1>!-)=!7,*()!

/&!C-)!&</P-'=!P(/?!',.$,1/!/&!/?,!',.&)-)/!C',K<,)1>H!! !

1.1.2. Fourier Transform in NMR 

J?,!;&<'(,'!/'-).C&'8!(.!-!8-/?,8-/(1-%!/,1?)(K<,!/?-/!1&)D,'/.!=-/-!C'&8!

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

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

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

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

-8$%(/<=,! -)=! /(8,! D-%<,.! *-/?,',=! -/! -! 1&)./-)/! /(8,! ()/,'D-% H! ! J?(.! ;:B! (.!

=,/,1/,=! <.()*! /P&! &'/?&*&)-%! =,/ ,1/(&)! 1?-)),%.! -%&)*! /?,! #! -)=! >! -#,.f! /?(.!

8,/?&=!(.!1-%%,=!K<-='-/<',!=,/,1/(&)! -)=! (.!<.,=! ()! -%%!8&=,')! .1-)),'.H! ! ;&'!

,-1?!',.&)-)1,!()!/?,!.$,1/'<8I!/?,!/P&!.(*)-%.!C'&8!/?,.,!#!-)=!>!1?-)),%.!-',!

1&.(),!-)=!.(),!C<)1/(&).!/?-/!?-D,!/?,!&CC.,/!C',K< ,)1>!X!-)=!=,1->!-/!/?,!'-/,!
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OcJMH!!J?,.,!/P&!C<)1/(&).!-',!',*-'=,=!-.!/?,!',-%!-)=!(8-*()-'>!1&8$&),)/.!&C!

/?,!1&8$%,#! .(*)-%! -)=!1-)!7,!1&)D,'/,=! ()/&! /?,!C',K<,)1>!=&8-()! /?'&<*?! -!

;&<'(,'!/'-).C&'8H !

1.2. Spectroscopy 

1.2.1. 2D Spectroscopy 

 A! /'-=(/(& )-%! /P&S=(8,).(&)-%! ,#$,'(8,)/! 1-)! 7,! 7'&3,)! =&P)! /&! C&<'!

7-.(1! /(8,! ()/,'D-%.H! ! J?,.,! /(8,! ()/,'D-%.! ()1%<=,! /?,! $',$-'-/(&)! Q u$R! $,'(&=I!

,D&%</(&)! Q/ORI! 8(#()*! Qu8 RI! -)=! /?,! =,/,1/(&)! /(8,! Q/ MRH! ! J?,! $',$-'-/(&)! $,'(&=!

-%%&P.! /?,! )<1%,-'! .$()!.>./,8! /&!1 &8,! /&! -)! ,K<(%(7'(<8!&'! -! )&),K<(%(7'(<8!

./-/,! P(/?! <)(K<,! -)=! =,.('-7%,! $'&$,'/(,. H! ! ! J?(.! 1-)! 7, ! -11&8$%(.?,=! .(8$%>!

/?'&<*?! -! /(8,! =,%->! &'! /?'&<*?! -! 8&',! ,%-7&'-/,! $<%.,! .,K<,)1,! .1?,8,! /&!

s$',$-',t!/?,!.>./,8!C&'!/?,!',8-()=,'!&C!/?,!/P& S=(8,).(&)-%! ,#$,'(8,)/H!!J?,!

C()-%!./,$!()!/?,!$',$-'-/(&)!$,'(&=!(.!/&! '&/-/,! /?,!8-*),/(U-/(&) !6 !()/&!/?,!#>!

$%-),I!&C/,)!-11&8$%(.?,=!7>!-!.(8$%,!WNv!$<%.,H!!!

"

"

"

! !"#"$
!

!"#$%"%&'() !"#"$#%&' !"#$%&'#
!

!
! 

!
! 

!
!  

!
! 

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 t1 in a series of 

experiments, the connectivity and/or exchange dynamics of a compound can be 
determined. 
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J?,! ,D&%</(&)! /(8,! Q/OR! (.! P?,',! /?,! 8-*),/(U-/(&)! ,D&%D,.! C',,%>! .&! /?-/! 6 #<!

$',1,..,.! -/! /?,! @-'8& '! C',K<,)1 >H! ! "-1?! )<1%,-'! 8-*),/(U-/(&)! (.! s/-**,=t!

-11&'=()*! /&! (/.! ()=(D(=<-%! 1?-'-1/,'(./(1! @-'8&'! C',K<,)1>I! P?(1?! =,$,)=.! &)!

/?,('!$-'/(1<%-'!T-8(%/&)(-)H!! 6(#()*!C&%%&P.!/?,! ,D&%</(&)!$,'(&=I!P?(1?!*(D,.!

/?,!8-*),/(U-/(&)!()!/?,!#>!$%-),!/(8,!/&!()/ ,'-1/!&'!s8(#t!/?,('!P-D,!C<)1/(&).H!!

:/! (.! ()! /?(.! /(8,! /?-/! /?,!$'&1,..,.! /&!7,!()D,./(*-/,=!$',=&8()-/,%>!/-3,!$%-1,H!!

J?,!()/,'D-%! u8 !8->!7,!.?&'/! 7</!1-)!-%.&!7,!-)!()D&%D,=!.,K<,)1,!&C!$<%.,.!/?-/!

'&/-/,! 6! &</! &C! /?,! #>! $%-),! -)=! -%%&P! /(8,! C&'! /?,! .$()! .>./,8! /&! ',%-#H!!

;&%%&P()*! /?(.! 8(#()*! /(8,! (.! /?,! %-./! /(8,! ()/,'D-%I ! =,/,1/(&)! Q/MRH! ! J?(.! (.! /?,!

)&'8-%!=-/-!-1K<(.(/(&)!$,'(&= !/&!-1K<(',! /?,!C',,!()=<1/(&)!=,1->H !!J,1?)(K<, . !

()! /P& S=(8,).(&)-%! .$,1/'&.1&$>! =(CC,'! 8-()%>! ()! /?,! ./'<1/<',! &C! /?,('! 8(#()*!

$,'(&=H!!J?,! ()C&'8-/(&)! /&!=,/,'8(),! /?,!1&)),1/(D(/>!-)=! ,#1?-)*,!=>)-8(1.!

()!-!/'-=(/(&)-%!MB S.,K<,)1,!(.!-11&8$%(.?,=!7>!-! .>./,8-/(1!D-'(-/(&)!&C!/ O!C'&8!

&),!,#$,'(8,)/!/&!/?,!),#/H !hVI!Yi !

 #$%$%$#$"&'(")*+,"+(-.(/0("

 JP& S=(8,).(&)-%! 1&'',%-/,=! .$,1/'&.1&$>! Q0[G\R I! .?&P)! ()! ;(*<',! Z I! (.!

&C/,)!<.,=!C&'!/?,!=,%(),-/(&)!&C!/?,!.$() S.$()!1&<$%()*!),/P&'3.!&C!-!.>./,8 !C&'!

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



!

!ON!

-7.&%</,!D-%<,!&'!$?-.,!.,).(/(D,H!!:/!(.!/?'&<*?!/?,!',.&%D,=!C(),!./'<1/<',!&C!/?,!

1'&..!$,-3.!/?-/!',.&)-)1,!-..(*)8,)/.!1-)!7,!&7/-(),=!/&!>(,%=!/?,!K<-)/(/-/(D,!

8,-.<',8,)/.!&C!.$() S.$()!1&<$%()*!1&)./-)/.H!! J?,!1'&..!$,-3.! /?,8.,%D,.!-',!

*,),'-/,=!7> !/?,!/'-).C,'!&C!-)/( S$?-.,!8-*),/(U-/(&)!&C!=(',1/%>!1&<$%,=!.$().I!

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

!

Figure 4 Traditional COSY sequence. 

;&'!-!/P& S.$()!.>./,8!:GI!1-%1<%-/()*!/?,!.$()!C&'!:!-C/,'!/?,!C('./!$<%.,!-)=!

, D&%</(&)!/(8,!/OI!/?,!$'&=<1/!&$,'-/&'!1-)!7,!P'(//,)!-.!C&%%&P.H !

Iz
(90x )IS! "!! #I t1! "! ! JISt1! "!!

$Iy cos#I t1 cos! JISt1 + 2IxSz cos#I t1 sin! JISt1
+Ix sin#I t1 cos! JISt1 + 2IySz sin#I t1 sin! JISt1

" " QYR"

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

"KH!_H! !J?,!C('./! /P&! /,'8.! -',!<)&7.,'D-7%,H! !J?,! /?('=! /,'8!P(%%!,D&%D,! -/! /?,!



!

!OO!

.-8,!C',K<,)1>!()!/ M!-.! (/!=(=!()!/ M!-)=!/?<.!*(D,!'(.,!/&!/?,!=(-*&)-%!$,-3.!()!/?,!

.$,1/'<8H!!J?,.,!=(-*&)-%!$,-3.!=&!)&/!',D,-%!-)>!()C&'8-/(&)!7,>&)=!P?-/!1-)!

7,!.,,)!()!-!&), S=(8,).(&)-%!,#$,'(8,)/H!!J?,!C&<'/?!-)=!C()-%!.$()!,D&%D, .!-/!X M!

&$$&.,=!/&!X O!()!/ M!*(D()*!'(.,!/&!/?,!1'&..!$,-3.!/?-/!.?&P!/?,!1&'',%-/(&).!()!/?,!

.$,1/'<8H!! !

I z
(90x )IS! "!!

#I z cos$I t1 cos!JISt1 # 2I xSy cos$I t1 sin!JISt1
+I x sin$I t1 cos!JISt1 # 2I zSy sin$I t1 sin!JISt1

 (7) 

J?,!=(-*&)-%!$,-3.!P(%%!?-D,!-)!() S$?-.,!8<%/($%,/! ./'<1/<',!P?,',-.! /?,!1'&..!

$,-3.!P(%%!',D,-%!-)!-)/( S$?-.,!./'<1/<',!P(/?!',.$,1/!/&!/?,!o :G!1&<$%()*H!![),!&C!

/?,!='-P7-13.! /&! /?,! /'-=(/(&)-%!0[G\! .,K<,)1,! (.! /?-/! /?,!=(-*&)-%!$,-3.! -',  

()/,).,! 7,1-<.,! /?,>! 1&D,'! -! %-'*,! -',-! &C! /?,! MB! .$,1/'<8! 7,1-<.,! &C! /?,('!

=(.$,'.(D,!$'&$,'/(,.H! :)! -!$?-.,! .,).(/(D,!0[G\! .$,1/'<8I! /?,!1'&..!$,-3.!-)=!

=(-*& )-%! $,-3.! ?-D,! =(CC,',)/! %(),.?-$,.! -)=! ()/,).(/(,.I! 8-3()*! (/! =(CC(1<%/! /&!

-)-%>U,!/?,!()C&'8-/(&)!'(1?!1'&..!$,-3.!/? -/!-',!()!1%&.,!$'&#(8(/>!/&!/?,!8&',!

()/,)., !=(-*&)-%!$,-3. H![),!P->!/&!*,/!-'&<)=!/?(.!(.!/&!.<$$',..!/?,!.(*)-%!&)!

/?,!=(-*&)-%!&C!-! /P&S=(8,).(&)-%!,#$,'(8,)/H!!J&!-11&8$%(.?! /?-/I! -! .,K<,)1,!



!

!OM!

/?-/!<.,.!-!=&<7%,!K<-)/<8!C(%/,'!1-)!7,!-$$ %(,=H!!J?(.!(.!.?&P)!()!;(*<',!V !-)=!

(.!',C,'',=!/&!-.!-!B]; S0[G\H !h_I!̀ i !

#$%$%$%$"&'("1234)*+,"+(-.(/0( 

!

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]; S0[G\! (.!8 <1?!%(3,! /?,!0[G\! ,#$,'(8,)/! ,#1,$/!C&'! /?,! -==(/(&)!&C!-!

/?('=! WNv! 2;! $<%.,! -==,=! (88,=(-/,%>! -C/,'! /?,! .,1&)=! $<%.,! ()! /?,! 0[G\!

.,K<,)1,H! J?(.! $-'/(1<%-'! .,K<,)1,! -//,8$/.! /&! .&%D,! /?,! ()/,).,! =(-*&)-%!



!

!Oa!

$'&7%,8! 7>! 1-<.()*! /?,! =(-*&)-%! $,-3.! /&! 7,! -)/($?-. ,! -)=! ),-'%>! $<',!

-7.&'$/(&)H!!!:)!-==(/(&)-%!/&!.<$$',..()*!/?,!=(-*&)-%!.(*)-%I!.()*%,/!',.&)-)1,.!

C'&8! (.&%-/,=! .$().! -',! -%.&! .<$$',..,=H ! !J?,! $?-.,!&C! /?,!C('./! /P&!$<%.,.! -',!

1>1%,=!/&!.,%,1/!&)%>!$<',!=&<7%,!K<-)/<8!1&?,',)1,.!=<'()*!/?,!),*%(*(7%,! /(8,!

()/,'D-%I!wI!7,/P,,)! /?,! .,1&) =!-)=! /?('=!2;!$<%.,.H!!J?,!&)%> !/,'8! ',/-(),=!(.!

/?,! &),! /?-/ ! 1&)/-().! /?,! =,.(',=! =&<7%,! K<-) /<8! 1&?,',)1,I! -.! .?&P)! ()!

,K<-/(&)!Q`RH!

I z
(90x )IS! "!! #I t1! "! ! JISt1! "!! (90x )IS! "!!

$2I xSy cos#I t1 sin ! JISt1    (8) 

J?,!/,'8! /?-/!1&)/-().!/?,!=,.(',=!B]!1&?,',)1,!/&!7,!.,% ,1/,=!7>!$?-.,!1>1%, !(.!

',/-(),=H!!J?(.!$'&=<1/!&$,'-/&'!: #G>!(.!,K<(D-%,)/!/&!B] >Sx] >f!/?,!U,'& SK<-)/<8!

1&8$&),)/! (.! ',8&D,=! 7>! /?,! $?-.,! 1>1%()*! 8,-)()*! /?,! /,'8! M: #G>! 1-)! 7,!

',$%-1,=!7>!/?,!&$,'-/&'!B] >yQ2IxSy +2IySx RcM!/&!&7/-()!/?,!C&%%&P()*!/,'8.H!

selectDQ! "!!! #
1
2
(2I xSy + 2I ySx)cos$I t1 sin!JISt1

(90x )IS! "!! #
1
2
(2I xSz + 2I zSx)cos$I t1 sin!JISt1

  (9) 

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

$,-3I!P?(1?I!-.!=(.1<..,=!7,C&',I!,D&%D,.!-/!/?, !X O!C',K<,)1>!()!7&/?!/?,!8(#()*  



!

