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N M R  B asics, Im aging , F low  and D iffusion

S .L . C odd, M echan ica l and Industria l E ng ineering, M ontana S ta te  U nivers ity.

N M R  basics w ill be very b rie fly in troduced, as w ill the use o f g radien ts to  encode the  N M R  s igna l fo r 
pos ition.  H ow ever, m ost o f th is  educationa l p resenta tion w ill be  devoted  to  explo ring the  range o f N M R  
techn iques tha t can be  used to  encode fo r the  flow  and d iffus ion  of flu ids.
The use o f sp in  echoes to  de term ine d iffus ive m olecu lar m otion was firs t dem onstra ted  in  1950.  In  1965 
pu lsed grad ients (P G S E ) w ere  added and h ighligh ted  a  d irect re la tionsh ip  be tween the echo am plitude 
and the  se lf-d iffus ion coeffic ien t o f the sp ins.  T h is  was the  sta rt o f an  exc iting  exp lo ra tion  in to  w hat 
in fo rm ation  cou ld  be  accessed by non-invasive ly m easuring  and com paring  the  average m otion  of flu ids 
over various tim e w indows.  P G S E  sequences have been deve loped to  exp lo re  p rogress ive ly shorte r 
tim es and sm alle r d is tances, and to  separa te  coherent and s tochastic  m otion  over a spectrum  of tim es.  
In  particu la r, un ique in fo rm ation has been yie lded in  tu rbulen t flows , rheo logy o f com plex flu ids such  as  
po lym ers, em ulsions and co llo ids, liqu id flow  in  porous m ateria ls , and gas transport in  porous  m ed ia .  
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E�
M R /M R I H ardw are

A .G . W ebb, G orte r C enter fo r H igh  F ie ld  M R I, D epartm ent o f R adio logy, Le iden U n ivers ity M ed ical 
C enter, T he N etherlands.

M agnetic  resonance system s are  used in  a lm ost every academ ic and industria l chem istry, physics and 
b iochem is try departm ent, as we ll as be ing  one o f the  m ost im portant im aging  m oda lities in  c lin ica l 
rad io logy. T he design  o f such system s has becom e increas ing ly sophis tica ted  over the  years. S ta tic 
m agnetic fie lds increase continuously, la rge-sca le  arrays o f rece ive e lem ents are  now  ub iqu itous in 
c lin ica l M R I, cryogen ic  techno logy has becom e com m onplace in  h igh  resolu tion  N M R  and is  expand ing  
rap id ly in  p rec lin ica l M R I, specia lized  h igh streng th  m agnetic  fie ld  g rad ients have been des igned fo r 
s tudying the  hum an connectom e, and the  com m ercia l advent o f u ltra -h igh  fie ld  hum an im ag ing  has  
requ ired  new  types o f R F co ils  and sta tic  sh im  co ils  together w ith  extensive  e lectrom agnetic  s im ulations  
to  ensure  pa tien t safe ty. 

Th is  ta lk  w ill cover the hardw are  and eng ineering  tha t constitu tes a  m agnetic  resonance system , whether 
tha t be a  h igh-reso lu tion  liqu id  or so lid  s ta te  system  fo r N M R  spectroscopy, a p rec lin ica l system  fo r 
im aging  anim als o r a  c lin ica l system  used fo r hum an im ag ing. 
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A H itchhikers  G uide to  S m all An im al M R I/M R S

J.F . D unn a,b,c, aE xperim enta l Im ag ing  C entre; bC um m ing S choo l o f M ed ic ine ; cU n ivers ity o f C a lgary.

A n im al research  has  been a  cornerstone in  the deve lopm ent o f M R I, from  the  early days  of spectroscopy 
and im ag ing , th rough the  deve lopm ent o f B O LD  and a range o f com m only used m ethods. M oving  
fo rward , w hat does the fu tu re  ho ld?  W e are  a t a  junction  in  the use o f sm all an im als fo r M R I and M R S  
research . T here  is  a s trong sentim ent in  som e corners of the ga laxy, in  support o f the idea tha t an im a l 
research  is  no t as  re levant as it once w as . T h is  educationa l ta lk  w ill take us  on  a  journey from  the past to  
the  fu tu re . I w ill d iscuss som e of the  early app lications and success of sm all an im al M R I/M R S . I w ill 
prov ide  som e ins igh t as to  w hat constitu tes bo th  good and bad questions to  be  addressed us ing anim al 
research . In  pre-c lin ica l research  it is  critica l to  choose the  correct m ode l fo r the  correct question . A nim al 
m ode l research  fa lls  la rge ly in to  4  types o f s tud ies: one is  to  deve lop  and va lidate  M R I m ethods that a re  
sensitive  and specific  to  a  life  process (d isease, tissue s tructure , physio logy); a  second is  to increase our 
understand ing  of how  life  works (developm ent, anatom y, physio logy, m o lecu la r and b iochem ical 
processes); th ird  is  to  study d isease processes (triggers  and pa thophysio logy o f d isease), and the  fo rth  is 
to  use  an im al m odels fo r research in to  trea tm ent op tions (d ie t, d rugs, e tc.). B e  c lear on  your goa ls . 
Inc luded w ill be  com m ents about know ledge translation . I w ill d iscuss som e o f the  prob lem s, advantages , 
and cha llenges o f us ing  anim al m ode lsfrom  m otion correction  to  anesthesia. I w ill p rov ide  in fo rm ation on  
som e of the current techno log ies (m agnets  etc .) fo r anim al w ork . Th is  ta lk  w ill p rov ide  an  overv iew  o f the 
ro le  tha t sm all an im al research  can p lay in  techno logy deve lopm ent, and life  sc ience applica tions, w ith  
the  prem ise  tha t the  fie ld  w ill con tinue to  th rive . T hat is , as long as the V ogons don 't dec ide to destroy 
E arth  to  crea te  a  hyperspace bypass.
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C om pact M agnetic R esonance: Frontiers  and C hallenges

D . S ake lla riou *$, C enter o f S urface C hem istry and C ata lys is, Faculty o f B iosc ience E ng ineering , K U
Leuven, B elg ium .

M agnetic  R esonance spectroscopy (N M R ) and im ag ing  (M R I) have revo lution ized sc ience and m edicine  
by their capacity to  analyze  m atte r in  a  non-invasive , th ree  d im ensional and loca lized m anner. 
A pp lica tions cover very broad areas from  chem ical ana lys is , m ateria l characteriza tion, b io -m olecu la r 
s tructure  and dynam ics, anatom ic and functiona l in  v ivo im aging . T his  extrem ely powerfu l techn ique has 
however severa l lim ita tions, w h ich  reduce its  w idespread use in  soc iety, in  v iew  o f industria l and b io -
m edica l app lications. Low  s ignal sensitiv ity, h igh-cos t and lim ited ava ilability are  th ree o f the  m ain 
cha llenges fo r the next genera tion  o f m odern  m agnetic  resonance dev ices and techno log ies. 

S evera l options fo r push ing  the  curren t lim its  w ill be  d iscussed w ith  particu la r em phasis  on 
m in iaturiza tion fo r the  m agnet and the de tector system . I w ill in troduce fundam enta l ideas beh ind intu itive  
and op tim ized perm anent m agnet design , p resent and com m ent on  severa l exam ples from  s ing le -s ided 
portab le  m agnetic resonance sensors and desk top N M R  m agnet system s. S evera l d irections tow ards 
novel m agnet techno log ies w ill be  d iscussed w ith particu la r focus on  M R I loca lized  spectroscopy in  the 
presence o f ro ta ting  fie lds, on and on  variable  m agnetic  fie lds h igh-reso lu tion re laxom etry. T hese 
instrum enta l and m ethodolog ical approaches are  a im ing at app lica tions in  chem istry and chem ical 
eng ineering  for in  s itu  ana lysis , in  industry for on-line  non-destructive m onito ring  and qua lity con tro l, in  
persona lized  m ed ic ine  fo r m etabo lic  pro filing  o f tissue extracts  or o rgan ism s in v ivo , in  the  study and 
op tim iza tion  o f con tras t agents , and open the w ay for m odern m agnetic  resonance devices fo r ded ica ted 
use . 
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Q uantita tive  M R  E vo lu tion  or R evo lu tion?

R S  H inks*$, G E  H ealthcare .

The h is to ry of M R  Im aging , from  its earliest conception  in  the  early '70s th rough com m erc ia liza tion in  the  
'80s and on to the present day has been rep le te  w ith  p rom ises tha t Q uantita tive  M R  (qM R ) Im ag ing wou ld  
rad ically change diagnosis , trea tm ent, and staging  of d iseases.  T h is hope arises from  the  recogn ition 
tha t the  N M R  s ignal in  the  hum an body is  sensitive to  a  w ide  range o f phenom ena such as  re laxa tion  
tim es, chem ica l sh ift, m agnetiza tion  transfer, m otion , and flow , in  add ition  to  concepts such as  shape and 
vo lum e a fforded by the increasing ly p rec ise  loca liza tion  o f M R  Im ag ing.  S om e key enab lers o f 
quantita tive  M R  inc lude:

· A dvances in  M R  system  eng ineering  enable  M R  experim ents to  m ore correctly m atch physics theory.
· B ette r com pute  capability im proves im age qua lity and the  ability to  m ode l m ore  com plex system s.
· P hantom s fo r ensuring  standard ization  in  qM R  are  be ing  deve loped and becom ing com m erc ia lly
ava ilable .
· Increasing standard ization  between sys tem s a llows im proved m ulti-s ite  tria ls .
· M odern  trends in  data  ana lys is  inc lud ing  m ach ine learn ing  a llow  identifica tion  o f s ignifican t pa tte rns in
com plex da ta  se ts.

Th is  ta lk  w ill bu ild  a  context o f M R  im aging  based on h is to rica l deve lopm ent, w ith the  hope o f p rov id ing  
ins ight in to fu tu re  trends in  Q uantita tive  M R .
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3/��
U ncom m on Journey Through the Land o f S pins

E� Fukush im�a, A�B Q�M R�, A�lbuquerque, N�ew M�exico, U�S�A�.

I w�ill describe  m�y journey th rough the Land o f S�p ins.  T�here  w�ere  m�any encounters w�ith  people , p laces, 
and activ ities.  M�em�orab le  peop le inc lude E�rw in  H�ahn, E�dwin  U�eh ling , Irv  Lowe, Jasper Jackson, B�ill 
R�o llw itz, A�l G�arrow�ay, P�au l Lauterbur, Janez S�tepisn ik , B�ernhard  B�luem�ich , and P�au l C�a llaghan.  P�laces 
and activ ities that com�e to  m�ind  inc lude build ing  a pu lse  N�M R  rig  in  the '60s (w ith  vacuum  tubes), a  front 
row seat in  the '70s to  w�atch  the deve lopm�ent o f carbon-13 d is tilla tion fac ility a t Los A�lam�os, flow  
m�easurem�ents o f non-N�ew�ton ian  flu ids inc luding  gra ins, S�iberian  fie ld -trips  while look ing  fo r aquafers  
and leaked gasoline , launch ing  our N�M R  research  activ ity as a sm�all bus iness, and bu ild ing a he licop te r-
borne E�arth 's  fie ld  N�M R  for use on  A�rc tic  S�ea. 
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M icrostructure  and M icrodynam ic M R I

P .J. B asser*$, E un ice  K ennedy S hriver N ationa l Institu te  o f C h ild  H ea lth  and H um an D eve lopm ent, N IH .