!OZ!

-)=!=,/,1/(&)! /(8,!()/,'D-%.H!J?(.! /,'8!P(%%!7,!-)/( S$?-.,!P(/?! ',.$,1/! /&!/?,!o :G!

1&<$%()*!()!;M!-)=!; OH!!J?,!.,1&)=!/,'8! ',$',.,)/.!/?,!1'&..!$,-3I!P?(1?!,D&%D,.!

-/! C',K<,)1>! X :! =<'()*! /?,! 8(#()*! /(8,! ()/,'D-%! -)=! X G! ()! / ?,! =,/,1/(&)! /(8,!

()/,'D-%f!/?(.!/,'8!(.!-%.&!-)/($?-.,!P(/?!',.$,1/!/&!/?,!o :G!1&<$%()*!()!7&/?!;O!-)=!

; MH!+&/?!=(-*&)-%!-)=!1'&..!$,-3.!?-D,!/?,!.-8,!8&=<%-/(&)!()! /?,!8(#()*!/(8,!

()/,'D-%!/O!-)=!$?-.,!()!/?,!=,/,1/(&)!()/,'D-%!/ MH!!J?(.!8,-).!/?,!.$,1/' <8!1-)!7,!

$?-.,=!/&!7,!$<',!-7.&'$/(&)!()!7&/?!=(8,).(&).H!! !

! J?,! 1&?,',)1,! $-/?P->! (.! .,%,1/,=! 7>! $?-.,! 1>1%()*H! ! ^?-.,! 1>1%()*!

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

1?-)*,.! ()! 1&?,',)1,!&'=,' !w$H! ! ;&'!&7.,'D-7%,! .(*)-%I! /?,!&D,'-%%!w$!8<./! 7,!

,K<-%!/&!zOzH!!;&'!/?,!B]; S0[G\I!/?,!$-/?P->.! w$y{O!-',!()?,',)/%>!.,%,1/,=!7>!

/?,!C('./!$<%.,!()!/?,!.,K<,)1,H!![ ),!$&..(7%,!$?-.,!1>1%,!P&<%=!7>!5"#"%"6I!P?,',!

N!(.!WN!=,*',,.I!O!(.!O`N!=,*',,.I!M!(.!M_N!=,*',,.!-)=!a!(.!aYN!=,*',,. I!-$$%(,=!/&!

/?,!C('./!/P&!$<%.,.!()!/?,!.,K<,)1, H!!J?,!/?(' =!$<%.,!P&<%=!',8-()!C(#,=!-)=! /?,!

',1,(D,'I!P(/?!/?,!.-8,!)<87,'!/&!=,*',,!1&)D,'.(&).I!P&<%=!),,=!/&!7, !1>1%,=!5"

%" 5" %$! !G<1?! -! 1>1%,! .<$$',..,.! /?,! $-/?P->! w$y{O! - )=! .&! /?,! -#(-%! $,-3.! -',!

.<$$',..,=H!! J?,!C()-%!w$y!Sa!-)=!|OI!-.!.,,)!()!;(*<',!VI!-)=!/?,!&)%>!=,/,1/-7%,!

.(*)-%!?-.!$y! SOH!!J?,! .,%,1/(&)!&C!/?,.,! /P&!$-/?P->.!*<-'-)/,,.! /?-/! /?,!&)%>!



!

!OV!

1&)/'(7</&'.!/&!/?,!&7.,'D,=!.(*)-%!P(%%!7,!C'&8!/?,!1&?,',)1,.!P(/ ?!&'=,'.!$y{M!

$',.,)/!d<./!7,C&',!/?,!/?('=!$<%.,H!hai !

! J?,!=(.-=D-)/-*,!/&!<.()*!-!B]; S0[G\!$'&/&1&%!(.!/?-/!/?,!.,).(/(D(/>!(.!-!

C-1/&'!&C!m!/?,!.,).(/(D(/>!&C!-!7-.(1!0[G\!,#$,'(8,)/ H!hWi!

 

1.3. Water Suppression 

 F-/,'!(.! -!*,),'(1!.&%D,)/!<.,=!()!562!./<=(,.I!7</!<.()*!/?(.!.&%D,)/!1-)!

1',-/,! -)! &D,'P?,%8()*! $'&/&)! .(*)-%! Q}ONN6R! /?-/! 1-)! &D,'%-$! &'! .-/<'-/,!

P,-3,'!.(*)-%.H!!A!%-'*,!P-/,'!.(*)-%!1-)!-%.&!1',-/,!&/?,'!$'&7%,8.!P(/?!.$,1/'-I!

.<1?! -.! 7-.,%(),! =(./&'/(&).! -)=! -! $?-.,! '&%%H! J?,! ,-.(,./! -)=! $,'?-$.! 8&./!

&7D(&<.! .&%</(&)! /&! ,%(8()-/,! -)>! $'&7%,8.! P(/?! P-/,'! .-/<'-/(&)! (.! /&! <.,! -!

=,</,'-/,=! .&%D,)/H! ! T&P,D,'I! ,D,)! =,</,'-/,=! .&%D,)/.! 1-)! 1&)/-()! .8-%%!

-8&<)/.! &C! <)=,</,'-/,= c$-'/(-%%>S=,</,'-/,= ! .&%D,)/! -)=! =,</,' -/,=! .&%D,)/.!

1-)!7,!<)$'-1/(1-%!()!$'&/,()!./<=(,.!-)=!(8$&..(7%,!()!.&8,!7(&%&*(1-%!.-8$%,.H!!

"#1?-)*,! P(/?! %-7(%,! $'&/&).! 1-)! 1-<.,! [T! -)=! 5T! /&! =(.-$$,-'! C'&8! -!

.$,1/'<8I! -.! P,%%H! ! J&! 1&$,! P(/?! -! %-'*,'! P-/,'! .(*)-%! /?-/! 8->! &/?,'P(.,! 7,!

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



!

!OY!

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

hONi !!

!

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

J?,!s7,./t! -$$'&-1?!C&'!P-/,'! .<$$',..(&)!1-)!=,$,)=!&)! -!D-'(,/>!&C!C-1/&'.I!

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

.3(%%!&C!&$,'-/&'I! /(8,!-D-(%-7%,! /&! .,/<$! /?,! ,#$,'(8,)/I!=,*',,!&C! .<$$',..(&)!

=,.(',=I! -)=! /?,! 562! ,#$,'(8,)/! /&! 7,! $,'C&'8,=H! ! 0%,-'%>I! P(/?! /?(.! 8-)>!

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

$-'/(1<%-'I! -! P-/,'! .(*)-%H! h̀ i ! J?,! 8&./! 1&)D,)/(&)-%! -$$'&-1?! /&! P-/,'!

.<$$',..(&)! (.! &) S',.&)-)1,! $', .-/<'-/(&)! &C! /?,! P-/,'! ',.&)-)1,H! ! J?(.! (.!

=(.1<..,=! ()! *',-/,'! =,/-(%! ()! /?,! ),#/! .,1/(&)H! ! T&P,D,'I! /?(.! 8,/?&=! 1-)!

-//,)<-/,! .(*)-%.! ),-'! /?,!P-/,'!C',K<,)1>H! !J&! ',%(,D,! .&8,!&C! /?,! (..<,.!P(/?!

<)P-)/,=! -//,)<-/(&)I! 8,/?&=.! ?-D,! 7,,)! =,D,%&$,=! /?-/! <. ,! $<%.,! .1?,8,.!

/?-/! %,-D,! /?,! .$()! $&$<%-/(&)! &C! /?,! P-/,'! <)$,'/<'7,=! =<'()*! /?,! ',%-#-/(&)!

=,%->H!!J?,.,!/,1?)(K<,.!1-)!7,!*'&<$,=!()!/?',,!1-/,*&'(,.H!! !



!

!O_!

• o<8$!-)=! ',/<')c.,%,1/(D,!,#1(/-/(&)!.1?,8,.!<.,=!-.!-)!-1K<(.(/(&)! ',-=!

$<%.,!

• G1?,8,.! /?-/! =($?-., ! /?,! /'-).D,'.,! 1&8$&),)/! &C! P-/,'! 8-*),/(U-/(&)!

=<'()*!-!.$() S%&13!$<'*,!$<%.,!

• G1?,8,.!/?-/!-$$%>!$<%.,=!*'-=(,)/.!&C!./-/(1!8-*),/(1!C(,%=!/?-/!-%%&P!C&'!

/?,!,CC(1(,)/!.,%,1/(&)!&C!/?,!1&?,',)1,!/'-).C,'!$-/?P->H!! !

T&P,D,'I!8-)>!&C!/?,!8,/?&=.!/?-/!C-%%! ()!/?,.,!1-/,*&'(,.!1-)!.<CC,'!C'&8!%&P!

.(*)-%!/&!)&(.,!()!-!.()*%,!-1K<(.(/(&)H!!F?,)!/(8,!(.!-!1'<1(-%!C-1/&'!()!-)!562!

,#$,'(8,)/I! -!8,/?&=!P&<%=!7,! ',K<(',=! /?-/!1&<%=!K<(13%>!$'&=<1,! -! ',%(-7%,!

.$,1/'<8! P(/?! ?(*?! .(*)-%! /&! )&(.,! ()! -! .?&'/! -8&<)/! &C! / (8,H! ! FAJ"2LAJ"!

QP-/,'!.<$$',..(&)!7>!*'-=(,)/ S/-(%&',=!,#1(/-/(&)RI!=(.1<..,=!()!8&',!=,/-(%!()!-!

%-/,'!.,1/(&)I!$'&=<1,.!,CC(1(,)/!P-/,'!.<$$',..(&)!()!-!.()*%,!-1K<(.(/(&)H!!4)%(3,!

/?,! 8,/?&=.! =,.1'(7,=! ,-'%(,'I! FAJ"2LAJ"! <.,.! *'-=(,)/! $<%.,.! /&! ',8&D,!

<)P-)/,=! 1&?,',)1,.! '-/?,'! /?-)! .,%,1/! -$$'&$'(-/,! 1&?,',)1, S/'-).C,'!

$-/?P->.H! hOOi!

1.3.1. Water Suppression Using Presaturation 

^',.-/<'-/(&)!Q;(*<',!_ R!(.!-!/,1?)(K<,!P?,',!-!1&)/()<&<.I!P,-3!Q-)=!/?,',C&',!

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



!

!O !̀

-1K<(.(/(&)H! ! J?(.! ,%(8()-/,.! /?,! P-/,'! 8-*),/(U-/(&)! ()! /?,! .(8$%,. /! -)=! 8&./!

,CC,1/(D,! P->! C&'! -! $',S.<$$',..(&)! 8,/?&=H! :)! ',1,)/! >,-'.I! ?&P,D,'I! /?(.!

8,/?&=!?-.!7,,)!()/,*'-/,=!()/&!/?,!8-()!.,K<,)1,I!.<1?!-.!()!/?,!8(#()*!/(8,!&C!

-!5["G\!.,K<,)1,H! hONi !

!

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. 

J?,! 1?&(1,! &C! $<%.,! $&P,'! -)=! =<'-/(&)! <.<-%%>! ',K<(',! .&8,! -8&<)/! &C!

1&8$'&8(.,I! -.! ()1',-.,=! $&P,'! -%%&P.! C&'! ,CC(1(,)/! ,%(8()-/(&)! &C! .&%D,)/! 7</!

1-)! .-/<'-/,! ),-'7>! 1?,8(1-%! .?(C/.! -)=! ()1',-.,=! =<'-/(&)! >(,%=.! *',-/!

.-/<'-/(&)! 7</! ', =<1,.! /?,! ,CC(1(,)1>! &C! .(*)-%! -D,'-*()*H! ! F?,)! 1&).(=,'()*! -!

$',.-/<'-/(&)!$<%.,!()!-)!562!,#$,'(8,)/I!(/!(.!1'<1(-%!/?-/!/?,!8-*),/!7,!P,%%!

.?(88,=I! 7</! /?,! $<%.,! 1-)! ,-.(%>! 7,! <.,=! ()! 1&)d<)1/(&)! P(/?! 8&./! ,#(./()*!

562! ,#$,'(8,)/.H! ! J?,',! -',! .&8,! ='-P7 -13.! /&! /?,! $',.-/<'-/(&)! /,1?)(K<,I!

()1%<=()*!.-/<'-/(&)!/'-).C,'!-)=!1'&.. S',%-#-/(&)!/?-/!1-)!',=<1,!/?,!()/,).(/>!&C!



!

!OW!

,#1?-)*()*! $'&/&).! -)=! /?-/! .&8,! $'&/&).! %(,! =(',1/%>! 7,),-/?! /?,! P-/,'! &'!

.<CC(1(,)/%>! 1%&.,! /?-/! /?,>! 1-))&/! ,.1-$,! /?,! .-/<'-/(&)! /? ,8.,%D,.H! ! G&8,! &C!

/?,.,! (..<,.! 1-)! 7,! ',8,=(,=! 7>! 8()(8(U()*! '-/,.! &C! ,#1?-)*,I! 7</! /?(.! (.! )&/!

-%P->.!$&..(7%,H!h̀ i !

1.3.2. Water Suppression Using WATERGATE 

 F-/,'! .<$$',..(&)! 7>! *'-=(,)/ S/-(%&',=! ,#1(/-/(&)! QFAJ"2LAJ"R! (.! -!

?(*?%>! .,%,1/(D,! P-/,'! .<$$',..(&)! /,1?)(K<,! =,D,%&$,=! /&! ,).<',! *',-/,'!

.<$$',..(&)! ()! -! .()*%,! -1K< (.(/(&) H! ! J?(.! 1&87()-/(&)! &C! /-(%&',=! ,#1(/-/(&)!

$<%.,.! P(/?! 8-*),/(1! C(,%=! *'-=(,)/.! (.! 1&)=<1(D,! /&! 8&./! 8<%/($%,! =(8,).(&)!

562! ,#$,'(8,)/.H! hOOI!OMi! J?,! /'-=(/(&)-%! FAJ"2 LAJ"! .1?,8,! (.! .?&P)! ()!

;(*<',!` H!!!
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!

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

!

A !)& ) S.,%,1/(D,!WNv!2;!$<%.,! ,#1(/,.!-%%! ',.&)-)1,.!<)(C&'8%>H! !J?,! .<7.,K<,)/!

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

-8$%(/<=,!-)=!.(*)!P(/?!-!1,)/'-%!.,%,1/(D,!O`Nv! 2;!$<%.,!.-)=P(1?H!!J?,!O`Nv!2;!

$<%.,! (.! .-)=P(1?,=! .<1?! /?-/! /?,! ),/! '&/-/(&)! &C! /?,! P-/,'I! P?(1?! (.! .,/! &)!

',.&)-)1,I!-$$'&-1?,.!U,'&!P?(%,!/?,!',./!&C!/?,!.$,1/'<8!(.!C%($$,=!7>!/?,!O`Nv!

$<%.,H!hOMi! J?(.! 8,-).! /?,', ! (.! )&! P-/,'! .(*)-%! ',$?'-.,= ! -.! /?,! -1K<(.(/(&)!

P()=&P! &$,).H! ! A%%! 1&?,',)1,.! ,#1(/,=! 7>! /?,! C('./! )&).,%,1/(D,! $<%.,! -',!

=,$?-.,=!7>! /?,!C('./!C(,%=!*'-=(,)/! -)=! /?,)! ',$?'-.,=!7>! /?,! .,1&)=!*'-= (,)/!

$'&D(=,=!/?,>!,#$,'(,)1,!/?,!O`Nv!'&/-/(&)!7>!/?,!.,%,1/(D,!.-)=P(1?H! hOOI!Oai !

! J&!8()(8(U,!/?,!,CC,1/.!&C!oS8&=<%-/(&)!-)=!.$() S.$()!',%-#-/(&)I!/?,!,1?&!

%,)*/?! (.!3,$/! -.! .?&'/! -.!$&..(7%,H! !J?,!%,)*/?!&C! /?,! )&) S,#1(/,=! ',*(&)! ()! /?,!



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

J?,!,#1(/-/(&)!7-)=P(=/?!(.!%(8(/,=!7>!/?,!2;!C(,%=!()/,).(/>!&C!/?,!)&) S.,%,1/(D,!

$<%.,.H! ! J?,! .$,1/'-%! '-)*,! (.! ',=<1,=! /&! C',K<,)1(,.! {Ocu! C'&8! /?,! 1-''(,'!

C',K<,)1>I!P?(1?!(.!/?,!P-/, '!C',K<,)1>H!hOMi!

! [$/(8-%! ',C&1<.()*! 1-)! 7,! -1?(,D,=! 7>! <.()*! .$,1(-%(U,=! $<%.,! /'-().! ()!

$%-1,! &C! /?,! O`Nv! .-)=P(1?H! ! [),! &C! /?,! 8&./! C',K<,)/%>! <.,=! &$/(8(U ,=! $<%.,!

/'-().!(.!/?,!7()&8(-%!a SWSOWI!P?(1?!=,)&/,.!-!.>88,/'(1!.,K<,)1,!a~ SuSW~SuSOW~S

uSOW~SuSW~SuSa~! QYZ~yO`NRI! -.! .?&P)! ()! ;(*<',! WH! ! J?,! /'-()! =,%(D,'.! -! ),/!

,#1(/-/(&)!&)!',.&)-)1,!-)=!-/!C',K<,)1(,.!-/!w• U,'&y!{Q3ROcuI!P?,',!3y!NIOIMIaI€H!

hOai !!

 

 

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 

 J?,! ()/,'$',/-/(&)! &C! %-'*,! =-/-.,/.! ',%(,.! &)! 1&8$</-/(&)-%! -$$'&-1?,.!

C&'!-)-%>.(.!-)=!D(.<-%(U-/(&)H!!6,/?&=.!/&!<)/-)*%,!/?,!1&8$%(1-/,=!),/P&'3.!&C!

7(&%&*(1-%! .>./,8.! ()1%<=,! $'()1($-%! 1&8$&),)/! -)-%>.(.! Q^0ARI!

8<%/(=(8,).(&)-%! .1-%()*I! 1%<./,'()*! /,1?)(K<,.I! -)=! =(.1'(8()-)/ ! C<)1/(&)!

-)-%>.(.! -8&)*! &/?,'.H! hOZSO_i !0&88&)! /&! 8&./! &C! /?,.,! 8,/?&=.! (.! /?-/! /?,>!

7<(%=!<$&)!/?,!()/,'=,$,)=,)1(,.!7,/P,,)!1%-..,.!-.! ,#$',..,=!7>!-!1&D-'(-)1,!

&'! 1&'',%-/(&)! 8-/'(#H! F?,)! -$$%>()*! 8<%/($-'-8,/'(1! /,1?)(K<,.! C&'! $-//,')!

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

7,!=,'(D,=H!!•-'(-/(&)!1&8,.!C'&8!/?',,!.&<'1,.!()!-!7(&%&*(1-%!.>./,8H! hOZi !

• G$,1(C(1! $,'/<'7-/(&). S! J?,.,! $,'/<'7-/(&).! () ! -! 7(&%&*(1-%! .>./,8! -',! -!

.$,1(C(1!-)=!%&1-%(U,=!()/,'D,)/(&)H!

• L%&7-%! $,'/<'7-/(&). S! J?,! 1?-)*,.! ()=<1,=! -/! 8<%/($%,! .(/,.! P(/?()! -!

),/P&'3!&C!-!7(&%&*(1-%!.>./,8!&'!()/,'D,)/(&).!7'&<*?/!-7&</!7>!,#/,')-%!

C-1/&'.!/?-/!?-D,!-!.(*)(C(1-)/I!.(8<%/-),&<.!()C %<,)1,!-/!8<%/($%,!.(/,.!1-)!

7,!1%-..(C(,=!-.!*%&7-%!()!)-/<',H!
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• :)/'().(1!D-'(-7(%(/> S!•-'(-)1,!=,'(D,=!C'&8!1?-)*,.!/?-/!=&!)&/!',$',.,)/!

-!=,%(7,'-/,!$,'/<'7-/(&)!&'!1?-)*,.!&C! /?,!$?>.(&%&*(1-%!./-/,!7</! '-/?,'!

-',!=,'(D,=!7>!()/'().(1!D-'(-7(%(/>!-',!1 &).(=,',=!()/'().(1!/&!/?,!.>./,8H!! !

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

<).<$,'D(.,=! -)=! .<$,'D(.,=H! ! J,1?)(K<,.! .<1?! -.! ^0A! -',! 1%-..(C(,=! -.!

<).<$,'D(.,=!7,1-<.,!/?,>!',K<(',!)&! +,-./0./!3)&P%,=*,!&C!/?,!1%-..!&C!.-8$%,.!

-)=!-',!7-.,=!&)!/?,!1-%1<%-/(&)!&C!%-/,)/!D-'(-7%,.H!!J,1?)(K<,.!()!/?(.!1-/,*&'>!

-',!<.,C<%!P?,)!/?,!=-/-!(.! '(1?!-)=!$%,)/(C<%!7</!/?,!?>$&/?,.(.!&'!()C&'8-/(&)!

',*-'=()*! /?,! =-/-! (.! $&&'H! hOVI!OYi ! !F?,)! /?,',! (.! -! ./'&)*,'! ?>$&/?,.(.! -)=!

8&',! ()C&'8-/(&)! ',*-'=()*! /?,! .-8$%,I! .<$,'D(.,=! /,1?)(K<,.! 1-)! 7,! <.,C<%H!!

J?,.,!/,1?)(K<,.!()1%<=,!=(.1'(8()-)/!-)-%>.(.!-)=!$-'/(-%!%,-./!.K<-',.!-)-%>.(.H!!

G<$,'D(.,=!/,1?)(K<,.!?-D,!.&8 ,!$-//,').!/?-/!?-D,!-!=,.(',=!',.$&).,!/?-/!-',!

3)&P)!/&!/?,!()D,./(*-/&'H!!J?,!*&-%!&C!.<$,'D(.,=!8,/?&=.!(.!/&!8&=,%!/?,!=-/-!

.&!/?,',!(.!-)!-11<'-/,!8-$!C&'!/?,!()$</.!P(/?!/?,!/-'*,/.H!!J?,!(=,-!(.!=,D,%&$!-!

s/'-()()*t!.,/! /?-/!1-)!7,!-$$%(,=!/&!/?,!- )-%>.(.!&C!-%%!/?,!.-8$%,.!()!-!=-/-.,/H!

hOVi !



!
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1.4.1. Principal Component Analysis 

^'()1($-%!1&8$&),)/!-)-%>.(.!(.!-!.(8$%,I!)&) S$-'-8,/'(1!8,/?&=!<.,=!/&!

,#/'-1/!',%,D-)/!()C&'8-/(&)!C'&8!%-'*,!&'!1&)C<.()*!=-/-.,/.H!!J?,!-(8!&C!^0A!(.!

/&! (=,)/(C>! /?,! 8&./! 8,-)()*C<%! 7-.(.! ()! P? (1?! /&! ', S,#$',..! /?,! =-/-! P?(%,!

C(%/,'()*!&</!)&(.,!-)=!',D,-%()*!?(==,)!./'<1/<',H!!J?'&<*?!^0AI!(/!(.!?&$,=!/?-/!

/?,!()C&'8-/(&)!/?-/!(.!(8$&'/-)/I!',=<)=-)/!&'!)&(.,!1-)!-%%!7,!=(.1,'),=H!! !

6-/?,8-/(1-%%>I! P,! 8<./! 8-3,! /?',,! -..<8$/(&).H! ;('./I! P,! -..< 8,!

%(),-'(/>I! .&! /?,! $'&7%,8! 1-)! 7,! C'-8,=! -.! -! 1?-)*,! &C! 7-.(.H! ! G,1&)=I! /?,!

-..<8$/(&)! (.! 8-=,! /?-/! %-'*,! D-'(-)1,.! ()! /?,! =-/-! ?-D,! (8$&'/-)/! ./'<1/<',.!

/?-/! ',D,-%! <.,C<%! ()C&'8-/(&)H! ! J?('=I! /?,! $'()1($-%! 1&8$&),)/.! Q^0.R! -',!

&'/?&*&)-%I! P?(1?! (.! -)! ( )/<(/(D,! .(8$%(C(1-/(&)! /?-/! 8-3,.! ^0A! .&%<7%,! P(/?!

%(),-'! -%*,7'-! =,1&8$ &.(/(&)! /,1?)(K<,.H! ^0.! -',! %(),-'! 1&87()-/(&).! &C! /?,!

&'(*()-%!=,.1'($/&'.! /?-/!-',!1-%1<%-/,=!/&!7,!<)1&'',%-/,=!P(/?!&),!-)&/?,'!-)=!

=,.1'(7,!-!=,1',-.()*!-8&<)/!&C!=-/-!D-'(-)1,!- .!>&<!.,K<,)/(-%%>!8&D,!/?'&<*?!

/?,!^0.H! hOYSO ì !0&).(=,'!-!=-/-!.,/! 7I!P?,',!,-1?!1&%<8)!(.!-!.()*%,!.-8$%,!Q&'!

.)-$.?&/! ()! /(8,RI! -)=! ,I! P?(1?! (.! -)&/?,'! 1, 2, 3! 8-/'(#! ',%-/,=! 7>! %(),-'!

/'-).C&'8-/(&)! /&! 8-/'(#! 8$" " 7! (.! /?,! &'(*()-%! =-/-.,/! -)=! ,! (.! /?,! ),P!

',$',.,)/-/(&)!&C!/?,!=-/-!.,/H!! !
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PX = Y      (10) 

8!(.! /?,!8-/'(#!/?-/! /'-).C&'8.! 7"()/&!,!/?'&<*?!-! '&/-/(&)!-)=!-!./',/1?H!

J?,!'&P.!&C!8!-',!-!.,/!&C!/?,!),P!7- .(.!D,1/&'.!<.,=!/&!,#$',..!/?,!1&%<8).!()! 7H!

J?,!'&P!D,1/&'.!()!/?(.!/'-).C&'8-/(&)!7,1&8,!/?,!^0.!&C! 7H!

PX =

p1

!
pm

!

"

#
#
#
#

$

%

&
&
&
&

x1 … xn!
"

$
%     (11) 

Y =
p1x1 ! p1xm

! " !
pmx1 ! pmxm

!

"

#
#
#
#

$

%

&
&
&
&

    (12) 

A)!&'/?&)&'8-%!8-/'(#! 8!8<./!7,!C&<)=!()! ,987!.<1?!/?-/! ):9";#</=",,&"

(.! -!=(-*&)-%!8-/'(#H!J?,!8-3,.! /?,! '&P.!&C! 8! /?,!^0.!&C! 7H!4.()*! ,(*,)D,1/&'!

=,1&8$&.(/(&)!/,1?)(K<,.I!8-/'(#!8-)($<%-/(&)!1-)!>(,%=!/?,!C&%%&P()*!',.<%/.H !

Cy =
1
n
YYT

=
1
n
(PX)(XP)T

=
1
n
PXXTPT

= P(1
n
XXT )PT

Cy = PCxP
T

          (13) 

J?,!8-/'(#!^!(.!.,%,1/,=!/&!7,!-!8-/'(#!P?,',!,-1?!'&PI!$ (I!(.!-)!

,(*,)D,1/&'!&C! ;#</="77&H!!+>!/?(.!=,C()(/(&)I!8!(.!,K<(D-%,)/!/&!>JH""
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"

Cy =PCxP
T

=P(ETDE)PT

=P(PTDP)PT

= (PPT )D(PPT )
= (PP! 1)D(PP! 1)

Cy =D

    (14) 

:)! .<88-'>I! ^0A! ',K<(',! /?-/! /?,! =-/-! (.! &'*-)(U,=! ()! -! 1, 2, 3! 8-/'(#!

P?,',! 1!(.!/?,!8,-.<',8,)/!/>$,.!-)=! 3!(.!/?,!)<87,'!&C!.-8$%,.I!/?,!8,-)!(.!

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

1&D-'(-)1,! (.!1-%1<%-/,=!P(/?!/?,!8,/?&=!&</%(),=!-7&D,H! hO ì !J?,!C<)=-8,)/-%!

$'&$,'/(,.!&C!^0.! (.! /?-/! /?,>! -',!&'/?&)&'8-%! -)=! /?<.!<)1&'',%-/,=!P(/?!&),!

-)&/?,'! -)=! /?-/! /?,! C('./! ^0! 1&)/-().! /?,! %-'*,./! $-'/! &C! /?,! D-'(-)1,! &C! /?,!

=-/-.,/I! P(/?! .<7.,K<,)/! ^0.! 1&)/-()()*! 1&'',.$&)=()*%>! .8-%%,'! -8&<)/.! &C!

D-'(-)1,H! ! J?(.! 8,-).! /?-/! -! $%&/! &C! /?,! C('./! /P&! &'! /?',,! ^0.! *(D,.! /?,! 7 ,./!

',$',.,)/-/(&)!/?,!8,-)()*C<%!./'<1/<',!&C!/?,!=-/-.,/H! hOYI!O_i !