W hile  d iffus ion  tensor M R I(1) has prov ided a  quantita tive  m eans to  characterize  m acroscop ica lly 
iso trop ic  and an iso trop ic  tissues, such as bra in g ray m atte r (G M ) and w h ite m atte r (W M ), respective ly, 
fo llow ing  its  invention and developm ent, there  has been a  trend tow ard  us ing m ore  advanced d iffus ion  
M R I m ethods  to  "d rill deeper in to  the  voxe l"--to  extract add itiona l anatom ical fea tures and m orpho log ica l 
de ta ils , such as in tra  and extrace llu lar volum e fractions, and fea tures o f ce ll s ize , shape and orien ta tion , 
to  a id  in  assessm ent o f pa tho logy or to  fo llow  changes in  deve lopm ent. Form erly, we ca lled  th is  activ ity 
"in  v ivo  M R I h is to logy", bu t increas ing ly the te rm  "m icrostructure  im ag ing" has been app lied. M ode l-
based d isp lacem ent M R  approaches have been used to  estim ate  d is tinct features of neura l tissue. O ne 
m ethod trea ts the extra -axona l space in  W M  as  h indered and an iso tropic , described by a  D T I m odel, and 
the  in tra -axona l space as res tric ted  tubes (2 , 3 ). T h is  com posite  h indered and restric ted m odel o f 
d iffus ion  (C H A R M E D ) M R I fram ework  was then extended to  m easure  the  d iam eter d is tribu tion  of a  pack  
of cylindrica l axons  in W M  (A xC aliber) (4 ), by adapting  the partic le  sizing  m ethod proposed by P acker e t 
a l. to  estim ate  the  d iam eter d istribu tion  o f spherical d rop le ts  us ing  N M R  P FG  m ethods (5 ). V iew ing 
dendrites in  G M  as an  ensem ble of restric ted  tubes, K om losh e t a l. app lied  m ultip le  P FG -M R  and M R I 
sequences to  m easure  and characterize  m icroscopic  d iffus ion  an iso tropy in  G M  phantom s and G M  (6-
8).T he c lass ic  "k -space and q-space im ag ing" m ethod fo r estim ating a 3-D  average propagator in  each 
voxe l w ithout assum ing a  G aussian d isplacem ent d is tribu tion  (9 ) was adopted and adapted by W edeen 
(as d iffus ion  spectrum  im ag ing or D S I) (10 , 11) to  ob ta in in fo rm ation  about crossing  fibers in  W M (12, 13). 
The prim ary bo ttleneck  fo r in  v ivo  app lications of these m ethods  is  the need to  dense ly sam ple 3-D  q-
space in  o rder to  reconstruc t the  average propagator us ing  a  3-D  FFT . O ne stra tegy we em ployed w as to  
use  e ffic ient C T  reconstruction  a lgorithm s and a  prio ri in fo rm ation  about the  average propagator and of 
E (q) (14). A nother p rom is ing approach w as deve loped by Ö zars lan  e t a l.(15), who used orthogona l 
H erm ite  functions to  e ffic iently represent E (q). M ore  recently, it has becom e apparent tha t in fo rm ation 
about tissue w ater com partm ents (m icrodynam ics) in  tissue could  be  b io log ically and c lin ica lly use fu l, 
particu la rly in  con junction w ith  d iffus ion  M R I data . A ga in , porous m ed ia  N M R  approaches app lied  fo r 
decades to  sandstones and concre te , have the  po ten tia l to  revea l d is tinct w ater com partm ents w ith in  
tissues. T he prim ary obstac le  for b io log ica l and c lin ica l trans la tion o f these approaches is  again  the 
preponderance o f M R  data  requ ired . W e addressed th is  problem  system atica lly, firs t by app lying  
com pressed sensing to  reduce the  da ta  requ ired  fo r 2D  spectroscopic /re laxom etric  M R I ten-fo ld  (16), and 
then em ploying  experim enta l des ign  and reconstruction innovations, a llow ing  B enjam in i e t a l. to  reduce  
da ta acqu is ition  requ irem ents by a lm ost another facto r o f ten  (17), m ak ing  these approaches c lin ica lly 
practicab le /feasib le  fo r the  first tim e. O ther iso trop ic  d iffus ion  M R I spectroscopy m ethods are  po tentia lly 
prom is ing  to  identify d iffe ren t w ater com partm ents in  W M  and G M .W e expect tha t in  the  com ing decade, 
porous m ed ia  concepts w ill in fo rm  the  assessm ent o f norm al and abnorm al deve lopm ent and ag ing, and 
d isease and degenera tion  processes in  an im a l m odels  and in  the clin ic .

1.B asser e t a l., B iophys J 66 , 259 (1994). 2 .A ssaf Y , et a l., M agn R eson M ed 52, 965 (2004). 3 .A ssaf Y ,
et a l. N euro im age 27 , 48  (2005). 4 .A ssaf Y , et a l., M agn R eson M ed 59, 1347 (2008). 5.P acker K  J, et
a l., J . C o llo id  In te rface  S c i. 40 , 206 (1972). 6 .K om losh M  E , e t a l., 47 th  E N C . (A silom ar, C A , 2006), pp .
E 060077. 7 .K om losh M  E , e t a l., J  M agn R eson 189, 38  (2007). 8 .K om losh M  E , e t a l., M agn. R eson.
M ed, (2008). 9 .C a llaghan P  T , e t a l.. J . P hys. E : S ci. Instrum . 21 , 820 (1988). 10.W edeen V  J, e t a l., 8 th
A nnua l IS M R M . (D enver, 2000), pp . 82 .11.W edeen V  J, et a l., M agn R eson M ed 54, 1377
(2005).12 .W edeen V  J, e t a l., B iophys J 80 , 1024 (2001).13 .W edeen V  J, e t a l. N euro im age 41, 1267
(2008). 14 .P icka lov V , et a l., 3 rd IE E E  IS B I'06 : From  M acro to  N ano. (A rling ton, V A , 2006),  pp. 710-
713.15 .O zars lan  E , e t a l. N euro im age 78 , 16 (2013). 16.B a i R , et a l. J  M agn R eson 255, 88 (2015). 17.
B en jam in i D , e t a l. J  M agn R eson 271, 40  (2016).
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M R I C haracterization  o f W hite  M atter in  R odent B ra in

M D  D oes*$, V anderb ilt U nivers ity.

M R I prov ides contrast tha t is  sensitive  to  the  
m icrostructure  and com position  o f m any 
tissues, inc lud ing  cerebra l w h ite  m atte r. E ffo rts  
to  deve lop  m ethods that a lso  prov ide  specific  
characteriza tions o f w h ite  m atte r, such as the  
vo lum e fraction  of m ye lin  or the m ean axon 
d iam eter, a re  ongoing . For in  vivo  hum an 
im aging , such m ethods  m ay o ffe r unique 
w indow s in to   neuro log ica l and psych ia tric  
d isorders and have the  po tentia l to  serve as 
im portan t c lin ica l b iom arkers. P resently, the  
developm ent of such m ethods is  lim ited  by 
scan tim e/s igna l-to -noise  ra tio  and lack  o f go ld  
s tandard  va lida tion. H ow ever, fo r the  purpose o f ex v ivo  im ag ing  o f m ice , these lim ita tions can be la rgely 
overcom e. T hat is , M R I is  a lready we ll su ited  to  be  a rou tine  too l fo r the quantita tive  eva lua tion  o f w h ite  
m atte r in  m ouse m ode ls of neuro log ic  and psychia tric d isorders. T h is p resenta tion w ill cover the  
developm ent and experim ental evalua tion  of a  num ber o f quantita tive  M R I m easures , app lied to  se lect 
m ouse m ode ls o f abnorm al w h ite  m atte r m icrostructure . E xam ple im ages of m yelin vo lum e fraction 
(M V F), axon volum e fraction  (A V F), and g-ra tio , a long w ith  e lectron  m icroscopy, a re  show n fo r four 
d iffe rent types o f genetic  m ouse stra ins, each exh ib iting  d iffe ren t wh ite m atte r characteris tics.
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Low -fie ld  M R I s tudies of E nhanced O il R ecovery processes

E  J Fordham * and J M itchell$, S ch lum berger G ou ld R esearch, C am bridge C B 3 0E L, U K .

M R I has  long been of in te rest as a labora tory tool fo r flow s in porous m ed ia  [1 ], because o f its 
insensitiv ity to  the  so lid  m atrix and the  po tentia l fo r robust d iscrim ination  o f im m isc ib le  phases as found 
ub iqu itously in  pe tro leum  reservo irs . E nhanced O il R ecovery (E O R ) processes are  de fined as recovery 
processes invo lv ing  "substances no t na tura lly present in  the reservo ir" [2 ], inc reasing the  physico-
chem ical com plexity o f the  system  and process stud ied . They are  h igh-va lue  processes fo r wh ich  
laboratory screen ing  of som e k ind  is  a  m andatory s tage. For labora tory core  floods, M R I has no t 
ach ieved h igh acceptance in  com parison to  X-ray absorp tion , in  sp ite  of the  la tte r's  requ irem ent fo r 
chem ical dop ing and som etim es d isappo in ting  quantita tive accuracy [3 ]. W e show tha t quantita tive  N M R  
can be successfu lly used fo r E O R  core  floods, g iven  su itable  specifica tion of N M R  hardware  and sam ple 
ho lders, and fu rtherm ore  w ith  s im p le  and s tra igh tfo rw ard  pu lse  sequences [4 ]. 
Th is  ta lk  w ill sum m arise  work  over severa l years on  severa l d ifferen t types o f E O R  process, us ing  
stra ightfo rward M R I m ethods (typ ica lly one d im ension  on ly of spatia l reso lu tion) and low -fie ld  N M R  
hardware  (2  or 12  M H z 1H  resonance), and sam ple  holders appropriate  to  the  system  investiga ted. 
A pp lica tions, w ith  com parison to  ava ilab le o ilfie ld  p ilo t s tudy m easurem ents [5 ,6 ], w ill cover the fo llow ing 
ca tegories o f E O R  process: A lka li-S urfactan t-P o lym er (A S P ) [7 ], A lka li-S urfactant (A S ) [8 ], P o lym er E O R  
[9 ], and M isc ib le  G as [10] recoveries. P hysical and pe trophysica l considera tions underlying  the  hardw are  
specifica tion  and experim enta l design  w ill be  d iscussed, and particu la r opportunities fo r M R I m ethods w ill 
be  h igh ligh ted.
R eferences:
[1 ] J . M itche ll, T .C . C handrasekera, D .J. H o lland, L .F . G ladden &  E .J. Fordham  (2013). M agnetic
resonance im ag ing  in  labora tory pe trophysica l core  analys is. P hysics R eports , 526  (3 ) 165225.
[2 ] L . W . Lake (1989). E nhanced O il R ecovery . P ren tice-H a ll.
[3 ] A .W . C ense, H .A . van der L inder, N . B russee, J . B eljaars &  A . S chw ing (2014). H ow  re liab le  is  In  S itu
S atura tion  M on ito ring  (IS S M ) us ing  X-ray?   In t. S ym p. S oc. C ore  A na lysts , A v ignon, France, S ept. 2014.
P aper S C A2014-009
[4 ] J . M itche ll, L .F . G ladden, T .C . C handrasekera &  E . J . Fordham  (2014). Low -fie ld  perm anent m agnets
fo r industria l p rocess and qua lity contro l. P rog. N ucl. M agn. R eson. S pectroscopy  76 , 160 .
[5 ] J. E dw ards et a l. (2011). S ing le -we ll in-s itu  m easure of o il sa tura tion  rem ain ing  in  carbonate  a fte r an
E O R  chem ical flood . S P E  M idd le E ast O il and G as S how , M anam a, B ahra in , 25-28 S eptem ber, P aper
S P E 141091 .
[6 ] J . M itche ll et a l. (2012). Q uantita tive rem ain ing  o il satura tion  us ing  m agnetic resonance: From  the
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M R  and  m ulti-m odal contrast agent developm ent

P  C aravan *$, A th inou la  A . M artinos C enter fo r B iom edical Im ag ing, M assachusetts G eneral H osp ita l &  
H arvard  M edica l S choo l.

C ontrast agents a re  w idely used in  c lin ica l M R I w ith  about 50%  of a ll p rocedures em ploying  a gado lin ium -
based contrast agent.  C ontrast agents can provide  be tte r de lineation  of pa tho logy, functiona l in fo rm ation  
such as organ perfus ion  or perm eability, shorten  exam  tim es, and yie ld  g rea ter d iagnostic confidence.  
W hile  c lin ica l contrast agents p rov ide  in fo rm ation based so le ly on their d is tribu tion  and pharm acok ine tics, 
newer contrast agents  in  developm ent can prov ide m ore  specific ity fo r pa tho logy, tak ing  a  so-ca lled  
m olecu lar M R  approach.  O ne m echan ism  is  conjugate  a  ta rgeting group, a  peptide  or sm all m o lecu le  
tha t recogn izes and b inds to  a p ro te in associa ted  w ith  d isease, to  a  M R -active  reporte r like  a gadolin ium -
che late .  A nother approach is  to  have the  re laxiv ity o f the contrast agent change in  response to  an 
env ironm enta l s tim u lus such as pH  change or the  presence o f a  specific  enzym e.  It is a lso  possib le  to  
incorporate o ther im ag ing reporte rs  (gam m a or positron  em itte rs , fluorophores) in to  the  contrast agent to 
create  m ultim oda l contrast agents tha t can be detected  w ith d iffe ren t im aging  devices.  Th is  educationa l 
lecture  w ill describe  these varied  approaches, inc lud ing  the  strengths and lim ita tions of each, draw ing on 
the  s ta te  o f the art fo r exam ples.
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C om plem entary Im aging of C artilage by µM R I, µC T, and O ptical M icroscopies

Y Xia *, D epartm ent o f P hysics and C enter fo r B iom edica l R esearch , , O ak land U nivers ity, , R ochester, M I 
48309, U S A .

A s articu la r cartilage  is  the  load-bearing  tissue in  a com plex organ (the  jo int) that offe rs m echan ica l 
functions to  the body, b iom echan ical p roperties o f the  tissue (e .g ., com pressive  m odu lus) shou ld  be  the  
u ltim ate  m easures of the tissue's  hea lth . T hese b iom echan ica l p roperties o f cartilage , however, a re  
de term ined at the  m olecula r leve l by the  am ounts and spatia l a rrangem ents o f b iom olecu les as w ell as 
the  in te ractions am ong them . Furtherm ore , the environm ent in  w hich  these b iom olecu les exis t is 
regu lated at the  cellu la r leve l by the  cartilage ce lls , chondrocytes. In cartilage , these ce lls  a re  a lso  
spatia lly confined a t the m orpho log ica l leve l by the arch itectures o f the  extrace llu lar m atrices. 

G radual degradation o f a rticu la r cartilage is  the ha llm ark  o f osteoarth ritis  (O A ), a  m uscu loske le ta l 
d isease that is  the  num ber one cause o f d isab ility in  m ost countries. A lthough the  d isease a lways resu lts  
in  the  sam e end-stage sym ptom  (loss o f jo int function), the degradation of the tissue can have d iffe rent 
early-s tage characteristics and be  e ither id iopath ic  o r linked to  d ifferent in itia tion  events o r risk  facto rs, 
such as traum a, obesity, o r b iom echan ica l instability. C urren tly, an  accura te d iagnosis  o f O A , at a  tim e 
when an in te rventiona l p rocedure  is  po ten tia lly benefic ia l, rem ains e lus ive  in  curren t c lin ica l p ractice . 