! !
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2. Metabonomics 
!

2.1. What is Metabonomics? 

L,)&8(1.!-)=!$'&/,&8(1.!?-D,!7,,)!1'<1(-%!/,1?)(K<, .!()!<)'-D,%()*!/?,!

8>./,'(,.!&C!7(&%&*(1-%!.>./,8.I!<)%&13()*! .,1',/.!&C!=(.,-.,! -)=!?<8-)!?,-%/?H!!

J&! -$$%>! /?,! *,)&8(1! -)=! $'&/,&8(1! 3)&P%,=*,! ,CC,1/(D,%>! 7,/P,,)! D-'(-/(&)!

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

-$$'&-1 ?!/?-/ !,#-8(),=!8,/-7&%(1!$-/?P->!-1/(D(/>H! hOWi!J?,!8,/-7&%&8,!&CC,'.!

()C&'8-/(&)!7,>&)=! /?-/!&C!*,),.! -)=!$'&/, ().! -%&),I! -.! (/! ',C%,1/.!8&',!1%&.,%>!

/?,! -1/(D(/(,.! &C! 1,%%.! -/! -! C<)1/(&)-%! %,D,%H! ! 0?-)*,.! ()! /?,! 8,/-7&%&8,! -',!

-8$%(C(,=! P(/?! ',.$,1/! /&! 1?-)*,.! ()! /?,! /'-).1'($/&8,! -)=! $'&/,&8,! -)=! 1-)!

>(,%=! C<'/?,'! ()C&'8-/(&)! -7&</! 1?-)*,.! ()! /?,! *,),/(1! ,#$',..( &)! /?'&<*?!

$'&/,()! $'&=<1/(&)! -)=! ()/,*'-/,=! 1,%%<%-'! 7(&1?,8(1-%! ',*<%-/(&)! -)=! 1&)/'&%H!

J?(.!1?-'-1/,'(U-/(&)!&C!$'&/,()!C<)1/(&)!/?'&<*?!/?,!$?,)&/>$()*!?-.!7,1&8,!-)!

(8$&'/-)/! &7d,1/(D,! ()! C<)1/(&)-%! *,)&8(1.! -)=! (.! -11&8$%(.?,=! /?'&<*?!

8,/-7&)&8(1.H! hOVI! OYI! OWSMOi! 6,/-7&)&8(1.! -%%&P.! C&'! /?,! K<-)/(/-/(D, !

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

$?>.(&%&*(1-%! ./(8<%(I! 7(&%&*(1-%! ./',..&'.I!,)D('&)8,)/-%! 1&)=(/(&).I! &'! *,) , /(1!
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8&=(C(1-/(&)H! hOYI! O_I! MNI! MMi! ! J?,! <%/(8-/,! *&-%! &C! 8,/-7&)&8(1.! (.! /&!

K<-)/(/-/(D,%>! -)=! K<-%(/-/(D,%>!-)-%>U,! -%%! &C! /?,! 8,/-7&%(/,.! ()!-! *(D,)!

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

$'&D(=,.!-!*%&7-%!$(1/<',!&C!-1/<-%!7(&%&*(1-%!,D,)/.!()!/?,!.>./,8H! hOVSO_I!MOI!Mai !

4)1&D,'()*! ,)= S$&()/!7(&8-'3,'.! /?-/!1-)!7,!<.,=!C&'!$'&*)&.(.!&'!8&)(/&'()*!

/',-/8,)/! $%-).! ?-.! *',-/! (8$&'/-)1,! () ! /?,! C(,%=! &C! $,'.&)-%(U,=! 8,=(1(),I! -.!

P(%%!7,!=(.1<..,=!()!/?(.!1?-$/,'H!!!

2.1.1. Using NMR as a Tool in Metabonomics 

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

-)=! ()1%<=,! ?(*?! $,'C&'8-)1,! %(K<(=! 1?'&8-/&*'-$?>! QT^@0RI! *-.!

1?'&8-/&*'-$?> S8-..! .$,1/'&8,/'>! QL0 S6GRI! 8-..! .$,1/'&8,/'>! Q6GR! -)=!

562! .$,1/'&8,/'>H! ! J'-=(/(&)-%%>! 562! -)=! 6G! -',! 1&).(=,',=! /&! 7,! /?,!

$'(8-'>I! 8&./! <)(D,'.-%! -$$'&-1?,.! ()! /?,! C(,%=H ! hMNi ! [/?,'! 8&=-%(/(,.! &CC,'!

./',)*/?.!()!8,/-7&)&8(1.I!?&P,D,'I!562!(.!<)(K<,!-)=!-=D-)/-*,&<.!()!/?-/!(/!

(.!()?,',)/%>!)&) S=,./'<1/(D,I!)&) S()D-.(D,I!K<-)/(/-/(D,!()!)-/<',!-)=!$'&D(=,.!-!

P,-%/?!&C!()C&'8-/(&)!-7&</!)<1%,(!/?-/!-',!562!D(.(7%,!Q(H,H!OTI!Oa0I!OV5RHhOYI!

MaI!MZi !F?(%,!6G!(.!8&',!.,).(/(D,!/?-)!562I!=(CC,',)/(-%!(&)(U-/(&)!.<$$',..(&)!

1-)! 8-3,! $-//,')! K<-)/(C(1-/(&)! K<(/,! =(CC(1<%/HhOYi ! :)! -==(/(&)I! 562! (.! 8&',!
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'&7<./! /?-)! 6G! P?,)! (/! 1&8,.! /&! .-8$%,! $',$-'-/(&)I! ',$'&=<1(7(%(/>I! -)=!

-7.&%</,!-)=!',%-/(D,!K<-)/(/-/(&)H hMNi!+,1-<.,!562!$'&D(=,.!()C&'8-/(&)!-7&</!

-! 1?,8(1-%.! ./'<1/<',I! -)! 562! .$,1/'<8! (.! -! $?>.(1-%! 1?-'-1/,'(./(1! &C! -!

1&8$&<)=!(.!/?(.!(.!?&P!562!.$,1/'&.1&$>!(.!?(*?%>!',$'&=<1(7%,H! hMNi !

5<1%,-'! 8-*),/(1! ',.&)-)1,! .$,1/'&.1&$>!1-)! $'&=<1,!C-./! -)=!=,/-(%,=!

-)-%>.(.!&C!/?,!7(&8&%,1<%-'!1&8$&.(/(&)!&C!1'<=,!,#/'-1/.!.<1?!-.!7(&C%<(=.HhMNi!

[CC,'()*! -! <)(C&'8! =,/,1/(&)! .>./,8! P(/?! ,K<-%! .,).(/(D(/>! C&'! -%%! $'&/&) S

1&)/-()()*! 8&%,1<%,.I! OTS562! (.! -7%,! /&! =,/,1/! 1?-)*,.! ()! 8,/-7&%(.8! /?-/!

&11<'! 7,C&',! -)>! *'&..! 8&'$?&%&*(1-%! 1?-)*,.H! :)! -==(/(&)I! )<8,'&<.! )&D,%!

7(&8-' 3,'.!&C!&'*-) S.$,1(C(1!/&#(1(/>!?-D,!.?&P)!/?-/!562!1-)!,#1,%!P?,)!<.,=!

-.!-)!,#$%&'-/&'>!/&&%HhOVI!O_I!MVi !F(/?!/?,.,!K<-%(C(1-/(&).!()!(/.!C-D&'I!/?,!C(,%=!

&C! 8,/-7&)&8(1.! <.,.! 562! /&! 8,-.<',! 7(&1?,8(1-%! $,'/<'7-/(&).! 1-<.,=! 7>!

=(.,-.,H! J?(.! ?-.! 7,,)! .<11,..C<%%>! =,8&)./'-/,=! -.! -! D(-7%,! /,1?)(K<,! P(/?!

=(.,-.,! ()! /?,! $'&./-/,I! 1-'=(-1! =(.,-.,! -)=! ^-'3().&)e.! =(.,-.,! /?'&<*?! /?,!

-)-%>.(.!&C!$'&./-/(1!C%<(=I!<'(),I!-)=!$%-.8-H!hMYI!M_i !!J?,!1<'',)/!./<=>!(.!-(8,=!

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

1-)1,'I! -! $-/?&$?>.(&%&*(1-%! ./(8<%<.H! hO_i ! :8$ %,8,)/()*! -)! 562 S7-.,=!
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8,/-7&)&8(1! -$$'&-1?! -%%&P.! C&'! ',%-/(D,%>! 1'<=,! .-8$%,.I! .<1?! -.! ()/,'./(/(-%!

7',-./!C%<(=I!/&!7,!-)-%>U,=!P(/?!%(//%,!.-8$%,!$',$-'-/(&)H!hMNi  

2.1.2. Metabolites as Biomarkers for Breast Cancer 

6,/-7&%(/,.!1-)!7,!1%-..(C(,=!-.!,(/?,'!,)=&*,)&<.I!P?(1?!8,-).!/?,>!-',!

1&=,=!()! /?,!*,)&8,!-)=!-',! ()/'().(1! /&!1,%%<%-'!C<)1/(&)I!&'!#,)&7(&/(1I!P?(1?!

8,-).!/?,>!-',!=,'(D,=!C'&8!-!C&',(*)!1 &8$&<)=H!hOYI!OWi!!

J?,!),,=!C&'!7(&8-'3,'.! /&! ',C(),! .?&'/ S/,'8!7',-./!1-)1,'! '(.3! ,./(8-/,.!

-)=!8,-.<',!/?,!',.$&).,!/&!$',D,)/(&)!()/,'D,)/(&).!(.!,D(=,)/H!!+(&8-'3,'.!()!

7',-./! /(..<,.! -)=! C%<(=! ?-D,! -$$,-%! -.! 7,()*! =(',1/%>! ',C%,1/(D,! &C! <)=,'%>()*!

$',),&$%-./(1!$'& 1,..,.!-)=!1&<%=!7,!<.,=!/&!-11<'-/,%>!$',=(1/!.?&'/ S/,'8!7',-./!

1-)1,'! '(.3H! hM Ì!MWi!+(&8-'3,'.! /?-/!D-'>!P(/?! '(. 3! -)=! ',.$&).,! /&!$',D,)/(&)!

()/,'D,)/(&).!-',!&C/,)!/,'8,=!s.<''&*-/,!,)=!$&()/!7(&8-'3,'.t!-)=!8<./!C<%C(%%!

/?,!C&%%&P()*!',K<(',8,)/.! haNi9!!

• +(&%&*(1-%%>!-)=!./-/(./(1-%%>!.(*)(C(1-)/!()!1-)1,'!=,D,%&$8,)/!

• ^',.,)/!()!-!',-.&)-7%,!$'&$&'/(&)!&C!-/ S'(.3!()=(D(=<-%.!

• +,!&7/-(),=!()!8()(8-%%>!()D-.(D,!$'&1,=<',c. !

• +,! ',D,'.(7%,! P(/?! $',D,)/(&)! ()/,'D,)/(&).! /?-/! ?-D,! 7,,)!

D-%(=-/,=!()!=,1',-.()*!1-)1,'!()1( =,)1,H!!
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T&P,D,'I!=(./()1/!.<''&*-/,!,)=!$&()/!7(&8-'3,'.!/?-/!$',=(1/!/?,!1%()(1-%!

&</1&8,!&C!C<%%>!=,D,%&$,=!()D-.(D,!1-)1,'.!P(/?!?(*?!=,*',,!&C!1,'/-()/>!-)=c&'!

/?,! ',.$&).,! &C! 7',-./! 1-)1,'.! /&! -)/(1-)1,'! /?,'-$(,.I! -.! P,%%! -.! /?&.,! /?-/!

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

>,/! /&!7,! (=,)/(C(,= H!haOi !6,/-7&%(/,.!&CC,'! -! 1%&.,! ',C%,1/(&)!&C!1,%%! -1/(D(/>! -/! -!

C<)1/(&)-%!%,D,%H!hOVi !+,1-<.,!8,/-7&%(/,.!-',!.>)/?,.(U,=!C'&8!&/?,'!8,/-7&%(/,.I!

(=,)/(C>()*! /?,.,! .8-%%! 8&%,1<%,.! -)=! ()/,'$',/()*! /?,! 1&'',% -/(&).! ()! /?,!

),/P&'3.! ()! P?(1?! /?,>! $-'/(1($-/,! &CC,'.! '(1?! $&/,)/(-%! ()! <)1&D,'()*!

7(&8-'3,'.! /?-/! 1&<%=! C<%C(%%! /?,! ),,=.! &C! $?>.(1(-).! =(-*)&.()*! 7',-./! 1-)1,'H!

T&P,D,'I! .<''&*-/,! ,)=! $&()/! 7(&8-'3,'.! ),,=! /&! $',.,)/! ()! -! ',-.&)-7%,!

$'&$&'/(&)!&C! -! .-8 $%,!$&$<%-/,!&C! -/S'(.3! ()=(D(=<-%.I! .?&<%=!7,!&7/-()-7%,! ()!

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

()/,'D,)/(&).!-',!-$$%(,=H! hOZI!MaI!M ì !

2.2. Breast Cancer 

A11&'=()*!/&!/?,!5-/(&)-%!0-)1,'!:)./(/</,I!O!()!`!P&8,)!P(%%!7,!=(-*)&.,=!P(/?!

7',-./!1-)1,'!()!?,'!%(C,/(8,!-)=!7',-./!1-)1,'!',.< %/.!()!&D,'!ZNINNN!=,-/?.!()!/?,!

4)(/,=! G/-/,.! ,-1?! >,-'H! ! J?(.! )<87,'! (.! ./-**,'()*I! 7</! *',-/,'! ./(%%! -',! /?,!

)<87,'!&C!$-/(,)/.!=(-*)&.,=!P(/?!7',-./!1-)1,'!()!/?,!4)(/,=!G/-/,.!,-1?!>,-'I!
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,K<-%%>! 8&',! /?-)! O_`IZ`N! 1-.,.! >,-'%>H! ! +',-./! 1-)1,'I! ()! C-1/I ! (.! /?,! 8&./!

1&88&)!8-%(*)-)1>!-8&)*!P&8,)!P&'%=P(=,H! haMi !

5<8,'(1-%! /&&%.! ?-D,! /?,! -8-U()*! $&/,)/(-%! &C! ?<8-)(U()*! /?,! $'-1/(1,! &C!

8,=(1(),I! -%%&P()*! /?,! $-/(,)/.! /&! 7,1&8,! ()C&'8,=! $-'/),'.! ()! /?,! =,1(.(&).!

-7&</!/?,'-$,</(1!&$/(&).H! haai !



!
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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 

! !+,>&)=!P&8,)!P?&!-',!=(-*)&.,=! P(/?!/?(.!=(.,-.,I!/?,',!?-.!-%.&!7,,)!

-!1-/,*&'>!&C!P&8,)!P?&!-',!-/!-!?(*?,'!'(.3!C&'!=,D,%&$()*!7',-./!1-)1,'H!!2(.3!

C-1/&'.!()1%<=,!C-1/&'.!.<1?!-.!$'(&'!7(&$.>!,#?(7(/()*!.<.$(1(&<.!%,.(&).I!3)&P)!

+20AOcM!&'!.<.$,1/,=!8</-/(&)!1-''(,'I!&'!$'(&'!1&)/'- %-/,'-%!7',-./!1-)1,'H! J?,!

+20AOcM!-',!7',-./!1-)1,'!.<.1,$/(7(%(/>!*,),.!/?-/!-',!',.$&).(7%,!C&'!-!*'&<$!&C!

?,'(/-7%,!7',-./! 1-)1,'H! ! :)!P&8,)I! 8</-/(&).! ()! /?,.,! *,),.! 1&)C,'!P(/?! -!ZN S

_N‚! %(C,/(8,! ()1',-.,! ()! 7',-./! 1-)1,'H! [/?,'! C-1/&'.I! .<1?! -.! -*,I! 8,)&$-<.-%!

./-/<.I! ?&'8&),! &'! &'-%! 1&)/'-1,$/(D,! <.,I! -*,! &C! 8,)-'1?,! -)=! 8,)&$-<.,I!

%&1-/(&)! ?(./&'>I! C-8(%>! 1-)1,'! ?(./&'>! Q()1%<=()*! 7',-./I! 1&%&)I! &D-'(-)! -)=!

$'&./-/,!1-)1,'.R I! '-=(-/(&)! ,#$&.<',! -)=! '-1,! -%.&!?-D,!7,,)!1&).(=,',=!P?,)!

=,/,'8()()*!P?, /?,'! -!P&8-)!P-.! -/!?(*?,'! '(.3!C&'!=,D,%&$()*!7',-./!1-)1,'H!

haZSa_i !A!$&$<%-'!8&=,%!/&!-..,..! /?,! '(.3!&C!()!.(/<!-)=!()D-.(D,!7',-./!1-)1,'I!

&'(*()-%%>! ()!P?(/,!P&8,)! 7</! /?,)! ,#$-)=,=! /&! ()1%<=,! 8-)>! '-1,.I! (.! /?,!V S

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

/?,!+',-./!0-)1,'!^',D,)/(&)!J'(-%.I!7</!-%%!D,'.(&).!&C!/?,!8&=,%! <)=,' S$',=(1/ !

&'! &D,'S$',=(1/ ! /?,! '(.3! C&'! 7',- ./! 1-)1,'! ()! .&8,! .<7.,/.! &C! P&8,)H! hM ì ! J?,!

(8$%(1-/(&)! (.! /?-/!P&'3! ./(%%!),,=.! /&!7,!=&),! /&! -11<'-/,%>!=(-*)&.,!?(*? S'(.3!
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P&8,)! /&!=,D,%&$!-!$,'.&)-%(U ,=! /',-/8,)/!$%-)!7-.,=!&)!$-/(,)/.e! ),,=.! /?-/!

8->! -D&(=! /?,! 8&',! '-=(1-%! /',-/8,)/! &$/(&).H! ! G/<=(,.! .?&P! hM Ì!MWI!aZi ! /?-/!

1-)1,'! &C! /?,! 7',-./! 1-)! 7,! *',-/%>! ',=<1,=! ()! /?,.,! ?(*? S'(.3! P&8,)! 7>!

/',-/8,)/! P(/?! /-8&#(C,)I! $'&$?>%-1/(1! &&$?&',1/&8>! Q.<'*(1-%! ',8&D-%! &C! /?,!

&D-'(,.R! -)=c&'! $'&$?>%-1/(1! 8-./,1/&8>! Q. <'*(1-%! ',8&D-%! &C! /?,! 7',-./RH!!

T&P,D,'I! )&/! -%%! P&8,)! ),,=! &'! 7,),C(/! C'&8! ='<*! /?,'-$>! &'! ='-./(1I! %(C, S

-%/,'()*!.<'*,'>H! hM Ì!MWI!a` i !

2.2.2. Treatment Options for High Risk Patients 

J?,',!-',!.,D,'-%!/',-/8,)/!&$/(&).!-D-(%-7%,!C&'!P&8,)!-/!-!?(*?!'(.3!&C!

=,D,%&$()*!7',-./!1-)1,'!&'!/?&.,!P(/?!,-'%>!&).,/!7',-./!1-) 1,'H!!T&P,D,'I! /?,!

=,*',,!&C!7,),C(/.! ()! /,'8.!&C!=(.,-.,!C',,! .<'D(D-%! -)=!&D,'-%%! .<'D(D-%!1-)!7,!

<)1,'/-()!,)&<*?!/&!8-3,!/?,!=,1(.(&)!C&'!/',-/8,)/!&'!/?,!$',C,',)1,!C&'!P?(1?!

/',-/8,)/! &$/(&)! ,#/',8,%>! D-'(-7%,! -8&)*! $-/(,)/.H! haai ! J?,! 8&./! P(=,%>!

-11,$/,=! /',-/8,)/!&$/(&).!C&'!P&8,)! -/!?(*? S'(.3!&C!=,D,%&$()*!7',-./!1-)1,'!

-',! 1?,8&$',D,)/(&)! P(/?! /-8&#(C,)I! $'&$?>%-1/(1! &&$?&',1/&8>! -)=c&'!

$'&$?>%-1/(1! 8-./,1/&8>H! ! hM Ì!MWI!a` i ! !T&P,D,'I! /?,! '(.3! ',=<1/(&)! ./'-/,*(,.!

1-''>!P(/?!/?,8!.,'(&<.!.(=,!,CC,1/.!-)=!/?,! 1&./.!()1<'',=!7>!/?,.,!$'&1,=<',.!(.!

,#$,).(D,H! haNi !F?(%,!/-8&#(C,)!?-.!7,,)!.?&P)!/&!',=<1,!7',-./!1-)1,'!'(.3!7>!
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a`‚I! .(=,! ,CC,1/.! 1-)! ()1%<=,! ,)=& 8,/'(-%! 1-)1,'I! $<%8&)-'>! ,87&%(.8I! ./'&3,!

-)=!=,,$ SD,()!/?'&87&.(.H! haZi !:)!-==(/(&)I!1?,8&/?,'-$>!?-.!%,=!/&!$',8-/<',!

8,)&$-<.,! /?-/! 1-)! %,-=! /&! -! 1?,8(1-%%>! ()=<1,=! =,,$! =,$',..(&)! ()! $-/(,)/.H !!

J?,! =,$',..(&)! '-/,! C&'! 7',-./! 1-)1,'! ?-.! 7,,)! .?&P)! /&! 7,! ?(*?,'! /?-)! 8&./!

&/?,'!1-)1,'.I!P(/?! /?,! ,#1,$/(& )!&C!$-)1',-/(1! -)=!&'&$?-'>)*,-%!1-)1,'.H! haMi !

:)!-==(/(&)I!3)&P)!+20AOcM!1-''(,'.!?-D,!-!.(*)(C(1-)/!'(.3!&C!-!1-)1,'!,D,)/!()!

,(/?,'! 7',-./I! ,D,)! -C/,'! 8&',! 1&).,'D-/(D,! .<'*,'>I! /&! /?,! $&()/! /?-/! C<'/?,' !

()/,'D,)/(&).I!.<1?!-.!&&$?&',1/&8>I!-',!&C/,)!=,,8,=!$'<=,)/H!!J?,!,#1,..!'(.3!

1-)! /-3,! - /!%,-./! .(#! /&! ,(*?/!>,-'.! /&!8-)(C,./! (/.,%C!-C/,'! -)! ()(/(-%!=(-*)&.(.!&C!

?(*?!'(.3I!.&!/?,!),,=!C&'!%&)* S/,'8!C&%%&PS<$!(.!1'<1(-%H!haWi!!

2.2.3. Ductal Carcinoma in Situ 

J?,! *&%=! ./-)=-'=! C&'! =(-*)&.(.! &C! -%%! />$,.! &C! 7',-./! =(.,-.,! (.!

?(./&%&*(1-%! ,D-%<-/(&)! &C! /(..<,! .-8$%,.H! ! J?(.! 8,/?&=! ?-.! 7,,)! -11<'-/,! -)=!

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

7,)(*)!%,.(&).! -/!?(*?! '(.3!C&'!%-/,'!=,D,%&$()*! ()/&!7',-./!1-)1,'!?-.! )&/!7,,)!

&$/(8-%H! hhaOI! a` i i! A%.&I! /?,',! ?-.! 7,,)! *',-/! <)1,'/-()/>! ()! =,D,%&$()*! -)!

,CC,1/(D,! /',-/8,)/!$%-)!C&'!=<1/-%!1-'1()&8-! ()! .(/<!QB0:GRI!P?(1?I! ()! /?,!$-./!

/P,)/>! >,-'.I! ?-.! .,,)! -)! ()1',-.,! C'&8! ƒO SV‚! &C! =,/,1/,=! 8 -88&*'-$?(1!
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8-%(*)-)1(,.! /&! „VN‚! &C! -%%! =,/,1/,=! 8-88&*'-$?(1! 8-%(*)-)1(,.H! ! B0:G! (.! -!

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

?,/,'&*,),(/>! 8-3()*! ',$'&=<1(7%,! ?(./&$-/?&%&*(1-%! =(-*)&.(.! -%8&./!

(8$&..(7%,H! ! J?,! 1<'',) /! 1<'-/(D,! /',-/8,)/! &C! B0:G! ?-.! 7,,)! 8-./,1/&8>f!

?&P,D,'I! /?(.! ?-.!&C/,)!7,,)! .,,)! -.! -! '-=(1-%!&D,'/',-/8,)/!C&'!8-)>!P&8,)!

P?&!1&<%=!7,!1<',=!P(/?!7',-./ S1&).,'D()*!/',-/8,)/H! ha` i !!!

2.2.4. Male Breast Cancer 

F?(%,! 8-%,! 7',-./ ! 1-)1,'! (.! 1&).(=,',=! -! '-',! =(.,-.,I! (/! -11&<)/.! C&'!

-%8&./! &),! $,'1,)/! &C! -%%! 7',-./! 1-)1,'! =(-*)&.,.! -)=! ?-.! .,,)! -)! ()1',-.,! ()!

',$&'/,=! 1-.,.! ()! /?,! $-./! MV! >,-'.H! ! 6-%,! 7',-./! 1-)1,'I! ()! *,),'-%I! (.! -)!

<)=,'./<=(,=! =(.,-.,I! 7</! '(.3! C-1/&'.! ?-D,! 7,,) ! (=,)/(C(,=H! ! J?,.,! '(.3! C-1/&'.!

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

&'1?%,1/&8>I! &'1?(/(.I! ()C,'/(%(/>! -.! P,%%! -.! 8,)! =(-*)&.,=! P(/?! b%(),C,%/,'e.!

.>)='&8,I!-!.>)='&8,!()!P?(1?!$-/(,)/.!1-''>!……\!1?'&8&.&8,.H!!J? ,!$',.,)1,!

&C!b%(),C,%/,'e.!.>)='&8,!-%&),!',.<%/.!()!-!VNSC&%=!()1',-.,!()!8-%,!7',-./!1-)1,'!

'(.3H!6,)!P(/?!*,'8%(),!8</-/(&).!&C!/?,!+20AM!&)1&*,),!?-D,!-)!,./(8-/,=!.(#!

$,'1,)/!%(C,/(8,!'(.3!&C!7',-./!1-)1,'!/?-/!',$',.,)/.!-!ONN SC&%=!()1',-.,!&D,'!/?, !

*,),'-%!8-%,!$&$<%-/(&)H!!haYI!a_i !!
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B0:G!1&8$'(.,.!-$$'&#(8-/,%>!/,)!$,'1,)/!&C!7',-./!1-)1,'.!()!8,)I!P(/?!

/?,!8&./!1&88&)!*'&P/?!$-//,').!7,()*!$-$(%%-'>!-)=!1'(7'(C&'8H!!T&P,D,'I! -!

8<1?!%-'*,'!WaH_‚!&C!8-%,!7',-./!1-)1,'.!-',!=<1/-%!&'!<)1%-..(C(,=!1-'1() &8-.H!!

@&7<%-'!1-'1()&8-.!-',!'-',!-8&)*!8-%,!7',-./!1-)1,'!$-/(,)/.I!<)%(3,!()!C,8-%,!

$-/(,)/.! P?,',! /?,',! (.! -! ?(*?,'! ()1(=,)1,! &C! %&7<%-'! 1-'1()&8-.! ()! .(/<f! -$-'/!

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

8,)H!! hM Ì!aYi !!!

A..,..()*! 8-%,! 7',-./! 1-)1,'! '(.3I! $'&*)&. (.I! -)=! /',-/8,)/! $%-).!

(8$&'/-)/I!,D,)!(C!/?,!()1(=,)1,!(.!8<1?!%,..!/?-)!(/. !C,8-%,!1&<)/,'$-'/H!!B<,!/&!

/?,! .(8(%-'(/(,.! ()! /?,! =(.,-.,! 7,/P,,)! /?,! .,#,.I! C()=()*! 7(&8-'3,'.! C&'! , (/?,'!

*,)=,'! 1&<%=! %,-=! /&! *',-/! -=D-)1,.! ()! '(.3! -..,..8,)/! -1'&..! /?,! 7&-'=H! ! J?, !

=(-*)&.(.!&C!8-%,!7',-./!1-)1,'!<.<-%%>!=&,.! )&/!1&8,!<)/(%! /?,',! (.! -!$-%$-7%,!

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

$'&*',.. (&)H!!J?,!1<'',)/!/',-/8,)/!$%-)!C&'!8,)!(.!8&=(C(,=!'-=(1-%!8-./,1/&8>!

P(/?!-<#(%(-'>!%>8$?!)&=,!=(..,1/(&)!&'!.,)/(),%!)&=,!7(&$.>H!!J?,',!(.!%(//%,!=-/-!

',*-'=()*!/?,!7,),C(/.!&C!-=d<D-)/!1?,8&/?,'-$>!()!8,)I!/?&<*?!/-8&#(C,)!(.!-!