The m ultisca le  fea tures o f cartilage b io logy and cartilage degradation  m andate  the  need fo r a  w ide  range 
of research too ls  and approaches tha t extend beyond the traditiona l boundaries o f research . T h is  
presenta tion  describes our research journey a t O ak land U n ivers ity, from  a sm all lab in  1994 w ith  a  s ing le  
techno logy (m icroscopic  M R I, µM R I) to  our curren t m u ltid isc ip linary m icroscop ic  im ag ing  lab . W e have 
µM R I (wh ich  offers a  d irect transla tion pa thw ay to  c lin ica l M R I), po la rized  ligh t m icroscopy (P LM , w h ich  is  
the  go ld  s tandard  in  b io logy and c lin ica l pa thology), Fourie r-transform  in fra red im ag ing (FT IR I, wh ich 
offe rs a true  capability in  chem ica l im aging), and m icroscopic  com puter tom ography (µC T , wh ich  enables  
the  s tudy of cartilage-bone in te rface). T ogether w ith  b iochem ical assays (w h ich  quantifies m olecu lar 
contents) and b iom echan ical testing (wh ich  ca lib ra tes the m echan ical hea lth  o f cartilage), w e exam ine 
the  in fluence o f the m olecular and m icroscopic  changes  on  tissue 's  functiona l in tegrity, p rov id ing critica l 
in fo rm ation  tow ards the understand ing , and u ltim ate ly, m anagem ent o f early a rth ritic  d iseases. 

In th is  p resenta tion, the physics and capab ilities  o f these im ag ing  too ls  w ill be  briefly described, together 
w ith  som e recent resu lts . W ith  a  spatia l reso lu tion from  a  frac tion o f a  m icron  to  tens o f m icrons  in  these 
m icroscop ic  im ag ing  too ls, som e non-cartilage exam ples w ill a lso  be  in troduced to  dem onstra te  the 
sa lient na ture  o f these too ls in  app lica tion  to  p ro jects  in  sc ience and eng ineering .
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M agnetic R esonance Im aging w ith H yperpo larized and Inert G as C ontrast A gents and X enon 
B iosensor M olecular M R I

M S  A�lbert$a,b ,c, aD�epartm�ent of C�hem�is try, Lakehead U�nivers ity, T�hunder B�ay, O�N�, C�anada; bT�hunder 
B�ay R�egional H�ea lth  R�esearch Institu te , , T�hunder B�ay, O�N�, C�anada; cN�orthern  O�ntario  S�choo l o f 
M�ed ic ine , T�hunder B�ay, O�N�, C�anada.

H�yperpolarized  nob le  gases  and inert fluorinated  gases  are  com�b ined w ith  m�agnetic resonance im�ag ing  
(M R�I) to  im�age the  in te rna l s tructures o f the  body w ith  m�uch greater sensitiv ity than curren t im�ag ing  
techno logy. A�pplica tions inc lude lung im�ag ing, b ra in im�aging , and the use o f m�olecu lar b iom�arkers to 
ta rget d isease. A  particu la rly use fu l app lica tion  o f th is  techno logy is  fo r lung im�ag ing . F luorine-19 (19F) 
techno logy is  curren tly be ing tes ted to  de term�ine  if the  quality of 19F lung im�ages ob ta ined can be  used 
to  p rov ide  c lin ica l in fo rm�ation  beyond the capab ility o f current im�ag ing techno logy. D�ue to  its  low�-cost and 
abundance, th is  techno logy cou ld  be easily im�p lem�ented in  every M R�I scanner in  the  w�orld . O�ur g roup 
has  recently m�ade substan tia l progress in  the  fie ld  o f b ra in  im�ag ing . For the  first tim�e, vo lun teers w�ith  
A�lzhe im�er's  d isease have been im�aged us ing  the  hyperpo larized  xenon-129 (H�P  129Xe) M R�I techno logy 
and H�P  129Xe functiona l M�R�I. P�re lim�inary resu lts have show�n to  be  prom�is ing  fo r po tentia l early 
de tection  o f A�lzheim�er's  d isease and cou ld  a lso  have im�p lica tions fo r drug trea tm�ent and m�on ito ring  o f 
the  d isease. M�o lecu lar b iosensors are  a  usefu l too l fo r identifica tion  of d isease s ites in  the  body. D�espite  
the  lack  o f d irect specific ity o f noble  gases fo r b io logica l receptors, they can be  de livered to a ta rge t by 
m�eans of m�olecular system�s that can encapsu la te  the nob le  gas. O�ur team  has successfu lly ob ta ined the  
firs t ever in  v ivo  im�ages o f cucurb it[6 ]u ril, fo r a  H�P  129Xe biosensor to  im�age the vascu lar system  
throughout a liv ing  anim�a l m�ode l. Fu ture  work  w�ill de term�ine the po ten tia l to  de tec t various d isease ta rget 
s ites in  the  body. O�vera ll, there  is  a  w�ide range o f app lica tions fo r H�P  nob le  and inert fluorina ted gas M R�I 
in  the  d iagnos is  and treatm�ent m�on ito ring o f hum�an d isease. O�ur research program  continues to  s trive  
toward  the  u ltim�ate  goa l o f c lin ica l translation. 
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B reakdow n o f C arr-P urcell-M eiboom -G ill spin  echoes in  inhom ogeneous fie lds

L-S  B ouchard *$ and N N  Jarenw attanon, D epartm ent o f C hem istry and B iochem is try, U n ivers ity o f
C a lifo rn ia Los A ngeles .

W e have found unexpected behavior of N M R  
s ignals  in  gases, w ith  respect to  the 
tem pera ture  dependence of linew id th  [1 , 2 ] as 
we ll as behavior of C P M G  echoes. T he N M R  
s ignal decay fo r uncoup led  sp ins in  an  
external fie ld  g rad ien t g  fo llow s [3 ]

S (t) =  exp(-2 t/T 2) exp(-2t3c2g 2D /3 )   (1 )

in  wh ich 2 t is  the evo lution tim e, T 2 is  the  sp in -
sp in  re laxa tion  tim e, c is  the nuclear 
gyrom agnetic  ra tio , and D  is  the self-d iffus ion  coeffic ien t. In  the  absence o f a  la rge  m agnetic fie ld 
inhom ogeneity and large d iffus ion ra te , the express ion  co llapses to  exp(-2t/T 2). The C P M G  tra in
elim ina tes the  t3 te rm  [4 , 5 ] in  a  tra in  o f n echoes , w here  2t is  the in terpu lse  spacing :

S (t) =  exp(-n2t/T 2) exp[-t2c2g2D (n2t)/3 ]   (2 )

In the  lim it o f short in te rpu lse spacing  ( t[  0 , but hold ing  n2t constant), C P M G  m in im izes the  e ffect o f 
m o lecu lar se lf-d iffus ion  on nuclear spin  decoherence in  inhom ogeneous m agnetic  fie lds. T he contribution 
of the  inhom ogeneous term  becom es neg lig ib le as  t2  [  0 , recovering  exp(-2t/T 2). Th is  express ion works
well in  liqu ids.

H owever, in  gases  the s ituation is  d ifferent. W e used the  C P M G  sequence to  p robe N M R  s ignal decay in  
liqu ids and gases and found d iffe rent behaviors o f the decay function in  a  m agnetic  fie ld gradien t (F ig . 1 ). 
In  gases , we find  tha t C P M G  is  unab le to  e lim ina te  s igna l decay in  the  lim it o f short in te rpu lse  spacings (t 
[  0), m ak ing  it im possib le  to recover the  true T 2 tim e in  tha t lim it. T he T 2 tim e recovered in  the  lim it t [  0
depends on the  applied  grad ient g . T h is is  to  be contrasted to  the case o f liqu ids, where  the  true  T 2 va lue  
is  recovered in  the  lim it t [  0  regard less o f the app lied  g. T his  behavior is  due to  na ture  o f m otiona l 
averag ing  of gases , w h ich  is  fundam enta lly d iffe ren t than m otiona l averaging  in  liqu ids. In a  gas, the  
E inste in -F ick  approxim ation  does no t apply. For a  gas , the  correct expression  fo r s igna l decay is : exp [-
c2g 2j t], where  j  is  a  tem pera ture-dependent te rm  [1 , 2 ]. A pp lication  o f the  C P M G  sequence w ith  n  
echoes  leads to  a  decay function proportiona l to:

exp [-c2g 2j (2nt)]   (3 )

Tak ing  the lim it t[  0  w hile keep ing  2nt fixed  does not e lim inate  the  s igna l decay. T h is  dem onstra tes a  
fundam enta lly d iffe rent behavior in  inhom ogeneous fie lds: w ith  gases , shorten ing the in te rpu lse  spacing 
does no t e lim ina te  the s ignal decay. M any N M R /M R I experim ents, w here  fie ld g rad ients a re  app lied  
during the  signa l readout, cou ld be  im pacted by th is  e ffect.
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In  s itu  N M R  Im aging  of Ion  Transport in  L i-Ion B atteries

G .R . G ow ard *$, S .A . K rachkovsk iy and J.D . B azak , D epartm ent of C hem istry, M cM aster U nivers ity; B .J . 
B a lcom , D epartm ent o f P hys ics, U niversity o f N ew B runsw ick ; I.C . H a la lay, G eneral M otors  G loba l R  &  
D .

E ffective  m ode ling  the perfo rm ance o f au tom otive  L i-ion ba tte ries requ ires the  know ledge o f e lectro lyte  
transport p roperties: specific  conductiv ity, L i+ transference num ber and sa lt d iffus ion  coeffic ien t, as 
functions of tem pera ture  and salt concenta tion. A n accura te  de term ination  o f these param eters is  no t a  
triv ia l task , due to  the fact that the  values o f ion ic  d iffus ion  coeffic ien ts  in  an e lectro lyte  so lu tion depend 
on  the salt concentration. A t the  sam e tim e, the  sa lt concentra tion  ins ide a  ba ttery is  ne ither s ta tionary 
nor hom ogeneous a t h igh  charg ing  or d ischarg ing  rates, as experienced during veh ic le  acce lle ration  or 
brak ing ; ra ther, it is  a  function  of curren t density, tim e and d is tance from  the  e lectrodes. In  contrast to  
com m only used m ethods, such as P FG -N M R  and e lectrochem ical techn iques, M R I can prov ide  spatia lly 
resolved deta ils  about the  chem ica l and dynam ic fea tures o f solu tion  species .
U sing  in  s itu  M R I, w e have unam biguously dem onstra ted tha t the  e lectro lyte  solu tions  can experience 
la rge  concentra tion polariza tions during  ba tte ry opera tion. B ecause o f th is  situation , the  d ifference in  ion ic  
d iffus iv ities at opposite  ends o f the ce ll can  be  as large as  60%  (F ig. 1b), w h ich  m ust be  taken in to  
account in  the  description o f m ass transport. M oreover, one can d irectly both  the sa lt d iffus iv ity and the  
L i+ transference num ber, by carrying ou t experim ents under conditions o f a  s teady-sta te  concentra tion  
grad ient and by com bining  the  P FG -N M R  d iffus ion  m easurem ent w ith  in  situ  M R I techn iques into  sing le  
pseudo-3D  experim ent, [1 ]. Furtherm ore , im p lem enta tion  o f pure  phase-encod ing  M R I m ethods, e .g . 
centric  scan S P R IT E  [2 ], a llows the  m app ing  o f no t on ly the  transport o f ions th rough the e lectro lyte  
so lu tion, but a lso  the  lith iation  o f e lec trodes (F ig . 1c), wh ich  leads to  the next level o f ba tte ry perfo rm ance 
characteriza tion by N M R  techn iques.

R eferences
[1 ] S . A . K rachkovsk iy, J . D . B azak , P . W erhun, B . J . B alcom , I. C . H a la lay, and G . R . G ow ard , J . A m .
C hem . S oc., 138 (2016), 7992.
[2 ] M . H a lse , J . R ioux, S . R om anzetti, J . K affanke, B . M acM illan , I. M astikh in, N . J . S hah, E . A ubanel,
and B . J . B a lcom , J . M agn. R eson., 169 (2004), 102.
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M R I of m acrom olecu lar filtra tion

G . G uthausena,b, F . A rnd t, N . S chork , S . S chuhm ann and H . N irsch l, aInstitu te  o f M echan ical P rocess
E ng ineering  and M echan ics; bE B I, W ater C hem is try and T echno logy, K arlsruhe Institu te  of T echno logy
(K IT ), K arlsruhe, G erm any.