1?,8&/?,'-$>!='<*!<.,= !()!8-%,!7',-./!1-)1,'H!! !
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2.2.5. Random Periareolar Fine Needle Aspiration  

2-)=&8!$,'(-',&%-'!C(), S),,=%,!-.$('-/(&)!Q2^;5AR!(.!-!7(&$.>!/,1?)(K<,!

=,D,%&$,=! 7>! 0-'&%! ;-7(-)! /?-/! 1-<.,.! %(//%,! =(.1&8C&'/! /&! /?,! $-/(,)/! -)=!

,#/'-1/.! ,$(/?,%(-%! 1,%%.I! ()/,'./(/(-%! 7',-./! C%<(=! -)=! C-/! C'&8! /?,! 7',-./H!hMWI!a` i !

2^;5A!.-8$%,.!8->!7,!<.,=!/&!=,C(),!-!1&?&'/!-/!D,'>!?(*?!.?&'/ S/,'8!'(.3!C&'!

B0:G!-)=!()D-.(D,!7',-./!1-)1,'!()!-!*'&<$!/ ?-/!?-D,!()=(1-/&'.!&C!7,()*!-/!?(*?!

'(.3!C&'!/?,!=(.,-.,H! hM ì !A!OHV!()1?!MOS*<-*,!),,=%, !-//-1?,=!/&!-!ONS8%!.>'()*,!(. !

<.,=!C&'!/?,!-.$('-/(&)H!!"(*?/!/ &!/,)!.-8$%,.! />$(1-%%>!-',!/>$(1-%%>!$<%%,=!C'&8!

,-1?! 7',-./! hM Ì! MWi! C'&8! /?,! ON9NN! -)=! M9NN! $&.(/(&).! -'&<)=! /?,!)($$%,! -)=!

$%-1,=! ()! =<$%(1-/,! /<7,.I! -.! (%%<./'-/,=! ()! ;(*<',! OO H!F&8,)! -',! ()./'<1/,=! /&!

P,-'! -! .$-)=,#! .$&'/.! 7'-! C&'! C&<'! /&! C(D,! =->.! C&%%&P()*! /?,! $'&1,=<',! /&!

8()(8(U,! 7',-./! 8&D,8,)/H! hM Ì! aNi ! :/! (.! C'&8! /?,.,! /<7,.! /?,! 1>/&%&*>! (.!

$',$-',=H !!
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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. 

!"#$$%&'()$*$+(&,-%./&#'$0,-+&#(#).1&

2.**3*"0&
1$045$*$+(!

2.**3*"0&
4*.$1$045,#1!

!($.4,)5.*,"*&
'.**#!

6-,#$7
-3'*.$#,#!

83'*.$*,&! 250$1"),-&
'*314,-+!

9'$0.&

$%&%'()*+! ,-.*&/! $(&)! ,-.*&/! ,-.*&/! ,-.*&/! #!

012'*(+!
%3*+'(4!

$5'6! $%6*+(/*! $5'6! 722(.5%&('!
852+%&12'*%'5!

9(+*! :!

;'1./*+5&<! $%6*+(/*! =*>! $%6*+(/*!
$52+%&12'*%'5!

722(.5%&('! ?!

@%..!%A!
2%B*.5%&!

;%&.4521%1.! ,-.*&/! =+*C1*&/! $(2+%&12'*%'5! =+*C1*&/! "!
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$!%&'&%(%!)*! )'+! +,&-.+/&0/! 1+//! 1/(2-+3!4&-.! 0-! /+02-! -+'! +,&-.+/&0/! 1+//2!4+3+!

3+5(&3+6!-)!6+-+3%&'+!-.+!,0-.)/)78!0'6!-.+!902))6!18-)/)78!&'6+:!21)3+!;<0=/+!

>?!402!022&7'+6!*)3!2&:!%)3,.)/)7&1!1.0301-+3&2-&12!4&-.)(-!0!@')4/+67+!)*! -.+!

2(=A+1-2!1/&'&10/!.&2-)38B!C#DE!"FG!

<.+!,3+2+'1+!)*!.8,+3,/02&0!0'6!.8,+3,/02&0!4&-.!0-8,&0!&'!-.+!HI$!;*&'+J

'++6/+!02,&30-+2?!4+3+!%)3+!,3+K0/+'-!&'!.&7.J3&2@!4)%+'!-.0'!/)4J3&2@!4)%+'!

0'6!-.+!,3+2+'1+!)*!0-8,&0!&'!-.+!&'&-&0/!LMHI$!402!022)1&0-+6!4&-.!0'!&'13+02+!

&'! -.+! 6+1&2&)'! -)! -0@+! -0%):&*+'! 4.+'! 1)%,03+6! 4&-.! 4)%+'! 4.)! .06!

=)36+3/&'+!0-8,&0!)3!')',3)/&*+30-&K+!1+//2B!C#NE!O"G!!P)4+K+3E!-)!60-+E!-.+!73+0-+2-!

/&%&-0-&)'2!)*!LMHI$!(2+6!-)!,3+6&1-!2.)3-J-+3%!=3+02-!10'1+3!3&2@!0'6!%)'&-)3!

3+2,)'2+!-)!1.+%),3+K+'-&)'!07+'-2!.02!=++'!&-2!*)1(2!)'!%)3,.)/)7&1!0'0/82&2B!!

9)/+1(/03! 0'0/82&2! .02! -.+! ,)-+'-&0/! -)! +'.0'1+! -.+! 3+,3)6(1&=&/&-8! 0'6!

,3)7')2-&1! K0/(+B! C#DG!Q&-.! -.&2! 2&7.-! &'!%&'6E!%+-0=)')%&12! 10'! ),+'! 0! '+4!

),,)3-('&-&+2!(2&'7!LMHI$!-.0-!.0K+!,3)7')2-&1!K0/(+B!

! !



!

!"O!

!

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 

 
L0'6)%!,+3&03+)/03!*&'+J'++6/+!02,&30-&)'!;LMHI$?!402!,+3*)3%+6!02!-.+!

=&),28!-+1.'&5(+!(2&'7!-.+!2-0'60362!6+K+/),+6!=8!R03)/!H0=&0'B!<.&2!,3)1+6(3+!

+:-301-+6! +,&-.+/&0/! 1+//2E! &'-+32-&-&0/! =3+02-! */(&6! 0'6! *0-! *3)%! -.+! =3+02-! )*! -.+!

,0-&+'-2!,03-&1&,0-&'7!&'!-.+!2-(68B!C#DE!ONG!!S(3!1)//0=)30-)32!1)//+1-+6!-.+!=3+02-!

20%,/+2!0-!-.+!Q)%+'T2!Q+//'+22!R+'-+3!)'!U(@+!V'&K+32&-8T2!R+'-+3!*)3!W&K&'7!

R0%,(2! 02! ,03-! )*! 0'! )'7)&'7! 1/&'&10/! -3&0/! ('6+3! -.+! 2(,+3K&2&)'! )*! X&1-)3&0!

Y++40/6-E!9UB! !$!>BZ! &'1.!#>J7(07+!'++6/+! 0--01.+6! -)!0! 283&'7+!402!(2+6! *)3!

02,&30-&)'B!![&7.-!-)!-+'!20%,/+2!4+3+!,(//+6!*3)%!+01.!=3+02-!0'6!1)//+1-+6!&'!0!

-+2-!-(=+!-.0-!402!&%%+6&0-+/8!1+'-3&*(7+6B!H3)%!-.&2!-(=+E!-.+!&'-+32-&-&0/!=3+02-!

*/(&6!402!-.+'!3+%)K+6!=8!,&,+--+!-)!0!2+,030-+!-+2-!-(=+!1)'-0&'&'7!.+,03&'E!0'!

0'-&J1)07(/0'-B! ! \*! -.+! 2,+1-3)21),8!402! ,+3*)3%+6!4&-.&'! #"! .)(32! )*! 20%,/+!



!

!""!

015(&2&-&)'E!-.+!20%,/+2!4+3+!@+,-!)'!&1+!0'6!3+*3&7+30-+6]!)-.+34&2+!-.+!20%,/+2!

4+3+!*3)^+'!('-&/!-.+8!1)(/6!=+!0'0/8^+6!0-!0!/0-+3!-&%+B!

3.1.2.  Sample Preparation  

H3)^+'!20%,/+2!4+3+!-.04+6B!!H)3!+01.!20%,/+E!ZZF!µ/!)*!&'-+32-&-&0/!=3+02-!

*/(&6! 0'6! ZFµ/! )*! 0! Z%9! OJ-3&%+-.8/2&/8/J>J,3),0'+2(/*)'&1! 01&6! 2)6&(%! 20/-!

;UYY?!2)/(-&)'!&'!6+(-+3&(%!):&6+!4+3+!,&,+--+6!&'-)!0!Z%%!7/022!I9L!-(=+B!!\*!

-.+!2)/(-&)'!K)/(%+!*3)%!-.+!,0-&+'-!402!')-!ZZF!µ/E!-.+!K)/(%+!6&**+3+'1+!402!

011)%%)60-+6! =8! 066&'7! %)3+! )*! -.+! UYY! 2)/(-&)'! -)! 3+01.! _FF! µ/! *)3! 0//!

20%,/+2B!!<.+!K0/(+2!4+3+!3+1)36+6!0'6!-.+!&'-+3'0/!2-0'6036!1)'1+'-30-&)'!402!

10/1(/0-+6!011)36&'7!-)!-.+!2,+1&*&1!K0/(+2!/&2-+6!*)3!+01.!20%,/+!

3.1.3. High Resolution NMR Spectroscopy  

<.+! &'-+32-&-&0/! =3+02-! */(&6! 20%,/+2! 4+3+! 3('! )'! 0! X03&0'! NFF9.^! >P!

I9LB!!<.+!2)*-403+!(2+6!402!XI9L`!X+32&)'!#B>!L+K&2&)'!a!4&-.!RP[9M$Rb!

X+32&)'!"B>B! !<.+!,3)=+!&2!0!X03&0'!NFF!9P^!R)/6!<3&,/+!;PRI?!MHc!,3)=+!*)3!

4)3@!)'!I9L!20%,/+2!=+-4++'!>F!0'6!ZF!6+73++2!R+/2&(2!;#NO!J!O#O!b+/K&'?B!<.+!

I9L! 1)&/! &2! 1))/+6! -)! #N! b+/K&'! 4&-.! 0! 1)'-&'()(2! */)4! )*! 1)/6! .+/&(%! 702!

2(,,/&+6! *3)%! 0! .+/&(%! 1)%,3+22)3E! 0! .+/&(%! 3+*3&7+30-)3! 0'6! -4)! ,(%,2B $!

2-0'6036!,3+20-(30-&)'! ;ML[Y$<?!,(/2+!402!(2+6! -)! 2(,,3+22! -.+!40-+3! 2&7'0/B!!!
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H)3! )'+! 2+-! )*! 20%,/+2! -.0-!4+3+! *3)^+'! 0'6! 2-)3+6! &'!U9YSE! 0! ('&5(+! ,(/2+!

6+2&7'!402!13+0-+6!-)!2(,,3+22!-.+!2&7'0/!0-!-.+!1.+%&10/!2.&*-2!)*!=)-.!40-+3!0'6!

U9YSB!!<.&2!402!')-!,03-!)*!-.+!2-0'6036!ML[Y$<!2+5(+'1+B!<.+!6(30-&)'!)*!-.+!

20-(30-&)'!,(/2+!402! -4)!2+1)'62B! ! !$!2,+1-30/!4&6-.!)*!D@P^!402!(2+6!4&-.!0!

ZBOOO! 2+1)'6! 015(&2&-&)'! -&%+B! ! <.+! 3+/0:0-&)'! -&%+! 402! -4)! 2+1)'62B! ! <4)!

6(%%8!210'2!4+3+!&'1/(6+6B!!<.+!-30'2%&--+3!)**2+-!402!J#DNB#!P^B!!!

3.1.4. Data Processing 

! <.+! 60-0!402! ,3)1+22+6! (2&'7! R.+')%:!I9L! Y(&-+! M3)*+22&)'0/!

X+32&)'! _BF>! 0'6! 9+2-L+I)K0! X+32&)'! _BFBOJZ_F"B! ! <)! 011(30-+/8! %)6+/! -.+!

%+-0=)/&-+2! &'! &'-+32-&-&0/! =3+02-! */(&6E! &-! 402! '+1+22038! -)! 6+-+3%&'+! -.+!

3+,3)6(1&=&/&-8!&'!-.+!20%,/+!1)//+1-&)'!0'6!3+2(/-&'7!I9L!0'0/82&2B!<.+3+!402!

K03&0-&)'!022)1&0-+6!4&-.!-.+!68'0%&1!'0-(3+!)*!-.+!&'6&K&6(0/!=&)/)7&10/!282-+%2!

-.0-!.06!-)!=+!011)('-+6!*)3!=+*)3+!2&7'&*&10'-!1)'1/(2&)'2!1)(/6!=+!%06+B!<)!6)!

-.&2E!0!1)%,(-+3J=02+6!,0--+3'!3+1)7'&-&)'!-))/!402!(2+6!-)!1/022&*8!%+-0=)/&-+2!

=8! &6+'-&*8&'7! &'.+3+'-!,0--+3'2! &'!0!2+-!)*!I9L!2,+1-30B!<.&2! &'*)3%0-&)'!402!

(2+6!&'!1)'A('1-&)'!4&-.!60-0!)=-0&'+6!*3)%!%022!2,+1-3)21),8!0'0/82&2!6)'+!0-!

-.+!Y030.!QB!Y-+6%0'!I(-3&-&)'!0'6!9+-0=)/&2%!R+'-+3!('6+3! -.+!2(,+3K&2&)'!

)*!R.3&2-),.+3!I+47036E!9UB!!!
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 <.+!20%,/+2!4+3+!10-0/)7(+6!011)36&'7!-)!-.+!,0-&+'-!'(%=+3B!!<.+!MR$!

402! 0'! ('2(,+3K&2+6! %+-.)6! 0'6! -.+! 902))6! 18-)/)78! 402! ')-! -0@+'! &'-)!

011)('-! 4.+'! 1)'6(1-&'7! -.+! 2-0-&2-&10/! 0'0/82&2E! %0@&'7! -.&2! 0! =/&'6! 2-(68B!!

a+/)4!&2!0!-0=/+!-.0-!&'1/(6+2!-.+!,0-&+'-!'(%=+32E!4.+-.+3!-.+!20%,/+!402!*3)%!

-.+! 3&7.-! )3! /+*-! =3+02-E! -.+!902))6! 18-)/)78! &'6+:! 21)3+! 0'6! -.+!%+'),0(20/!

2-0-(2!)*!-.+!,0-&+'-E!&*!-.+!&'*)3%0-&)'!402!0K0&/0=/+B!!H)//)4&'7!-.+!1)%,/+-&)'!