U ltra filtra tion o f m acrom olecu lar substances is  a  w ide ly spread process techno logy applied  fo r exam ple  in  
water trea tm ent and in  food eng ineering. A n accum ulation o f the  o ften  co llo idal substances on  the 
m em brane surface occurs during filtra tion . For exam ple  in  w ater filtra tion , extrace llu lar po lym eric 
substances (E P S ) are  know n to  be  a  m ain  source  fo r deposit fo rm ation  w hich  can be m ode led  by sodium  
alg ina te . T his  po lyan ion ic  po lysaccharide is  know n to  fo rm  a m acrom olecu la r so lution  in the  absence o f 
b iva len t cations, but to  fo rm  ge l s tructu res in  the presence o f b iva len t cations, w ith  an  im pact on  the  
fou ling m echan ism s in  a  filtra tion process.
M R I w as used to  exp lore  the  filtra tion m echan ism s in  ceram ic  ho llow  fiber m em branes during in -s itu  
u ltrafiltra tion . T im e and spatia lly reso lved m easure¬m ents  were  perfo rm ed to  ge t de ta iled  ins igh t in to  
s tructure  and k ine tics o f deposit fo rm ation. O ther than in  filtra tion  o f partic les  or o f m ilk , an  aqueous 
so lu tion of a lg ina te  show s s im ila r re laxa tion and d iffus ion  properties  as  w ater. T here fore , ge l layer and 
concentra tion po lariza tion are  observed by exp lo iting  param agnetic  re laxa tion  enhancem ent as M R I 
contras t m echan ism . This  approach a llow s fo r a  quantifica tion and deta iled ana lys is  o f the  deposit. 
A dd itiona lly, flow  pro files confirm  the  find ings o f structura l M R I: T he d iffe ren t filtra tion m echan ism s 
determ ine a lso  the  hydrodynam ic cond itions in the m em brane lum en. A na lyzing the flow  pro files p rov ides 
fu rther in fo rm ation  o f the  factors leading  to  fouling  layer fo rm ation  and the  characteriz ing phys ical 
param eters.
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C ell T racking  w ith  M agnetic  R esonance Im aging

P  Foster*$, R obarts  R esearch Institu te , W estern  U nivers ity, C anada.

To detect ce lls  using  M R I they m ust be labe led  w ith  M R  contrast m ateria l to  m ake them  d is tinct from  the  
surrounding  tissues. T he m ajority o f p rec lin ica l ce llu lar M R I s tudies have utilized iron oxide nanopartic les  
fo r the  ce ll labe l. A  varie ty o f iron  oxide-based labe ls  a re ava ilab le  inc lud ing  superparam agnetic  iron 
oxide  partic les (S P IO , 60-120 nm ), u ltra -sm all iron  oxide agents (U S P IO , 10-30 nm ) and m ic ron-sized 
iron  oxide  partic les (M P IO , 0 .75  lm  and la rger). A reas conta in ing  iron-labe led  ce lls  appear as regions of 
s ignal loss (o r reg ions o f s igna l hypo in tensity) on M R  im ages, creating  negative  contras t. M ore  recently, 
19F  based nanoem uls ions have been used fo r ce llu la r M R I.

For experim enta l ce ll track ing, ce lls a re  typ ically loaded w ith  iron  or 19F  agents p rio r to  their in jection  or 
im p lan ta tion . T o im age inflam m ation, ce lls  a re  labe led  in  s itu  v ia  an in travenous adm in is tra tion of the  
agents . T he resu lting  s igna l can be  tracked in  v ivo  p rov id ing  info rm ation about the  presence, location  and 
m igra tion  o f the  labe led  ce lls . T h is presenta tion  w ill com pare  iron- and 19F -based ce llu la r M R I and g ive  
various exam ples  o f how  these technolog ies are  used in  prec lin ica l investiga tions of d isease. S pec ia l 
focus  w ill be  g iven to  the  track ing o f cancer ce lls  and cancer cell therap ies.

Th is  p resenta tion  w ill a lso  describe the current lim ita tions o f ce ll track ing w ith  M R I wh ich  are  im portan t to 
our understand ing  o f w hat advances and im provem ents  a re  c ruc ia l to  m ove th is  fie ld fo rw ard . S om e o f 
these lim ita tions inc lude: the potentia l fo r transfer o f label from  the  orig ina l ce ll to  bystander ce lls , d ilu tion 
of the  label in  p ro life ra ting ce lls, m is inte rpre ta tion  o f the s ignal from  iron-labe led  ce lls  due to  o ther 
sources  o f s ignal loss and quantifica tion . W e w ill a lso cover advances in  th is  fie ld  re la ted  to  bo th  the  ce ll 
labe ls  and labe ling and the  M R I hardw are  and softw are  fo r de tection o f ce lls .
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C o m b in in g  M  R I  w ith  o th e r  im a g in g  a n d  m e a s u r e m e n t  m o d a litie s :  a p p lic a tio n s  to  p h a r m  a c e u tic a l  
and catalysis research.

M .D . M antle *, , D epartm ent of C hem  i ca l  E  ng ineer ing  & B  i o techno log ,  P  h i l ippa Fawcet t  D  r i ve ,  , 
U n iv e ris ty  o f  C  a m  b rid g e ,  ,  C a m  b rid g e  U .K  .  C  B  3  0 A S .

Th is  ta lk  w  ill  beg in  w  ith  recen t  deve lopm  en ts  f rom ou r  g roup  focuss ing  on  the  app lica t ion  and  
developm  ent  of  com  bin ing MR  I  wi th other  im  aging and m  easurem  ent  m  odal i t ies to address im  portant  
problem  s in pharm  aceut ica l  and cata lys is  research.   In  par t icu lar ,  we descr ibe how MR  I  m  ay be 
com  bined w  i th  T  eraher tz  P  ulsed Im  aging (TP  I )  techniques to bet ter  understand the m  ic roscopic  
behaviour  of  extended re lease pharm  aceut ica l  tablets dur ing pharm  acopeia l  d issolut ion test ing.   Two 
M R  I/T P  I  s tu d ie s  a re  d e s c rib e d :   (1 )  T  h e  s ta b ility  o f  a  p h a r m  a c e u tic a l  p r o d u c t  d u r in g  tra n s p o rt  a n d  
subsequent  s torage is  a key issue for  assessing i ts  longevi ty  and hence shel f - l i fe .   In  order  to  speed-up 
pre-c l in ica l  research and developm  ent ,  and m  in im  ise the associated costs,  accelerated st ress test ing 
condi t ions are of ten em  ployed.  H  ere we show how a com  binat ion of  TP  I  and MR  I  can fur ther  our  
understanding of  s tandard d issolut ion stabi l i ty  test  resul ts  for  com  m  erc ia l ly  avai lable drug products.   TP  I   
data for  pre-  and post-st ress tested Lescol® XL tablets showed s igni f icant  physical  changes in the tablet  
coat ing th ickness and densi ty ;  however ,  MR  I  data for  pre-  and post  -s t ress tested Lescol® XL tablets  
dur ing d issolut ion showed no real  changes in the internal  m  ic ro st ructure,  which agreed wel l  wi th the 
results from the standard drug release curves;  (2) P recise control of drug release kinetics from an 
extended re lease sol id  m  atr ix  is  of ten fac i l i ta ted by coat ing a tablet  w  i th  a wel l -def ined polym  er f i lm  .   H  ere 
we  repor t  resu lt s  from a  com  b ined  TP  I/MR  I  s tudy  wh ich  he lps   exp la in  the  d iff e ren t  d rug  re lease  k ine tics  
from laboratory and pilot scale tablet coating processes.  
F ina l l y ,  the  ta lk  w i l l  f in ish  by  descr ib ing  the  in i t ia l  resu l ts  f rom a  benchtop low  - f ie ld  NMR spect rom 
eter  designed to work ins ide the vacuum cham  ber of  the N  IMROD neutron d i f f ractom  eter  (R 
uther ford A p p le to n  L a b s ,  U K  )  to  a d d r e s s  m  e c h a n is tic  p r o b le m  s  in  h e te r o g e n e o u s  c a ta ly tic  
h y d ro g e n a tio n  reactions.  H ere N M R spectroscopy provides chem ical speciation and m ass transport inform 
ation w ith neutron d i f f ract ion provid ing s im  ul taneous inform  at ion regarding reactant /product  
s t ructur ing dur ing chem  ica l  react ion.
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M R I of E lectrochem ical S ystem s: B atteries , C orrosion and E lectrop lating

M M  B ritton , S chool o f C hem istry, U niversity o f B irm ingham , B irm ingham , B 15 2T T , U K .

The design  and deve lopm ent o f im proved e lectrochem ica l technolog ies, such as batte ries, an ti-corros ion , 
and e lectrop la ting, requ ires deta iled  understand ing  of the  e lectrochem ica l reactions, ion  transport and 
concentra tion grad ients w ith in these system s. H owever, there  are  few  m ethods tha t a re  ab le  to  v isua lise  
and quantify these non-invasive ly, spa tia lly, in  s itu  and in  real tim e. M agnetic  resonance im ag ing  (M R I) 
has  proved to  be an  excellen t too l fo r non-invasive ly s tudying  com plex, spa tia lly he terogeneous chem ical 
system s in  m ateria ls , eng ineering  and chem ical research  [1 ]. W hile , M R I has enorm ous potentia l fo r in  
s itu  investiga tion of the  spatia l d is tribu tion, specia tion , and m ob ility of m o lecules  and ions in  
e lec trochem ical devices, there  are  currently very few  exam ples o f M R I be ing  used to  p robe such 
system s. T h is  is  la rgely due to  the experim enta l cha llenges associa ted  w ith  setting  up an  e lectrochem ica l 
ce ll ins ide  a s trong m agnetic  fie ld  and the  im ag ing  arte facts caused by the presence of m eta ls  tha t lead 
to  undesirable  varia tions in  the rad io frequency (R F) and m agnetic  fie lds across the sam ple  [2 ]. H owever, 
it has been found, recently, that such techn ical issues can be overcom e and tha t it is  possib le to  co llect 
v iab le da ta  [3 ] in  e lectrochem ica l system s. T his  ta lk  w ill present the  cha llenges fo r s tudying 
e lec trochem ical system s by M R I and dem onstra te  how  they can be  overcom e to  enab le  the  collection  o f 
un ique and quantita tive da ta  during the e lectrod isso lu tion  and deposition  o f m eta l ions in  a  range o f 
e lec trochem ical ce lls . R esu lts  w ill be  presented , v isualis ing the  d ischarge process in a  m odel Zn-a ir 
ba tte ry [4 ], corros ion  o f m eta llic  copper in  an  aqueous e lec tro lyte  [5 ] and the e lectrop la ting o f zinc in  a  
room  tem pera ture  ionic  liqu id  (R T IL).

[1 ] M .M . B ritton , P rog. N ucl. M agn. R eson. S pec., 101 (2017) 51-70.[2] L.H . B ennett, P .S . W ang, M .J.
D onahue, J . A pp. P hys., 79  (1996) 4712-4714.[3 ] A .J . D avenport, M . Forsyth , M .M . B ritton, E lectrochem .
C om m ., 12  (2010) 44-47.[4 ] M .M . B ritton , P .M . B ayley, P .C . H ow le tt, A .J . D avenport, M . Forsyth , J . P hys.
C hem . Le tt., 4  (2013) 3019-3023.[5 ] J .M . B ray, A .J. D avenport, K .S . R yder, M .M . B ritton , A ngew. C hem .
Int. E d., 55  (2016) 9394-9397.
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Spatially resolved and clinically feasible relaxation-di↵usion correlation

spectroscopy in the spinal cord

Dan Benjamini and Peter J Basser

Section on Quantitative Imaging and Tissue Sciences, NICHD, National Institutes of Health, Bethesda, MD 20892, USA

Introduction: Combining and correlating multidimensional magnetic resonance (MR) contrast mechanisms, e.g.,
D-T2, would provide novel and complementary information about dynamic molecular processes and microscopic
physical and chemical environments within tissue. To date, these multidimensional relaxation–di↵usion correlation
(REDCO) experiments have been primarily relegated to applications involving NMR spectrometry and spectroscopy
studies in homogeneous samples [1–3]. However, these methods have not been widely used in MRI applications
owing to the vast amount of scan time and acquired MR data required to reconstruct a single multidimensional
spectrum. To overcome this bottleneck we recently proposed the marginal distributions constrained optimization
(MADCO) method for accelerated multidimensional MRI [4]. The concept in this approach is to use the more
accessible 1D information (i.e., the marginal distributions) to enforce physical constraints on the multidimensional
distribution, resulting in a dramatic reduction in the number of data samples required and a concomitant reduction
in MRI acquisition times [4]. Here, by using MADCO, we introduce a new MR imaging framework–which we term
magnetic resonance microdynamic imaging (MRMI)–that permits the simultaneous noninvasive quantification of
multiple cellular, interstitial, and subcellular tissue components within tissue. This unique information is obtained
without imposing a priori tissue models, and in a clinically or biologically feasible time period.

Materials and Methods: Although it can be used to investigate other types of biological tissue, we chose to
apply MRMI on a fixed ferret spinal cord specimen because its microstructure and organization are well known
and highly ordered. MRI data were collected on a 7 T Bruker wide-bore vertical magnet with an AVANCE III
MRI spectrometer equipped with a Micro2.5 microimaging probe and three GREAT60 gradient amplifiers. MRI
data were acquired with an inversion recovery spin-echo di↵usion-weighted echo planar imaging (IR–DWI–EPI)
sequence, in which the di↵usion gradient amplitude, G, the inversion period, ⌧1, and the echo time, ⌧2, governed
the di↵usion, T1, and T2 weightings, respectively. The three 1D distributions of T1, T2, and D, were first estimated
using a total of 52 acquisitions in the G-⌧1-⌧2 space. The MADCO framework was then used with the a priori

obtained 1D distributions as constrains to estimate the D-T1, D-T2, and T1-T2 spectra, using an additional 36
acquisitions. For all types of acquisitions, TR = inversion time + 4 s. A single 2.5 mm axial slice with in-plane
resolution of 101 ⇥ 101 µm2 was acquired with 2 averages and 8 segments. Each image took 1 minute to acquire,
leading to a total experimental time of 88 min.
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Figure 1: Microscopic compartmental analysis of a mixture of the representative gray and white matter ROIs, which yield a gray–white
matter “mixed volume”. To the right is the most informative D-T2 spectrum with four peaks, corresponding to four unique microscopic
nervous components that can be unequivocally assigned (WM-IC+, WM-IC�, GM-IC, and GM-IS). Having similar T2 and D values,
the WM-IS, WM-MA, and GM-MA peaks are well separated by their T1 value, reflected in the D-T1 spectrum to the left.