)*!-.+!21)3+2!,/)-E!-.+!902))6!21)3+2!4+3+!&'1/(6+6!&'!-.+!730,.!-)!066!1)'-+:-!

-)! -.+! 73)(,&'7! 0'6! 1/(2-+3&'7! -.0-! 4+3+! 2++']! -.&2! 402! 6)'+! 2)! -.0-! -.+!

2+'2&-&K&-8!0'6!2,+1&*&1&-8!1)(/6!=+!10/1(/0-+6B!

! !
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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 
Status 

Sample Score Menopausal 
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  

 
 $%&'(!)*++')&,-.! /-0! 1('1/(,-.! &2'! 3/41+'3 ! /))*(0,-.! &*! &2'! /5*6'!

*7&+,-'0! 4'&2*0 8! /! *-' 90,4'-3,*-/+! 1(*&*-! 31')&(74! :/3! &/;'- ! *%! /++! &2'!

,-&'(3&,&,/+! 5('/3&! %+7,0<! ! =2'! ('3 7+&,-.! 31')&(/! 2/0! /! +/(.'! :/&'(! 3,.-/+! &2/&!

3/&7(/&'0! &2'! +'33! ,-&'-3'! 3,.-/+3! *% ! &2'! 4'&/5*+,&'3! 1('3'-&! ,-! &2'! 3/41+'<!!

>,%%'('-&!)*45,-/&,*-3!*%!:/&'(!3711('33,*-! &')2-,?7'3! :'('!&'3&' 08!/3!32*:-!,-!

@,.7('!ABC!&2'!5'3&!3711('33,*-!:/3!/)2,'6'0!73,-.!/! 1('3/&7(/&,*-!17+3'!:,&2!/!

.(/0,'-&!1(,*(!&*!&2'!'D),&/&,*-!17+3'!/-0!/!E 9F9AF!G$=HIJ$=H!3'?7'-)'!5'%*('!

0/&/! /)?7,3,&,*-<! ! =2'! 5*&&*4! 31')&(74! ,-! @,.7('! AB ! ,++73&(/&'3! &2'! 371'(,*( !

('07)&,*-! ,-! &2'! :/&'(! 1'/;! )*41/('0! &*! &2'! &*1! /-0! 4,00+'! 31')&(74<! ! =2,3!

/++*:'0! %*(! 4/-K ! *%! &2'! 4'&/5*+,&'3! &2/&! :'('! 1('3'-&! ,-! 47)2! 34/++'( !

)*-)'-&(/&,*-3!&*!5'!3''-!/5*6' !&2'!5/3'+,-' !*%!&2'!31')&(748!1/(&,)7+/(+K!1'/;3!

-'/(!L<B!114< !M=2'3'!1'/;3!:'('!'D/4,-'0!,-!.('/&'(!0'&/,+!/&!/!+/&'(!&,4'<N !

! $%&'(!)*++')&,-. !&2'! :/&'( !3711('33'0 8!2,.29('3*+7&,*-!31')&(/8!&2'K!:'('!

-*(4/+,O'0! &*! '+,4,-/&'! 6/(,/-)'! 07'! &*! *6'(/++! 3/41+'! )*-)'-&(/&,*-! ,-! &2'!

PQI!&75'!M'31'),/++K!5')/73'!&2'3'!5,*%+7,03! )/4'!0,(')&+K!%(*4! /!1/&,'-&! /-0!

3*4'&,4'3! &2'! 3/41+'! 3,O'! :/3! +,4,&'0 ! *(! 3+,.2&+K! 0,+7&'0N<! ! =*! -*(4/+,O'! &2'!

0/&/8! /! 1'/;! :/3! 3'+')&'0! &2/&! :/3! &2'! 3/4'! ('+/&,6'! )*-)'-&(/&,*-! ,-! '6'(K!
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2,+1-3(%! 0'6! ')3%0/&^+6! -)! )'+B! <.&2! ,+0@!402! 0-! OB"Z! ,,%B! <.+3+! 03+! )-.+3!

%+-.)62!)*!')3%0/&^0-&)'E!=(-!')'+!4+3+!+:,/)3+6!.+3+B!

!

!

! !

<.+!3+2(/-&'7!2,+1-30!4+3+!=&''+6!&'!&'13+%+'-2!)*!FBF"!,,%!-)!+/&%&'0-+!

-.+! 2,+1-30/! 2.&*-! 0'6! 6&**+3+'1+2! &'! /&'+4&6-.B! ! $'! +:0%,/+! )*! -.&2! =&''&'7! &2!

&//(2-30-+6!&'!H&7(3+!>OB!!$2!&2!3+06&/8!+K&6+'-E!-.+!3+2)/(-&)'!)*!-.+!2,+1-3(%!402!

73+0-/8!6&%&'&2.+6!=8!-.&2!=&''&'7!-+1.'&5(+E!2(=2+5(+'-!4)3@!1)(/6!*)1(2!)'!0!

2(,+3K&2+6!=&''&'7! -+1.'&5(+! -.0-!(2+2! 2%0//+3!=&'! 2&^+2! &'! -037+-+6! 3+7&)'2!)*!

-.+! 2,+1-30! 4.+3+! %+-0=)/&-+2! )*! &'-+3+2-! 03+! ,3+2+'-B! ! P)4+K+3E! *)3! %)3+!

!"#$%&'())%$''*+,&-*#.&+,/0&
!"#$%&"#$'()*'+,(*-.)/ 

!"#$%&'())%$**+,-&.+#/&,-01&
!"#!!"#$%"#&'()"(*)+%"*&,(# 

!"#$%&'(!!"#$$%&'()%*+(!"#!
!"#$%"#&'()*!"#$%&"#$'()*'
!"#$%&'( 

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.  
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$%%&'$()! *+,! $-$./0102! (3)! 41--1-5! 6$0! -)%)00$'/! (7! ).181-$( )! 8)$-1-5.)00!

9$'1$-%)!1-!(3)!:$($!%$&0):!4/!(3)!4);7') <8)-(17-):!0=)%('$.!031;(0!$-:!.1-)61:(3!
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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. 
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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.  !
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Figure 15 Metabolic pathway of tyrosine, provided by the KEGG 
database. 
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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. 
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Figure 17 ROC curve and plot of the sensitivity and specificity of PC 1 
using various horizontal divides of the plot. 
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Table 3 Amino acids present in the interstitial breast fluid samples and an example of a typical amount in 
μM concentration.  Also present were cysteine and lysine, lactic acid, fatty acids, cholesterol, beta-hydroxybutyric 

acid and 2-(4-hydroxyphenylacetic) acid. 

$%&! '%( ! )*+! ,+- ! .(%! /*01 !
2%*!

3*4 ! 567! ,8* ! 9&+! '7: ! $%:! ;+< ! =64! '+> !
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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. 
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*;;3>'2%!531!731-!35!28-!3K-1*,,!K*1&*';-!&'!28-!4*2*/!*%!%--'!&'!28-!23:!35!R&(>1-!

IT<!!!
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Figure 19 The principal components and loadings plot for the 

tyrosine/2-(4-hydroxyphenylacetic) acid region of the spectrum.   

! !!
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Figure 20 Scores plot of the tyrosine/2 -(4-hydroxyphenylacetic) acid 

region of the spectrum.  

! $',&=-!28-!%;31-%!:,32!%830'!&'!R&(>1-!I"/!28-!:,32!*+3K-!&%!35!3',6!

3'-! EM<! ! F%! 4&%;>%%-4! -*1,&-1/! 28&%! &%! *! :,32! 35! 28-! %-;3'4! EM! &'! 28-! 2*1(-2-4!

1-(&3'<! ! U33=&'(! *2! V>%2! 3'-! EM! *,,30%! *! 4&55-1-'2! :-1%:-;2&K-! &'! 4&K&4&'(! 28-!

4*2*/!*'4!&5!-'3>(8!2*1(-2-4!K*1&*';-!&%!4-1&K-4!5137!3'-!EM/!&2!;*'!;3'2*&'!*,,!

28-! &'5317*2&3'! '--4-4! 23! *;;>1*2-,6! 7-*%>1-! %-'%&2&K&26<! ! S'! 28&%! ;*%-/! 28-!

%-'%&2&K&26!0*%!OQP/!08&;8/!&'!;3'V>';2&3'!0&28!328-1!4&*('3%2&;!233,%/!;3>,4!*&4!

:86%&;&*'%!&'!21-*27-'2!:,*'!*%%-%%7-'2<! !W8&,-!28&%!4*2*%-2!4&4!'32!6&-,4!I##P!

;-12*&'26!&'!4&*('3%&%/!&2!;*'!+-!*::,&-4!*%!*!233,/!(&K&'(!731-!&'5317*2&3'!23!28-!
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:86%&;&*'%! 28*2! 7>%2! 7*=-! 23>(8! 4-;&%&3'%! ;3';-1'&'(! 28-! :-1%3'*,&Y-4!

7-4&;&'-! 35! 037-'! ;3'%&4-1-4! *2! 8&(8! 1&%=! 531! +1-*%2! ;*';-1<! ! S2! &%! 28-!

;37+&'*2&3'!35!*,,!281--!(1*:8&;*,!1-:1-%-'2*2&3'%!35!28-!EMF!28*2!0-!*1-!*+,-!23!

3:2&7&Y-! 28-! 0*6! &'! 08&;8! 0-! -B*7&'-4! 28-! 4*2*<! ! )8-! K*1&*';-! +*1! (1*:8!

*,,30-4! >%! 23! ,&7&2! 3>1! EM%/! 28-! ,3*4&'(%! :,32! *,,30-4! >%! 23! 2*1(-2! 28-!

*::13:1&*2-! EM%! *'4! 5&'*,,6/! 28-! %;31-%! :,32! &,,>%21*2-4! 28-! %:-;&5&;! K*1&*';-! 35!

&'2-1-%2<!!)8&%!&%!*'!-B*7:,-!35!2*1(-2&'(!%:-;&5&;!7-2*+3,&2-%!531!5>128-1!*'*,6%&%!

28*2!;3>,4!1-K-*,!731-!*+3>2!28-!13,-!35!%:-;&5&;!7-2*+3,&2-%!&'!+1-*%2!;*';-1!1&%=<!!

DEF!8*%!*,1-*46!+--'!&4-'2&5&-4!*%!*!=-6!:,*6-1!&'!,&K-1!4&%-*%-Z!&2%!:1-%-';-!&'!

28-! EMF! 35! &'2-1%2&2&*,! +1-*%2! 5,>&4! &%! 28-1-531-! 283>(82! +-! 7-*'&'(5>,! *'4!

0*11*'2%!5>128-1!&'K-%2&(*2&3'<!

3.3. Discussion 

[-2*+3'37&;%! 8*%! :13K-'! &2%-,5! *'! &7:312*'2! 233,! &'! 28-! *'*,6%&%! 35!

+&3%6%2-7%<! ! \[]9+*%-4! 7-2*+3'37&;%! 8*%! 53>'4! >%-! &'! *! K*1&-26! 35! 5&-,4%/!

&';,>4&'(! 28-! %2>46! 35! -B2-1'*,! %21-%%-%! 3'! *! +&3,3(&;*,! %6%2-7/! %>;8! *%!

2-7:-1*2>1-!;8*'(-/!:135&,&'(!(-'4-1!23!8-,:!%&7:,&56!4&%-*%-!4-2-;2&3'!2813>(8!

+&37*1=-1%/! *'4! 28-! %2>46! 35! 3B&4*2&3'! %>%;-:2&+&,&26! 35! %-1>7! ,&:&4%! >%&'(!

;83;3,*2-<! ! GA.9AXH! L6! ,33=&'(! *2! &'2-1%2&2&*,! +1-*%2! 5,>&4! 0&28! *! 7-2*+3'37&;%!
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:-1%:-;2&K-/! 0-!0-1-! *+,-! 23! (*&'! *! %7*,,! &'%&(82! &'23! 28-! -,*+31*2-!7-2*+3,&;!

'-2031=%!28*2!;37-!23(-28-1!*'4!8*4!734-1*2-!%>;;-%%!&'!>%&'(!28&%!&'5317*2&3'!

23!>';3K-1!4&%2&';2!%>+(13>:%!&'!*!;38312!35!8&(891&%=!037-'<!!!

 
!

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. 

! )8&%!:13V-;2!03>,4!+-'-5&2!5137!*!,*1(-1!K*1&-26!35!%*7:,-%<!!S'!28-!;>11-'2!

%2>46/! *,,! 35! 28-!037-'! *1-! ,*+-,-4! *%! 8&(8! 1&%=! *'4! %>+%-^>-'2,6! *%%&('-4! *!

%;31-!*52-1!+&3:%6<!!)8-!4&%21&+>2&3'!35![*%334!%;31-%!&%!%830'!&'!R&(>1-!?IZ!73%2!

35!28-![*%334!%;31-%!5-,,!&'!28-!I.9IA!%;31-!1*'(-<!!R31!*!;3'213,/!037-'!083!*1-!

'32! *2! 8&(8! 1&%=/! 31! -K-'!037-'!083! *1-! ='30'! 23! 8*K-! +1-*%2! ;*';-1/! ;3>,4!

%8-4!731-!,&(82!3'!28-!(13>:&'(%!0-!%*0!&'!28-!%;31-%!:,32!35!28-!EMF!*'4!%830!

K*,&4*2&3'!531!28-![*%334!%;31-%<!!D30-K-1/!*!(13>:!35!037-'!28*2!*1-!,*+-,-4!
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8-*,286! *1-! '32! (>*1*'2--4! 23! +-! 1&%=! 51--! 31! -K-'! ;*';-1! 51--<! ! S'! *44&2&3'/!

037-'!083!43!'32!+-,&-K-!28-7%-,K-%!23!+-!*2!1&%=!35!4-K-,3:&'(!+1-*%2!;*';-1!

7*6! +-! 1-,>;2*'2! 23! >'4-1(3! 28-! ]ER\F! +&3:%6! :13;-4>1-! *'4! :13;>1&'(!

%*7:,-%!5137!037-'!%&;=!5137!+1-*%2!;*';-1!7*6!:13K-!-^>*,,6!4&55&;>,2<! !)8&%!

%2>46!0*%!*2!28-!7-1;6!35!*'!3'(3&'(!;,&'&;*,!21&*,!+-&'(!;3'4>;2-4!+6!_&;231&*!

J--0*,42/![<`</!*'4!*,2-1&'(!28-!%2>46!(13>:!7*6!,&-!+-63'4!28-!%;3:-!35!08*2!

&%!5-*%&+,-!531!3>1!(13>:<!