Results and Discussion: In most cases, a typical MRI brain voxel would include gray and white matter (GM and
WM), and would contain a mixture of axons, neurons, di↵erent types of glia, myelin, interstitial spaces, and proteins.
One of the greatest challenges facing quantitative MRI methods is distinguishing between at least a subset of these
components within an imaging voxel. The strength of microdynamic imaging in this context was demonstrated by
analyzing a mixture of spectra from GM and WM regions of interest (ROIs). The resulting REDCO spectra are
shown in Fig. 1, in which the microdynamic information from the D-T2 and D-T1 spectra reveals seven unique
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peaks: (1) WM interstitial (WM-IS); WM intracellular (WM-IC), which has two subpopulations – with (2) long T2

(WM-IC+) and (3) short T2 (WM-IC�) values; a low di↵usivity short-lived T1 and T2 peak that is assigned to (4)
WM myelin-associated (WM-MA) water; (5) GM intracellular (GM-IC); (6) GM interstitial space (GM-IS); and
a short T1-T2 GM component is identified as a (7) GM myelin-associated (GM-MA) component. To associate the
REDCO peaks to their correct macroenvironment (i.e., WM or GM), “pure” WM and GM ROIs were first selected
and analyzed separately.
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Figure 2: Generated quantitative images of the identified micro-
scopic neuroanatomical tissue components. Note that the AVFs are
additive and normalized, and therefore sum to 1.

Summing over the REDCO peaks resulted in the
apparent volume fraction (AVF) images of the nervous
tissue components, which exhibit unique contrasts and
are shown in Fig. 2. First, let us examine the spatial
distribution of all the intracellular components we iden-
tified: WM-IC+, WM-IC�, and GM-IC. The di↵erence
between the intracellular images is clear, with the prac-
tical absence of WM-IC� in the gray column (Fig. 2a).
On the other hand, the GM-IC is mainly present in the
GM (Fig. 2b). The third IC component, the WM-IC+

image, reveals a more uniform spatial distribution of in-
tensities, with higher AVFs in WM (Fig. 2c). We note
that very few axons, if any, are expected to reside in
the cervical portion of the spinal cord GM, while neu-
rons should be mostly present there and not in the WM
[5]. On the other hand, glia range in size and shape
(i.e., microglia and macroglia) and are distributed in all
CNS tissue types, with more in WM than in other tis-
sue types [6]. Apart from the known neuroanatomy, it
is visible from Fig. 1 that the GM-IC component has
the highest di↵usivity among the three cellular compo-
nents, which means that GM-IC water resides in the
biggest physical compartment. It is also evident that
the WM-IC+ peak spans a wide range of di↵usivities,
suggesting a broad size distribution. With this in mind,
and with the clear di↵erence in the image contrasts, the
WM-IC�, WM-IC+, and GM-IC components can be
hypothesized to originate from intraaxonal, intraglial,
and intraneuronal water, respectively. As anticipated,
WM-IS image intensity is mainly limited to WM (Fig.
2d) and is complementary to the GM-IS image, whose intensity is almost exclusively present in the gray column
(Fig. 2e).The total myelin-associated content (WM-MA + GM-MA) MRI stain suggests a higher concentration
in WM, but non negligible presence in the GM as well (Fig. 2f). Myelin-associated proteins, such as myelin
basic protein and myelin oligodendrocyte glycoprotein, are present in both myelin and in oligodendrocytes. While
myelin is almost exclusively present in WM, oligodendrocytes are present in GM as well, which is consistent with
the observed MA image contrast.

Conclusions: Using MRMI, we identified specific tissue components on the basis of their multispectral signa-
ture within individual imaging voxels. The spatially resolved images obtained by combining REDCO and MRI
allowed us, for the first time, to detect and distinguish between di↵erent intracellular components: axons, neurons,
and glia. Interstitial spaces and myelin-associated water, which are additional distinct microenvironments within
gray and white matter, were also identified and imaged. These seven cellular, interstitial, and extracellular compo-
nents may be present in any single MRMI spinal cord voxel. MRMI delivers unprecedented microdynamic imaging
data, which could have only been obtained by using laborious histological procedures on fixed specimen. MRMI
is clearly not limited to applications within the CNS; it can be used on any type of tissue or material in which
relaxation, di↵usion, and transport properties can be measured, providing exciting opportunities for investigators
in a range of disciplines.
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Oxygen Profile Characterization in Biofilm Systems Using 19F Nuclear Magnetic Resonance 
Oximetry 

JW Simkins, JD Seymour, KE Keepseagle and PJ Stewart, Chemical & Biological 
Engineering Department, Montana State University, Bozeman, MT, USA 59718 

19F magnetic resonance has become a popular method in the medical field for quantifying 
oxygenation in blood, tissues, and tumors1-3. The technique, called 19F NMR oximetry, exploits the strong 
affinity of molecular oxygen for liquid fluorocarbon phases4, and the resulting strong linear dependence 
of 19F spin-lattice relaxation rate R1 on local oxygen concentration. The success of 19F NMR oximetry in 
clinical contexts naturally introduces the possibility of repurposing this method to measure oxygen in 
different systems.  

Bacterial biofilms, aggregates of bacteria encased in a self-secreted matrix of metabolic products, 
are ubiquitous in industrial and clinical settings and, in both cases, oxygen gradients are a critical 
parameter in biofilm behavior. In the clinic, biofilms manipulate oxygen gradients to not only undermine 
host defenses but also dramatically reduce bacterial susceptibility to antibiotics, making them extremely 
difficult or impossible to treat5,6. For this reason, chronic wound oxygenation is known to be a significant 
predictor of clinical outcome7. In industry, regardless of whether biofilms are considered useful (e.g. 
wastewater treatment, bioremediation, or biofuel production) or deleterious (e.g. drinking water 
distribution systems, desalination, and food processing), oxygen represents one of the most important 
factors governing biofilm behavior. Optimization of such biofilm systems thus requires an in-depth 
understanding of how the biofilm establishes and responds to oxygen gradients. 

However, measurement of oxygen distributions in biofilms is often cumbersome and in some 
cases intractable. In systems that permit it, such as a planar biofilm, the gold standard for oxygen 
quantification is the microelectrode, which is inserted to various depths within the biofilm and a 1D 
oxygen profile is constructed. The microelectrode has two hallmark drawbacks: first, the technique is 
limited to acquisition of one point at a time8, making it extremely time consuming, and second, insertion 
of the electrode is fundamentally invasive, and can cast doubt on obtain values9. In systems such as a 
biofilm growing in a packed bed column, spatially-resolving oxygen concentration becomes 
unmanageable. NMR, entirely non-invasive and permitting spatial resolution, provides the potential to 
overcome these boundaries. 

In the present work we develop methodology for quantifying oxygen distributions in different 
biofilm systems, focusing primarily on planar Staphylococcus aureus biofilms grown on agarose gel, a 
model of a chronic wound infection, and biofilms grown on packed bed columns, of which the porous 
geometry models, for instance, wastewater and soil biofilms. We explore the applicability of different 
fluorocarbons for different biofilm systems, based on properties such as signal density, fractional 
sensitivity to oxygen, emulsion stability, and volatility.  

Construction of a calibration curve detailing the response of 19F R1 to oxygen concentration is 
accomplished by bubbling gases of variable oxygen concentration through pure-phase fluorocarbon and 
allowing the system to reach equilibrium before measuring R1

3. R1 mapping is accomplished using 
inversion recovery in combination with a spin-echo imaging sequence. When a fluorocarbon with 
multiple peaks is used as the oxygen sensor, the excitation 90o pulse is used to chemically select the 
dominant spectral peak and the refocusing 180o pulse is used for the slice selection. 

In the planar biofilm case, we demonstrate that injection of a stream of pure liquid 
hexafluorobenzene (HFB), a fluorocarbon with high signal density, into the growth medium immediately 
before measurement allows for observation of the oxygen-depth profile. Similarly, injection of a bolus of 
HFB into the medium records the exact oxygen concentration at that point. Following further 
development, this technique could be used in the clinic to evaluate oxygen penetration in chronic wounds, 
a metric which has been shown to be a strong predictor of clinical outcome.  

For porous media biofilms, we incorporate the oxygen-sensing fluorocarbon into the matrix 
material itself. We use perfluorooctylbromide (PFOB), which readily forms stable emulsions, and 
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incorporate the PFOB emulsion into 3 mm alginate beads by dripping an emulsion of PFOB-in-sodium 
alginate into a calcium chloride solution. In a subset of beads, biofilm growth is stimulated by inoculating 
with Escherichia coli before dripping. The effect of biofilm growth is investigated by packing a mixture 
of sterile and inoculated beads into a 10 mm inner diameter column and recording R1 profile (bulk, 1D 
longitudinal profile, 2D longitudinal, and 2D radial) over the course of microbial development. We 
correlate these measurements with 1H velocity maps to yield, for the first time to our knowledge, a 
comprehensive comparison of fluid flow distribution and resulting oxygen distribution in a packed bed 
system. In addition to bacterial experiments, we also probe the timescale of oxygen depletion, both axially 
down the column and from within individual beads, when the transition is made from oxygen-saturated 
feed water to oxygen-depleted via nitrogen sparging. The PFOB bead system is modular, and can be 
modified as desired to alter conditions in the packed bed and observe subsequent changes on the system. 

Finally, we report progress toward encapsulation of hydrofluorether (HFE) in 300 μm diameter 
alginate beads using a microfluidic device. HFE affords much higher signal-to-noise ratio than PFOB and 
is a frequently used fluorocarbon phase in microfluidic technologies. The small size and high signal 
afforded by these make them easy to incorporate into systems where oxygen levels are of concern and 
facilitate the measurement. 

Fig 1. (A) 1H sagittal image of water flowing at 50mL/hr through a column containing PFOB-laden 
alginate beads. (B) 1H axial velocity map showing flow streamlines. (C) Fluorescent image of individual 

beads, with the inoculated bead exhibiting green fluorescence due to growth of S. aureus. (D) 
Longitudinal oxygen profile over course of bacterial growth calculated via 19F R1 of PFOB. 
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Application of an Earth's Field NMR Flow Meter to Multiphase Flow 
Measurements  

K.T. O’Neill1, P.L. Stanwix1, E.O. Fridjonsson1 and M.L. Johns1

1School of Mechanical and Chemical Engineering 
University of Western Australia, Perth, Western Australia 6009, Australia. 

Introduction 
Instantaneous measurements of multiphase fluid flows has 
significant potential in a number of industries; particularly in 
the oil and gas industry in assisting the development of 
marginal fields and monitoring subsea processing [1].  The 
accurate quantification of component flowrates for industrial 
flows (typically consisting of oil, gas, condensate and water) 
using multiphase flow meters provides considerable benefits 
with respect to process safety, production monitoring and 
reservoir management [1, 2]. 

Materials and Methods 
We present the novel use of an Earth’s Field nuclear 
magnetic resonance (EFNMR) multiphase flow metering 
system (illustrated in Figure 1) [3].  The apparatus consists 
of a pre-polarising permanent magnet (0.3 T Halbach array) 
upstream of an EFNMR radio frequency (r.f.) detection coil 
(Magritek, New Zealand) which is used to excite and detect 
a ~2260 Hz 1H NMR signal from the flowing fluid stream. 
The flow loop can accommodate two phase air/water flows 
in both the stratified and slug flow regimes.  Single phase in-
line rotameters are used to provide accurate measurement of 
the individual component flowrates in order to validate NMR 
measurements. 
A simple r.f. ‘pulse and collect’ sequence is used to acquire 
the free induction decay (FID) signal from the flowing fluid 
stream.  A model for the FID signal (Equation 1 in Figure 1) 
is used and is a composite of three contributions; (i) signal 
polarisation in the permanent magnet, (ii) intermediate signal 
attenuation between polarisation and detection, and (iii) 
signal decay and flush-out during detection [3, 4].  The NMR 
flow meter model is fit (via Tikhonov regularisation) to 
experimentally acquired FID signals in order to determine 
the relevant velocity probability distribution of the flowing 
fluid stream.  
For two-phase NMR measurements only the liquid 
contributes to the measurable NMR signal, which implies; (i) 
the resultant velocity distribution is representative of the 
liquid velocity distribution alone, and (ii) the overall level of 
signal magnetisation (S0) is directly proportional to the liquid 
holdup present in the EFNMR detection region.  The second 
observation is used to estimate the liquid holdup during two 
phase measurements. 

Figure 1(a) Photo of measurement section of the flow loop. (b) 
Schematic of the flow metering apparatus.  The flow meter model 
which has been developed is also presented (equation 1) [4], 
where S is the measured FID signal at velocity v and time since 
excitation te, and the relevant lengths (LP, LPD and LD) are all 
indicated in the schematic.  

Results and Discussion 
NMR measurements of single phase (water) flows at mean 
velocities (VM) of 0.09 to 1.15 m/s were conducted.  The 
velocity probability distributions (P(v))  which have been 
determined from the regularised fit of Equation 1 to 
measured time-averaged FID signals is presented in Figure 
2(a) whilst the comparison of the NMR measured mean 
velocity  to the rotameter measured mean velocity is 
illustrated in Figure 2(b). 

 

Figure 2(a) Velocity probability distributions determined from 
fitting Equation 1to FID signals acquired from single phase water 
flows.  (b) Comparison of NMR measured mean velocity to the 
measured mean velocity from the in-line rotameter. 
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The NMR measured mean velocity shows excellent 
agreement to the rotameter measured mean velocity.  The 
mean absolute error for the seventeen velocity 
measurements in Figure 2(b) is 1.9 % 
Similar measurements are conducted for two-phase air/
water experiments at liquid superficial velocities (USL) of 
0.09 – 0.26 m/s and superficial gas velocities (USG) of 
0.22, 0.44 and 0.88 m/s.  These flowrates result in either 
stratified or slug flow regimes.  The NMR measured 
liquid velocity probability distributions which are 
determined from the regularised fit of Equation 1 to 
measured two-phase time-averaged FID signals are 
presented in Figure 3. 

Figure 3  Liquid velocity distributions determined from fitting 
Equation 1 to FID signals from two phase air/water flows.  The 
visually observed flow regime for each measurement is indicated. 
Note USG = 0.44 m/s for all trials. 

The stratified flow experiments (USL = 0.09 and 0.13 m/s) 
show a single peak corresponding to the continuous liquid 
linear velocity distribution anticipated for time-invariant 
flow.  The slug flow experiments (USL = 0.18, 0.22 and 0.26 
m/s) clearly exhibit a bimodal velocity distribution, with the 
larger lower velocity peak corresponding to the background 
stratified liquid layer whilst the smaller higher velocity peak 
corresponds to the faster moving slugs. 
Further time variant information can be determined from 
two-phase flows if instead of analysing time-averaged FID 
signals, the individual FID scans are interpreted in a repeated 
‘single-shot’ analysis.  Figure 4(a) shows example time 
resolved liquid holdup tracks (with the visually observed 
flow regime indicated), whilst Figure 4(b) shows the 
corresponding velocity tracks. 

Figure 4(a) Liquid holdup tracks for NMR measurements in the 
stratified flow (USL = 0.09 m/s, USG = 0.44 m/s) and slug flow (USL 
= 0.26 m/s, USG = 0.44 m/s).  (b) The corresponding liquid velocity 
tracks. 

The holdup and velocity tracks are observed to be relatively 
constant in the stratified flow experiment, whilst clear 

fluctuations can be observed in the liquid holdup and 
velocity tracks for the slug flow experiment. 
Finally, the results from air/water experiments are 
summarised in the following figure with comparison of the 
NMR measured average liquid superficial velocity to the in-
line rotameter measurement of superficial liquid velocity. 

Figure 5(a) Comparison of NMR measured superficial liquid 
velocity to rotameter measured superficial liquid velocity.  (b) 
Standard deviation of superficial liquid velocity used to distinguish 
flow regimes. 

Figure 5 demonstrates the NMR measurement procedure is 
both accurate and can be used to distinguish stratified and 
slug flow for two phase gas/liquid flows. 

Conclusions 
We have presented the novel use of an Earth’s Field NMR 
multiphase flow metering system.  The system is capable of 
resolving velocity distributions and liquid hold-up in near 
real time.  These parameters were successfully validated 
against known volumetric flowrates as well as visual 
observation of liquid hold-up.  Currently the focus is on 
adaptation of the apparatus to accommodate oil-water-gas 
flow, which will necessitate the inclusion of multiple 
polarisation positions. 
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Measurement of rotational and translational motion in granular 
Couette flow using MRI 

D.A. Clarke1, H.T. Fabich2, T.I. Brox3, J.R. Brown4,
S.L. Codd4, J.D. Seymour4, P. Galvosas3, and D.J. Holland1 

1. University of Canterbury, New Zealand; 2. ABQMR, Albuquerque, New Mexico;
3. Victoria University of Wellington, New Zealand; 4. Montana State University, Montana

Granular materials exhibit compressibility analogous to gases, gravitational flow analogous 
to liquids and a yield stress analogous to solids. These characteristics arise from the contact 
forces between individual particles, in other words localized interactions determine the 
macroscopic flow properties in granular materials. Thus, if we are to understand natural or 
industrial granular flows, we must understand the motion of individual granules, and how 
these influence the rheology of the granular flow. For example, translational motion of 
individual particles is induced from external forcing of a system and by inelastic collisions 
between particles, while rotational motion arises from sliding frictional contacts between 
particles. Granular temperature describes the translational fluctuations about the mean 
velocity within a sample and is an important variable in kinetic theory continuum models that 
describe granular flow [1]; relatively little is known about the effects of rotational motion on 
the granular dynamics. One of the challenges here is the lack of techniques to characterize the 
rotational and translational motion experimentally. MRI is a promising tool in this regard as it 
is able to recover the mean and distribution of velocities in opaque flows [2, 3]. 

Motion is encoded in pulsed field gradient (PFG) MRI experiments according to: 

𝑆(𝐩) = ∫ 𝜂 exp(𝑖𝐩(𝒗 + 𝒗′)) 𝑑𝑣′, (1) 

where the inverse variable p is defined as 𝐩 = 𝛾 ∫ 𝒈(𝑡)𝑡 𝑑𝑡 , v represents the local mean 
velocity and v’ is the fluctuation about this mean, and K is the distribution of velocities of 
particles [4]. However, derivations based on this equation assume individual granules are 
point sources, effectively ignoring any contribution arising from the rotation of granules.  

In this work, a model is developed to relate the translational and rotational components of 
the motion to the velocity distribution measured by MRI. We show that the rotational 
granular temperature, Trotation is related to the variance of the angular velocity, 〈𝜔2〉 by:

𝑇rotation =
2
5

𝑅2〈𝜔2〉 (2) 

where R is the particle radius. In order to test the new model, pulsed field gradient MRI 
experiments of granular flow were simulated using the discrete element method (DEM) [5, 
6]. DEM is a computational fluid dynamics framework for granular flow in which the motion 
(translational and rotational) of each granule is tracked using Newton’s laws of motion. To 
simulate the PFG measurement, a signal arising from each particle was calculated by 
numerically integrating the displacement of the particles with respect to time, including 
effects of both rotation and translation. The granular temperature was estimated by a 
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parabolic fit of the natural logarithm of the signal data against the gradient strength [3]. This 
computational method has the advantage of being able to include or exclude the contribution 
that rotational motion of the particles made to the signal. Thus, the mean and variance of 
velocity may be extracted from the simulation with or without the contribution from particle 
rotation. The model was applied to an assembly of particles in an annular shear cell, which 
was also measured experimentally by MRI. 

Figure 1(a) Local mean velocity and (b) Granular temperature for Couette flow of Dp = 0.6 mm particles. 

The DEM model was first validated by comparison with the velocity and granular 
temperature measured by MRI, as shown in Figure 1. The velocity measured experimentally 
is in excellent agreement with the translational velocity predicted from the simulations (Fig. 
1a). The measured granular temperature is approximately double the translational component 
of granular temperature from the simulations (Fig. 1b). However, if the effect of both 
rotational and translation granular temperature are combined, the experiments are in excellent 
agreement with the numerical simulations, validating the DEM model. The results also 
demonstrate that rotation does not influence the measurement of the mean translational 
velocity, in agreement with theoretical predictions. 

The numerically simulated rotational granular temperature
was then calculated and compared with Equation 2 (Fig. 2). 
The results demonstrate that for a wide range of contact 
parameters characterizing the particle-particle interactions, 
the model accurately estimates the rotational granular
temperature based solely on the local variance of the angular 
velocity distribution with no empirical parameters. Thus, if
we measure the rotational granular temperature, it is 
possible to estimate the local rotational component of 
granular motion. Such measurements are not possible using other experimental techniques. 
We are now extending this analysis to extract both translational and rotational components of 
the granular temperature experimentally using more complex PFG sequences, such as 
repeated or refocused PFG and Modulated Gradient Spin Echo. 

1. Jenkins, J.T. and M.W. Richman, Physics of Fluids, 1985. 28(12): p. 3485-3494.
2. Seymour, J.D., et al., Phys. Rev. Lett., 2000. 84(2): p. 266-269.
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5. Cundall, P.A. and O.D.L. Strack, Géotechnique, 1979. 29(1): p. 47-65.
6. Kloss, C., et al., Prog. Comput. Fluid Dyn., 2012. 12(2-3): p. 140-152.
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  Local T1-T2 Distribution Measurements in Porous Media 
S. Vashaee1, B. Newling1, B. MacMillan1, F. Marica1, M. Li1, B.J. Balcom1, 2H.T. Kwak, 2J. Gao, 2A.M. AlHarbi

 1UNB MRI Centre, Department of Physics, University of New Brunswick, Fredericton, New Brunswick, E3B 5A3, 
Canada 

2Saudi Aramco EXPEC Advanced Research Center, Reservoir Engineering Technology Division, Pore Scale 
Physics Focus Area, Bldg. 2291, #GA-168 

Magnetic resonance (MR) is a well-recognised, non-invasive method for investigating fluid 
behaviour in reservoir cores and core plugs. 2D MR methods [1, 2] are commonly employed to 
identify and quantify oil and gas saturation. In comparison with conventional 1D T2 distribution 
measurement techniques, 2D MR improves one’s ability to distinguish different fluid phases by 
mapping proton density as a function of the T2 relaxation time in one dimension and the T1 
relaxation time in a second dimension.  

Bulk T1–T2 correlations provide the relaxation time ratio T1/T2 for reservoir cores and core plugs 
[2]. The ratio T1/T2 is beneficial as an indicator of wettability. The basic T1-T2 correlation 
experiment is advantageous for the study of fluids in porous media; the experiment is robust and 
works well both in low and inhomogeneous magnetic fields [3, 4].  

Bulk T1-T2 measurements generate information from entire sample. In some cases spatially 
resolved T1-T2 measurement of the sample is preferred. For example water flooding experiments 
in reservoir rock cores and core plugs, where the efficiency of the flooding is examined by 
monitoring water and oil displacement as a function of space along the core plug. 

Spatially resolved T1-T2 measurement is introduced for the first time here. A spatially-selective 
adiabatic inversion pulse [5] in the presence of a slice- selective magnetic field gradient is 
combined with a CPMG measurement to measure T1-T2 for slices of interest. T1 weighting is 
introduced during recovery from the inversion associated with slice-selection. The slice-selective 
T1-T2 method does not employ conventional selective excitation, but rather employs a subtraction 
method based on measurements acquired with and without an adiabatic inversion slice-selection. 

Fig 1. Adiabatic inversion T1-T2 for slice-selective T1-T2 measurements of regions of interest. The longitudinal recovery time tint is increased 
in successive experiments. 

The 180 ̊ pulse in a simple T1 inversion recovery measurement is replaced by an adiabatic inversion 
pulse to make the T1-T2 measurement slice-selective (Fig. 1). The adiabatic inversion pulse is 
applied in the presence of a slice-selective magnetic field gradient. The slice-selective T1-T2 
experiment consists of two successive scans: during the 1st scan (Fig. 1) the magnetization is 
inverted from z to –z inside a desired frequency band (Fig. 2a). The 2nd scan (Fig. 1 without slice-
selection) is a simple CPMG experiment with all magnetization maintained along z at the 
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beginning of the measurement (Fig. 2b). Subtracting the signals from those two scans leaves only 
the selected frequency band, as shown in Fig. 2c.  

Fig 2. An illustration of the adiabatic inversion scheme for slice-selection. (a) During the first scan, the adiabatic inversion pulse rotates 
the selected frequencies inside the slice of interest by 180°. (b) During the second scan all magnetization is maintained along the +z direction. 
(c) The acquired signal is the difference between the two scans.

The slice-selective T1-T2 approach (Fig. 1) was implemented to measure oil saturation during a 
model flooding measurement. The experiment was undertaken on a brine saturated Bentheimer 
core plug which was injected with crude oil in four stages to displace brine. T1-T2 distribution plots 
for a slice of sample for different oil saturation stages, are shown in Figs. 3a-3e.  

The new spatially resolved T1-T2 technique is quantitative and robust and can be utilized to identify 
oil and water and quantify oil saturation in specific areas along the sample, during flooding 
measurements. 