! D30-K-1/!-K-'!0&28!28-!,&7&2-4!%*7:,-!'>7+-1!*'4!26:-/!0-!0-1-!*+,-!23!

%--!:137&%&'(!1-%>,2%!&'!28-!(13>:&'(%!%830'!&'!28-!%;31-%!:,32!35!28-!EMF<!W&28!

28-!&'5317*2&3'!0-!(*28-1-4/!0-!0-1-!*+,-!23!(13>:!28-!037-'!&'23!8&(8-1!*'4!

,30-1! 1&%=! (13>:%! 0&28! 3K-1! *! X#P! %-,-;2&K&26! >%&'(! 7-2*+3'37&;! 2-;8'&^>-%!

*,3'-<! !L-;*>%-!]ER\F!&%!*!7>;8! ,-%%! &'K*%&K-!+&3:%6! 2-;8'&^>-! 28*'! 2*=&'(!*!

;31-!+&3:%6!%*7:,-!*'4!1-%>,2%! &'!'3!%;*1-! 2&%%>-/! &2!03>,4!+-!8-,:5>,! 23!(-2!*%!

7>;8!&'5317*2&3'!5137!28-%-!]ER\F!%*7:,-%!*%!:3%%&+,-<!!)8-!%;31-%!:,32%!*'4!

%>+%-^>-'2! (13>:&'(%! 35! 3>1! 4*2*! ;3>,4! 8-,:! :86%&;&*'%! 4-K-,3:! *'!

&'4&K&4>*,&Y-4! 21-*27-'2! :,*'! 531! 8&(8! 1&%=! +6! >%&'(! 28&%! *'*,62&;*,! 2-;8'&^>-<!!

W8&,-!3>1!4*2*!43-%!'32!6&-,4!I##P!*;;>1*;6/! &2!43-%!:13K&4-!*'328-1!3>2,-2!35!

&'5317*2&3'!28*2!;3>,4!+-!K-16!>%-5>,!08-'!4-;&4&'(!3'!*!4&55&;>,2!:13('3%&%<!!!
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! R>128-1731-/!53;>%&'(!3'!2*1(-2-4!(13>:%!35!7-2*+3,&2-%!6&-,4%!*44&2&3'*,!

&'5317*2&3'<! ! $%&'(! *! (,3+*,! %'*:%832! 35! 28-! -'2&1-! %:-;21>7! 35! 28-! %*7:,-! &'!

;3'V>';2&3'!0&28!2*1(-2-4!EMF!1-K-*,%!K-16!4&%2&';2!(13>:%!0&28&'!28-!8&(891&%=!

037-'!28*2!0-1-!:*12!35!28&%!%2>46<!!aK-1*,,/!3>1!%2>46!:13K&4-%!&'&2&*,!-K&4-';-!

531!28-!*%%3;&*2&3'!35!%:-;&5&;!7-2*+3,&2-%!0&28!+1-*%2!;*';-1!1&%=!*;;314&'(!23!28-!

%-:*1*2&3'! 35! 28-![*%334! %;31-%! &'! 28-! EMF<! !F,283>(8! 28-! -B*;2!7-;8*'&%7%!

1-7*&'! >';,-*1! *'4! 5>128-1! 031=! &%! '-;-%%*16/! 28-! '3K-,! 5&'4&'(! 28*2! 28-!

&'2-1%2&2&*,!+1-*%2!5,>&4!7-2*+3,37-!&%!&'!%37-!0*6!;3''-;2-4!0&28!1&%=!%>::312%!

28-! &4-*! 35! *::,6&'(! 28&%!7-2834! 3'! *! ,*1(-1! %;*,-! 23! %2>46! +1-*%2! ;*';-1! 1&%=<!!

R>128-1!%2>4&-%!0&28!*!,*1(-1!%*7:,-!:3:>,*2&3'!*'4!1&%=!%:-;21>7!7*6!:13K&4-!

'-0!3::312>'&2&-%!*'4!&'%&(82%!23!&4-'2&56!*44&2&3'*,!7-*'&'(5>,!+&37*1=-1%<!!!
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4.  Hyperpolarizin g Using Dynamic Nuclear Polarization 
and the Hypersense  

 
4.1. Hyperpolarization  

 
S'!(-'-1*,!2-17%/!86:-1:3,*1&Y*2&3'!1-5-1%!23!28-!%&('&5&;*'2!-'8*';-7-'2!

35!%&('*,!&'2-'%&26!35!\[]!K&%&+,-!'>;,-&!28*2!8*K-!*!,30!'*2>1*,!*+>'4*';-!*'4!

*1-!328-10&%-!4&55&;>,2!23!%--<!!S2!&%!*'!&7:312*'2!233,!&'!%21>;2>1*,!*'4!7-;8*'&%2&;!

%2>4&-%!35/!%:-;&5&;*,,6/!+&3,3(&;*,,6!1-,-K*'2!73,-;>,-%<!GA"H!!

S'! *! ;3,,-;2&3'! 35! %:&'! b! '>;,-&/! 28-! :3,*1&Y*2&3'! &%! 4-2-17&'-4! +6! 28-!

53,,30&'(!-^>*2&3'c!

P = N !"N #
N !+N # ! ! ! ! @IXC

!

)8&%! -^>*2&3'! &,,>%21*2-%! 28-! 4&55-1-';-! &'! :3:>,*2&3'! +-20--'! -'-1(6! ,-K-,%!

08-1-!\!1-:1-%-'2%!28-!'>7+-1!35!%:&'%!&'!28-!9b!31!b!%2*2-/!1-%:-;2&K-,6<! !)8-!

:3:>,*2&3'!&'!-*;8!-'-1(6!,-K-,!&%!4-2-17&'-4!+6!28-!-'-1(6!4&55-1-';-!+-20--'!

28-!-'-1(6!,-K-,%!*'4!*1-!;*,;>,*2-4!>%&'(!28-!L3,2Y7*''!4&%21&+>2&3'!@d^<!eC!!

N !
N "

= e#$E /kT
! ! ! ! @I"C

!
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08-1-! fgd! &%! 28-! ;8*'(-! &'! -'-1(6/! ! ! &%! 28-! L3,2Y7*''! ;3'%2*'2! *'4! )! &%! 28-!

2-7:-1*2>1-! &'! h-,K&'<! ! )8-! 7*('&2>4-! 35! 28-! 3+%-1K*+,-! 7*('-2&Y*2&3'! &%!

:13:312&3'*,!23!28-!:3,*1&Y*2&3'/!*%!%830'!+6!d^<!e!

M0 =
1
2

Ns! !P
! ! ! ! ! @IOC

!

08-1-! \%! &%! 28-! '>7+-1! 35! %:&'%! &'! 28-! %*7:,-<! ! S'! 28-! ;*%-! 35! 28-17*,!

-^>&,&+1&>7! &'! 28-!:1-%-';-!35!*'!-B2-1'*,!7*('-2&;! 5&-,4!L#/! 28-!:3,*1&Y*2&3'! &%!

01&22-'!*%!!

P= tanh(! !B0
2kT

)
!! ! ! ! @ITC

!

08-1-!=!&%!28-!L3,2Y7*''!;3'%2*'2!*'4!)!&%!28-!2-7:-1*2>1-!&'!h-,K&'<!!GAOH!

! )8-1-! *1-! *! '>7+-1! 35! 4&55-1-'2! 7-2834%! 23! *;8&-K-! -'8*';-4!

:3,*1&Y*2&3'<!!)8-%-!&';,>4-!3:2&;*,!:>7:&'(!531!'3+,-!(*%-%!GATH/!:*1*986413(-'!

&'4>;-4!:3,*1&Y*2&3'! GAQ/!X#H/!*'4!46'*7&;!'>;,-*1!:3,*1&Y*2&3'! @`\EC! GA"/!XIH<!!

)8-!7-2834!28*2!0&,,!+-!4&%;>%%-4!&'!%37-!*73>'2!35!4-2*&,!8-1-!&%!`\E/!*%!&2!&%!

28-!7-2834!>%-4! &'! 28-!D6:-1%-'%-/! *'! &'%21>7-'2! 28*2! %&2%! &'!L16*'!]-%-*1;8!

M-'2-1!*2!`>=-!$'&K-1%&26<!
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4.2. Dynamic Nuclear Polarization  

 

4.2.1. Solid Effect  

!
)8-! %3,&4! -55-;2! &%! *! 2039%:&'! :13;-%%! 28*2! 1-,&-%! 3'! 28-!7&B&'(! 35! %2*2-%<! ! )8&%!

7&B&'(! &%! ;*>%-4! +6! 28-! '3'%-;>,*1! ;37:3'-'2! 35! 28-! 86:-15&'-! ;3>:,&'(<!!

S11*4&*2&3'!*2!28-!51-^>-';6!i#Jji#S!31!i#J9i#S!,-*4%!23!*!Y-139^>*'2>7!31!43>+,-9

^>*'2>7!21*'%&2&3'<! !)8-!%3,&4!-55-;2! 1-^>&1-%!*!:3,*1&Y&'(!*(-'2!0&28!*!'*1130!

-,-;213'! %:&'! 1-%3'*';-! @dJ]C! %:-;21>7! %3! 28*2! 3',6! 3'-! 35! 28-! 531+&44-'!

21*'%&2&3'%!&%!-B;&2-4!*2!*!2&7-<!!)8&%!&%!*;8&-K-4!+6!*'!dJ]!,&'-0&428!28*2!&%!7>;8!

%7*,,-1! 28*'! 28-! 0&428! 35! i#S<! S5! +328! 21*'%&2&3'%! *1-! &11*4&*2-4/! *! :*12&*,! 31!

;37:,-2-!;*';-,,*2&3'!35!28-!:3,*1&Y*2&3'!-55-;2!3;;>1%<!GA"H!

! !

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 

!
Figure 23 Illustration of thermal mixing. 

a>1!D6:-1%-'%-!>%-%!46'*7&;!'>;,-*1!:3,*1&Y*2&3'!08-1-!28-17*,!

7&B&'(/!%830'!&'!R&(>1-!??/!&%!28-!437&'*'2!7-;8*'&%7<!!)8-!28-17*,!7&B&'(!

:8-'37-'3'!&%!352-'!4-%;1&+-4!*%!*!281--9%:&'!-,-;213'9-,-;213'9'>;,->%!:13;-%%<!

`\E!2*=-%!*4K*'2*(-!35!28-!-'-1(6!4&55-1-';-!35!-,-;213'%<!)8-!7-2834!>%-%!

dJ]/!08&;8!&%!*!%3:8&%2&;*2-4!%:-;213%;3:&;!2-;8'&^>-!28*2!4-2-;2%!51--!1*4&;*,%!31!

&'31(*'&;!;37:,-B-%!&'!;8-7&;*,!*'4!+&3,3(&;*,!%6%2-7%<!!S'!3>1!;*%-/!28-!dJ]!

,&'-0&428!&%!(1-*2-1!28*'!28-!\[]!51-^>-';6<!!R31!28&%!2-;8'&^>-/!63>!%2*12!0&28!

*!X#NX#!:3:>,*2&3'!4&%21&+>2&3'!+-20--'!28-!203!,30-%2!-'-1(6!,-K-,%<!!L-;*>%-!

0-!*1-!&11*4&*2&'(!*!1*4&;*,/!0-!>%-!7&;130*K-!&11*4&*2&3'!+-;*>%-!-,-;213'%!
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8*K-!*!(&(*8-12Y!-'-1(6!%-:*1*2&3'<!!)8-!7&;130*K-!&11*4&*2&3'!&%!%-2!23!28-!

51-^>-';6!35!"#/!08&;8!-B;&2-%!28-!"#!%:&'!5,&:<!!R137!28&%!-'-1(6!,-K-,!28-1-!;*'!

+-!1-,*B*2&3'!+*;=!23!28-!31&(&'*,!%2*2-!31!7&B&'(!23!28-!-^>&K*,-'2!-'-1(6!,-K-,!

08-1-!28-!:3,*1&Y*2&3'!&%!21*'%5-11-4!23!28-!'>;,-&<!S5!7&B&'(!3;;>1%/!1-,*B*2&3'!35!

"$!;*'!3;;>1!430'!23!28-!(13>'4!%2*2-<!)8&%!:13;-%%!%,30,6!4-:,-2-%!28-!%-;3'4!

-'-1(6!,-K-,!*'4!+>&,4%!>:!28-!:3:>,*2&3'!&'!28-!(13>'4!%2*2-<!!D30-K-1/!

2813>(8!28-!7&B&'(!:13;-%%/!28-1-!&%!*!+>&,49>:!35!28-!:3,*1&Y*2&3'!35!28-!'>;,-&<!!!!

 

4.3. The Hypersense  

 
)3!:3,*1&Y-!28-!%*7:,-!>%&'(!`\E/!28-!%*7:,-!7>%2!+-!;33,-4!23!I<A!h!23!5317!*!

(,*%%6!%3,&4<!)8&%!&%!*;;37:,&%8-4!+6!:,*;&'(!28-!%*7:,-!&'!*!,&^>&4!8-,&>7!+*28!

>'4-1! K*;>>7<! )8-! %*7:,-! &%! 28-'! &11*4&*2-4!0&28!7&;130*K-%! 35! *! :*12&;>,*1!

51-^>-';6Z! 4-2-17&'&'(! 28-! *::13:1&*2-! 51-^>-';6! &%! 4&%;>%%-4! &'! 28-! '-B2!

%-;2&3'<!a>2%&4-!35!28-!D6:-1%-'%-/!28-!%*7:,-!&%!:,*;-4!&'!*!%*7:,-!;>:/!08&;8!

&%!*22*;8-4!23!28-!-'4!35!28-!%*7:,-!&'%-12&3'!%2&;=!*'4!&%!&'%-12-4!4&1-;2,6!&'23!*!

%*7:,-!83,4-1!28*2!&%!,3;*2-4!&'%&4-!28-!_)S<!)8-!%*7:,-!83,4-1!&%!,30-1-4!&'23!*!

8-,&>7!+*28<!
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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. 
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Figure 25 Microwave sweep of pyruvic acid. 

4.3.2. Troubleshooting  
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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 data1.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 variance 

%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 

 

Z = 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((1:25),scores(:,1),'b.') 

text((1:25),scores(:,1), labels); 

ylabel('Patient Number') 

xlabel('1st Principal Component') 

title('Scores Plot') 

mapcaplot(scores,data); 

  

%This will plot the loadings plot for any of the PCs that 
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%may 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 PC1') 

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); 
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xlabel('1st Principal Component') 

ylabel('2nd Principal Component') 

title('Scores Plot with Cluster Analysis') 
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