Fig 3. Slice-selective T1–T2 contour plots for fluids in the Bentheimer core plug at different crude oil saturation stages (same slice): (a) No 
crude oil (100% brine), (b) 31% crude oil, (c) 53% crude oil, (d) 68% crude oil and (e) 86% crude oil.  ( ̵ ̵ ̵   ̵) indicates the T1-T2 cut-off. 
The region left to the ( ̵̵  ̵  ̵ ) is associated with oil and also brine in small pores. The region to the right of ( ̵ ̵  ̵ ̵ ) corresponds to brine.  
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W�elling ton , N�Z; S�.L . C�odd, D�epartm�ent o f M�echan ical E�ng ineering, M�ontana S�ta te U�n iversity, B�ozem�an, M T�, 
U�S�A�; J .D�. S�eym�our, D�epartm�ent o f C�hem� ica l and B�io log ical E�ng ineering, M�ontana S�ta te U�n ivers ity, � 
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   A�rticu la r cartilage 
is the th in , load 
bear ing t issue that  
lines joint surfaces. 
D a m  a g e  to  c a rtila g e  is  
corre lated to an 
increase in T 2 and D of  
fluid (1, 2). T he aim of 
this study is to 
character ize the ef fect  
of  d i f fus ive exchange 
on observable 
relaxation rates in 
car t i lage by ut i l iz ing T 1-
T 2, D -T 2 corre la tion  
m e th od s,  an d  T 2-T2 
exchange m  ethods.  
S p e c ific a lly ,  w e  s h o w  th a t  d iffu s iv e  e x c h a n g e  is  b a s e d  o n  s o lv e n t,  e n z y m  e  d e g ra d a tio n ,  a n d  s a m 
p le  var ia t ion.   
     U  s ing  two  s ite  T 2-T2  exchange  t im  e  dom  a in  da ta  f it ti ng  (3 -6 ) ,  the  exchange  ra te  w  as  de te rm  ined  

fo r  porc ine car t i lage,  hum  an osteoarthr i t ic  (O  A  )  car t i lage,  enzym  e digested hum  an car t i lage,  and 
hum  an car t i lage in  three solvents.  For  porc ine car t i lage,  the character is t ic  exchange t im  e is  1.54 
seconds and com  m  ensurate w  i th  T 1 . The T 1  re laxa tion o f  the  two s ites  has been  averaged  by 
exchange.  U sing  the  di f fus iv i ty  of  f lu id ( f ig  1 B  ,D  )  and the exchange t im  e,  the expected d i f fus ion length 
of  f lu id is  between 100 and 250 µm  .  T  his sam  e t rend is  observed in hum  an O  A car t i lage cores,  where 
the average exchange tim e is about 5 seconds (fig 1 A -C ), although significant donor variation is observed (data 
not show n).
    T  o investigate the cause of donor variat ion, cores were degraded w  i th trypsin and collagenase. M  atrix 

degradat ion causes a decrease in exchange f requency and an increase in exchange t im  e ( f ig  1D  -F) .  
The re  is  a l so  a  dependency  on  exchange  f requency  when  ca r tilage  co res  a re  soaked  in  
sa line ,  phosphate buf fered sal ine (P  BS  ) ,  and cul ture m  edia.  T  he addi t ion of  ions caused an 
increase in exchange f requency and decrease in exchange t im  e.

In conclusion, w e show that the diffusive exchange rate and observable T 1 a n d  T 2  a re  d e p e n d e n t o n  sam 
ple preparat ion,  enzym  e degradat ion,  and solvent  in  ar t icu lar  car t i lage.  W  e hypothesize that  f lu id  
m a trix  in te ra ctio n s  a nd  h e a lth  o f  ca rtila g e  tis su e  p lay  a  ro le  in  de te rm ining  d iffu s ive  e xch an g e  ra te .  

R e fe re n c e s :  R e fe re n c e s :  1 .Xia Y, et al., A rch B iochem B iophys. 1995; 323: 323-8. 2 .A lhadlaq H A , et al., A n n  
R h e u m  D  is .  2 0 0 4 ;  6 3 :  7 0 9 -1 7 . 3.V an Landeghem M , et. al, C oncepts in M agnetic R esonance P art A . 2010;  
36A  :  153-69.  4 .D ortch R D , et al., J C hem P hys. 2009; 131: 164502. 5 .M cD onald P J, et al., P h y s ic a l  
R e v ie w  E .  2 0 0 5 ;  7 2 :  0 1 1 4 0 9 . 6 .M itchell J, et al., T he Journal of C hem ical P hysics. 2007; 127: 234701.
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2�
D iffus ion M R I in the Aplysia N euronal N etw ork: E xperim ents and N um erical S im ulations

K�.� N�guyen, D�. Le B�ihan and L .�Ciobanu, N�eurosp in , C�E�A�-S�aclay,  G�if-sur-Yvette , F rance; J .-R�. L i, IN�R�IA�S� 
aclay-E�qu ipe D�E�FI C�M A�P�, E�cole P�olytechnique, P�a la iseau, F rance.

In troduction: In th is s tudy w�e used the A�p lys ia gang lia to investiga te the re la tionsh ip be tween the 
bio log ica l ce llu lar param eters  and the  d iffus ion M R I 
s ignal. W e s im ula ted  the d iffus ion  M R I s igna l by 
so lving  the B loch-T orrey equation  using  the  
geom etrica l descrip tion  o f A plys ia  gang lia ob ta ined 
from  h igh reso lu tion T 2-w e ighted im ages and 
m atched the  s im ulations  w ith  experim ental dM R I 
da ta.
M ethods: T 2-we igh ted  im ages o f the  abdom ina l 
gang lia  o f A plysia  californ ica (26lm 3 reso lu tion) were  
acqu ired  on  a  17 .2T  im ag ing  system  (F ig . 1A ). 
D iffus ion-we igh ted  im ages were  obta ined on the 
sam e sam ples at 7  d iffus ion encoding  tim es and 8  b-
va lues. T he apparent d iffus ion  coeffic ien ts (A D C ) 
were  com puted in  R O Is encom passing  large  ce lls 
(d iam eters  ¯ 100lm ) and c lusters of hundreds o f 
sm all ce lls  (d iam eters  ¬20lm ). For the  sim u la tions, 
the  large neurons were m ode led  accord ing  to  the 
T2w im ages, w ith  irregu larly shaped nucle i, w h ile  the  
sm all neurons were  considered spheres w ith  sm alle r 
concentric spherica l nuc le i. T he num erica lly 
s im u la ted  dM R I s igna l was obta ined by solv ing the 
B loch-T orrey equation  w ith  im perm eable boundary 
conditions be tw een the nucleus and the  cytop lasm  
and a t the  cell m em brane 1.
R esults: From  the experim ental data , when 
increas ing  the d iffus ion  tim e, the  A D C  w as observed  
to  d rop  by 19 .7%  in  the  sm all neuron c lusters and by 
9.7%  in  the  large  s ing le  ce lls . T he unknown 
param eters of the B loch-T orrey equation  (in trins ic  
d iffus iv ities, nuclear vo lum e fraction) were  ca lib ra ted 
aga inst the  experim enta l da ta . T he best fits  be tw een 
the  s im ula ted  and the  experim enta l A D C s are  show n 
in  F ig. 1B . For the  sm all neurons w e estab lished tha t 
a linear re la tionship  exis ts  be tw een the A D C s in  the nucleus (D n) and the  cytoplasm  (D c). For the b ig ce lls 
we found necessary to  inc lude an irregu lar nuclear reg ion o f h igh  in trins ic d iffus ivity em bedded in  the 
cytop lasm  in  o rder to  fit the  la rge drop in  A D C  experim entally observed.
R eferences:  1 . L i et a l. P hysics in  M ed ic ine  and B io logy (2013).
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O bjective Im age Q uality M etrics P redict A ccuracy o f Q uantitative P aram eters fit to C om pressed 
S ensing D ynam ic M R I

N � M�urtha *a,b , J � R�iouxa ,b ,c, C � B�owen a,b,c, S � C�larke a,b,c and S � B�eyea $a ,b ,c, aP�hysics and A�tm�ospheric S�cience, 
D�a lhousie U�n ivers ity, H�a lifax, N�S�, C�anada; bB�iom�ed ica l T�ransla tiona l Im�ag ing C�entre , Q�E�2 H�ea lth S� 
ciences C�entre , H�a lifax, N�S�, C�anada; cD�iagnostic R�adio logy, D�a lhousie U�nivers ity, H�a lifax, N�S�, C� 
anada.

IN T R O D U C T IO N
W e propose to use im age qua lity m etrics (IQ M s) 
developed in  the  fie ld  of im age processing  as a  m eans 
of p redic ting  the accuracy o f quantita tive param eters 
recovered us ing  C S  dynam ic M R I. Im age 
recons truc tion qua lity is  typ ica lly quantified  by the root 
m ean squared error (R M S E ). A lte rna tive  IQ M s, such 
as the  G rad ient M agn itude S im ila rity D ev iation 
(G M S D ) [1 ], the S tructura l S im ila rity Index (S S IM ) [2 ], 
the  M ulti-S ca le  S S IM  [3 ] o r the  In fo rm ation-W eighted 
S S IM  [4 ] show  superio r agreem ent w ith  perceptual 
im age qua lity. W e inves tigate  the  corre la tion be tween 
these IQ M s and the  accuracy of recovered tem pora l 
dynam ic param eters in  C S  dynam ic  M R I sim u la tions. 

M E T H O D S
A  s im u la tion  fram ework  w as developed in  wh ich 
num erica l phantom  fea tures tha t evolved in  contrast 
accord ing  to  s inuso idal and exponentia l tim ecourses . 
The s im ulated k -space w as sam pled us ing  a  m od ified 
C IR cu lar C artes ian U nderS am pling  (C IR C U S ) [5 ] a t 
increas ing  undersam pling  factor. C S  reconstructions 
were  perfo rm ed w ith  the  B erke ley A dvanced 
R econstruction Too lbox [6 ]. Tem pora l param eters 
were  recovered from  the  reconstructions using  p ixe l-
w ise  least-squares fitting . 

R E S U LT S  A N D  C O N C LU S IO N S
Figure  1 shows exem plar results  o f the  re la tionsh ip  
be tween s inuso ida l am plitude and the  R M S E , G M S D  
and S S IM . In  each case, a  re la tionship  be tween m etric 
scores and recovered param eter accuracy is  observed. 
The R M S E  and S S IM  show h igher predic tive 
capab ilities, whereas the G M S D  becom es sa tura ted as 
param eter e rro r increases. T h is  ind ica tes that, w h ile  
som e m etrics m ay corre la te  we ll w ith  hum an perception , they m ay not serve  as ind ica tors  of tem pora l 
accuracy. Further s im u la tions are  currently being  undertaken to  exam ine the  re la tionsh ip between these 
IQ M s and physio log ica lly re levant pharm acok inetic  param eters.

R E FE R E N C E S
[1 ] W . Xue et a l. IE E E  T rans. Im age P rocess. 23(2):684-695 (2014). [2 ] Z . W ang e t a l. IE E E  T rans.
Im age P rocess. 13(4):1 -14  (2004). [3 ] Z . W ang e t a l. IE E E  A S ILO M A R  (2003). [4 ] Z . W ang e t a l. IE E E
Trans. Im age P rocess. 20(5):1185-1198 (2011). [5 ] J . L iu  e t a l. Q uant Im ag ing M ed S urg . 4 (1):57-67
(2014). [6 ] M . U ecker e t a l. P roc. In tl. S oc. M ag. R eson/. M ed. 23:2486 (2015).
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A low fie ld N M R device using m ultilayer halbach perm anent m agnet fo r hum an finger b lood 
glucose non invasive m onitoring

R�ongsheng Lu *$ , S�chool of M�echan ica l E�ng ineering , S�outheas t U�n ivers ity, N�an jing, 211189, P�. R�. C�h ina ; 
J ianxiong H�u, S�choo l o f M�echan ical E�ng ineering , S�outheast U�nivers ity, N�an jing , 211189, P�. R�. C�h ina; 
Junnan W�ang, S�choo l o f M�echan ica l E�ng ineering , S�outheast U�nivers ity, N�an jing , 211189, P�. R�. C�h ina ; 

K�e C�hen, S�choo l o f M�echan ica l E�ng ineering , S�outheast U�niversity, N�an jing , 211189, P�. R�. 
C�h ina; Zhonghua N�i, S�choo l o f M�echan ica l E�ng ineering, S�outheast U�nivers ity, N�an jing, 211189, P�. R�. C�hina .

B�lood g lucose non invas ive N�M R detec tion has the advantages of non-invasive and rap id ity.  M�agnet is 
an indispensab le m�odu le to a nuclear m�agnetic resonance (N�M R�) dev ice . T�he m�agnetic fie ld strength 
and un ifo rm�ity in its de tec tion reg ion w ill d irectly affect the N�M R signal. H�ow�ever, com�m�only used N�M R m� 
agnets are too bu lky and expensive , restricting the developm�ent and prom�otion o f N�M R techno logy fo r 
b lood g lucose noninvasive de tection . T�here fore, the purpose of th is paper is to deve lop a N�M R m�agnet 
dev ice for non invasive g lucose m�on itoring . F irs tly, based on the theory o f m�agnetic c ircu it des ign and 
fin ite e lem�ent m�ethod (FE�M�), a m�agnet structure w ith s trong strength , hom�ogeneity in sm�all s ize is 
des igned, as we ll as the geom�etric param�eters o f m�agnet a re op tim�ized . T�hen the de tection probe is 
developed and the N�M R experim�enta l dev ice is estab lished. F inally, severa l g lucose solu tions w�ith 
d iffe rent concentra tions w�ere detected by the N�M R experim�enta l dev ice . T�he experim�ental resu lts 
illustra te tha t the transverse re laxa tion tim�e reduces linearly w ith the increase o f so lu tion concentra tion , 
wh ich prove tha t the low fie ld N�M R m�ethod is feas ib le to de tect sm�a ll concentra tion varia tion. B�esides, 
hum�an finger w�ith d iffe ren t b lood g lucose leve l w�ere de tected by the N�M R experim�enta l and d iffe rent 
s ignals were found. In conclus ion, the proposed low fie ld N�M R device using m�u ltilayer halbach 
perm�anent m�agnet w�ill be  an e ffective  tool fo r hum�an finger b lood g lucose non invas ive  m�on itoring .

2�
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H elicopter borne detection of o il under ice

S���A� A�ltobe lli*, M��S� C�onradi and E� Fukush im�a $ , A�B�Q�M R�, A�lbuquerque, N�M�, U�S�A�; 

T� N�edw�ed, D�� Palandro and H�� T�homann, E�xxon M�obil.

Th is contribution describes a pro ject to deve lop a m�ob ile N�M�R system for de tec ting o il im�m�ed iate ly under 
(o r in ) seasonal sea ice .  W�ith such a system�, an erran t re lease o f o il in the A�rc tic cou ld be loca ted ,
tracked, and rem�ed ied .  Tests w�ere conducted w�ith o il
surrogates under one m�eter-th ick foam representing ice .

The pro ject m oved N orth  over the  years o f deve lopm ent 
from  N ew  M exico  to  N ew H am pshire  to  a  pris tine  pond in  
N ewfound land, C anada.

W e detected  the  equ iva len t o f a  1  cm  th ick  layer o f 
vegetable  o il under a  1m  th ick  G eoFoam  ra ft floa ting  on  the 
pond w ith  an  E arth 's  fie ld  N M R  system  carried  by a S ikorsky 
S -92 he licop ter. T he system  w e ighs  1200 kg inc lud ing  fligh t
qua lified  12V  batte ries, is  6m  in  d iam eter, flew  a t up  to  60
knots and was ab le to  de tect the o il surrogate  in 4  m inutes.
The experim ents were  run  by a  T ecm ag S cout portab le
spectrom eter.  T he pre-polariza tion  e lectron ics were
des igned and bu ilt a t A B Q M R .  T he excita tion pu lse
am plifie r w as m ade for au tom otive  app lica tions s ince  the
power ava ilable , the  band pass requ irem ents  and the  co il
im pedance w ere  w ith in  easy reach o f th is  inexpensive
cho ice .

The system  em ploys pre-po lariza tion w h ich  is  ad iaba tica lly 
sw itched o ff, and A M /FM  excita tion .  A t th is extrem ely low  
frequency, it p roved im portant to  s im ulate  the (linearly 
po la rized) exc ita tion  in  the  lab , as opposed to  the  ro tating, 
fram e.  T he ad iabatic ity o f the  pre-po la riza tion  sw itch-o ff is  a  
concern  prim arily because there  are  reg ions where  the 
po la rizing  fie ld is  an ti-para lle l to  the E arth 's fie ld .

The pre-po lariza tion  co il was a loop and the  N M R  co il was  a  
grad iom eter.  T he co ils  w ere  wound together and enc losed 
in  a  fiberg lass a irfram e together w ith  the  pre-am p.

The acqu is ition  s trategy depends on  the  d iffe rence betw een 
the  T 1's  of w ater (2s ) and o il (150m s).  T he N M R  properties 
of the  surrogate  o il a re  c lose ly m atched to  light crude o il. 
S igna ls  a re  co llected  a fte r p re-pola riza tion periods of 1 .1s 
and 0.3s. T he o il is  (nearly) fu lly po la rized  in  bo th  
acqu is itions, the  water is  no t fu lly pola rized  in e ither. W e 
fo rm  a  linear com bination  of the  two wh ich  suppresses the 
water s igna l.

The design  and perfo rm ance o f the  system  w ill be  described.
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 26
N M R S tudies of S m all (1 liter) and Large (1 ,000 liter) M eta l C onta iners in 
Low and H igh P ressure Factory E nvironm ents

M� J� M�cC�arthy, U�C D�av is Food S�cience and T�echnology; M� P� A�ugustine $, U�C D�avis C�hem�is try.

M�odern perm�anent m�agnet and radio frequency e lec tronics technology now m�ake N�M R spectroscopy 
am�enable to process contro l in rea l fac tory environm�ents.  In com�parison to la rge , expensive , labora to ry 
anchored superconducting m�agnet based spectrom�eters, it is the decreased s ize and durab ility o f 
system�s based on these techno logica l advances that now a llow�s N�M R to prov ide rea l tim�e feedback 
during industria l processes.  T�he factory environm�ent presents an in te resting spectrom�eter bu ild ing 
cha llenge as s tandard 5 m�m d iam�eter, g lass tubes conta in ing pure com�pounds or s im�ple m�ixtu res are 
ra re ly encountered.  S�am�p les are typ ica lly w�ell de fined, reproducib le com�p lex m�ixtu res presented in 
m�eta l p ipes a t am�bien t o r e leva ted pressure or in  la rge aseptic m�eta l conta iners.  E�arly w�ork  invo lv ing  the 
N�M R study o f industry s tandard sea led "C�oke" cans is extended here to s tudy tom�ato spoilage in 1,000 
lite r, 1 ton aseptic conta iners w�ith s ing le s ided m�agnets of varied construction and co il a rrangem�ent.  T�he 
des ign and construction o f the  recently dep loyed N�M R based tom�ato spoilage detector w ill be described.  
O�ther early N�M R w�ork invo lv ing the study of aqueous geochem�is try at up to 3 G�P�a pressure is a lso 
extended here to s tudy bo th food and b iom�ass in a h igh pressure processing (0 .5 G�P�a) s ituation fo r the 
firs t tim�e.
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R adio Frequency F ie ld E nhancem ent w ith M etam ateria l fo r U nila teral N uclear M agnetic 
R esonance

W�u Jiamin, Xu Zheng *, H�e Yucheng, Zhang L i and Yu D�engjie, S�ta te K�ey Labora tory of P�ower 
T ransm�iss ion E�qu ipm�ent &�S�ystem S�ecurity and N�ew T�echno logy, S�choo l o f E�lectrica l E�ng ineering , 
C�hongq ing U�n iversity.

U�n ila te ra l nuc lear m�agnetic resonance structure as a new type o f m�agnet is w�ide ly app lied in 
eng ineering , bu t the d ifficu lty o f th is techno logy is that the de tecting depth is no t deep enough, and 
sam�p les located m�ore d is tan t from sensor surface o f can no t be m�easured. T�o overcom�e th is d raw�back 
of un ila te ra l nuc lear m�agnetic resonance instrum�ent, we use m�etam�ateria l to enhance R�F m�agnetic fie ld . 
M�etam�ateria l com�posed o f m�any resonance coil a rray added above R�F coil, w�h ich can change the R�F 
fie ld d is tribu tion in the space, so tha t m�ore energy transm�itted to fa rther region , thereby increase the 
m�easuring depth o f unila te ra l nuc lear m�agnetic resonance sensor. 
F igure 1 show�s the m�ode l o f unila te ra l nuclear m�agnetic resonance sensor and resu lts . F igure 1(a) 
shows un ila te ra l m�agnetic resonance sensor. It is com�posed o f m�agnets, R�F co il, m�etam�ateria l and 
m�atch c ircuit. T�he frequency o f th is sensor is 3M H�z. F igure 1(b) shows the m�ode l o f m�etam�ateria l w�ith 
four resonant e lem�ents (each capacitor is 300pF), each S�ub-un it o f m�etam�ateria l has 86m�m in s ide 
length , 1m�m in trip w id th , 1m�m in trip space and 10 tu rns. F igure 1(c) show�s the results o f re la tive 
perm�eab ility. W�e obta ined real part of re lative perm�eab ility equa ls to -1 w�h ile the frequency is about 
2.99M�H�z. A�t th is frequency, w�e assum�e vo ltage o f exc ita tion equa ls to 1V�, then ca lcu lated the d is tribu tion 
of m�agnetic fie ld a long Z axis w�ith and w�ithou t m�etam�ateria l, respective ly, the resu lts is show�n in F igure 
1(d). M�agnetic filed in reg ion w ith m�etam�ateria l is m�uch h igher than that w�ithou t m�etam�ateria l. F igure 
1(e) and 1(f) are the d is tribu tion of m�agnetic fie ld in p lane XO�Z w�ith and w�ithou t m�etam�ateria l, 
respec tive ly. T�he resu lts show that the m�etam�ateria l des igned is usefu l fo r R�F enhancem�ent in N�M�R 
system�, and som�e experim�ents based on the un ila te ra l nuc lear m�agnetic resonance sensor w ith th is 
m�etam�ateria l w�ill be proceed.
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S ynergistic C om bination of M R I and N eutron Im aging to S hed L ight on 
the R oot-S oil In terface

S H�aber-P�oh lm�e ier*$ , R W�T�H A�achen U�n ivers ity, W�orringer W�eg 1, 52074 A�achen, G�erm�any; C � T�ötzke 
and S � O�sw�a ld , U�n iv. o f  P�otsdam�, Inst. o f  E�arth and E�nv ironm�enta l S�c ience, K�arl-L iebknecht-S�tr. 24-25, 
14476 P�otsdam�, G�erm�any; A � P�oh lm�e ier, R�esearch C�enter Jü lich , IB�G�-3 , W�ilhe lm�-Johnen S�tr., 
52425 Jü lich , G�erm�any; B �  B�lüm�ich , R W�T�H  A�achen U�nivers ity, W�orringer W�eg 1 , 52074 A�achen, G�erm�any.

The in te rface be tw�een bu lk soil and roo t is known as the rh izosphere . It is the bo ttleneck for water and 
nutrien t up take and fo rm�s the part o f the so il tha t is m�odified active ly and dynam�ica lly in m�any ways by 
roo t activ ities and associa ted m�ic roorgan ism�s [1 ]. R�oot activ ities a re the exudation o f sm�a ll o rgan ic ac ids, 
sugars and po lym�ers like m�ucilage a b iohydroge l m�a in ly com�posed o f polysaccharides and a sm�all 
fraction o f lip ids. D�ue to these com�ponents, b iohydroge ls exh ib it specific p roperties, such as swe lling and 
shrink ing linked to a considerable water uptake and re lease. In com�b ina tion w�ith the solid m�atrix th is 
leads to a change in m�echan ical and hydrau lic p roperties and consequently affects w�ater flow and 
uptake. The unders tand ing o f these processes is s till incom�p le te and the ir s tudy requ ires 3D non-invas ive 
ana lytica l m�ethods w�ith h igh reso lu tion since the in te rface extends on ly up to a few m�illim�eters. 
A�dd itiona lly, s ta tic in fo rm�ation like the w�ater con ten t is not su ffic ien t. R�ather one m�ust consider the loca l 
dynam�ics , because it re flects the in teraction be tw�een the flu id , the so lid , and the po lym�eric m�atrix.    
In th is work we exp lo re the synergy of tw�o non-invasive techn iques in a com�bined study: N�eutron im�ag ing 
(N�I), whose strength is the sensitiv ity to the tota l hydrogen a tom density irrespective of their physica l and 
chem�ica l surroundings [2] and M R�I, yie ld ing dynam�ic in fo rm�ation in te rm�s o f re laxa tion tim�es. For the firs t 
tim�e w�e com�b ined the two m�ethods m�ak ing use o f a transportable M R�I scanner, wh ich a llows the 
investiga tion of identica l sam�p les w�ith a m�in im�um tim�e lag and consequently m�in im�um changes in the 
physica l s ta te o f the p lan t.
The overa ll a im o f the study is the characteriza tion o f the roo t-so il in te rface , fo r wh ich it is m�andatory to 
assess how fa r trans ition s tructures are rea l o r a re just due to princ ipa l lim�its of edge detection . S�ince N�I 
has the h igher physica l reso lu tion, the lim�its o f both m�ethods are tested w ith phantom�s com�posed of 
water filled tubes in a partia lly sa tura ted sand m�atrix. S�ubsequently N�I and M�R�I im�ages o f a real roo t 
system are co-reg is te red show�ing unam�b iguously that M�R�I detects the roo t system architecture w ith the 
sam�e prec is ion as N�I [3 ]. T�o exp lore the pore space in the roo t-so il in te rface we m�easured spatia lly 
resolved re laxation tim�e m�aps w�ith h igh reso lu tion . B�ased on the presence o f m�ucilage faster re laxa tion 
tim�es are expected due to reduced m�ob ility of w�ater in a so il partic le ge l cong lom�era te . T�he T�1 pro files o f 
fine la tera l roots show th is behav ior in a 1 to 2 m�m th in zone before approaching the characteris tic T�1 o f 
bu lk so il. G�enera lly, the M R�I voxe l in tensity is contro lled by bo th w�ater conten t (sp in density) and 
re laxa tion tim�es. T�here fore , we use the N�I im�ages to separa te re laxa tion and w�ater conten t contribution 
from M R�I im�ages to p rove the exis tence of m�ucilage in the root-so il in te rface by faster re laxa tion tim�es. 
These resu lts ind ica te tha t the m�ode l o f B�row�nste in -T�arr fo r re laxa tion in porous m�ed ia shou ld be 
extended by a te rm describ ing add itiona l re laxa tion in the gel phase. 

R�eferences:
1.York , L .M ., e t a l., Journa l o f E xperim enta l B otany, 2016, 67(12), 3629-3643.
2.M oradi, A .B ., et a l., N ew P hyto log is t, 2012,192, 653-663.
3.H aber-P oh lm eier, S ., e t a l., V adose Zone Journal, 2017, subm itted.
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U nsteady relative perm eab ility m easurem ent considering  capillary pressure and  saturation 
profiles  from  m agnetic  resonance im aging

J. G ao *$, H . K w ak  and A . M . H arb i, S aud i A ram co; B .J . B a lcom , T he U n ivers ity o f N ew  B runsw ick .

N uclear m agnetic  resonance (N M R ) and im aging  (M R I) p lay an  essentia l ro le  in  fo rm ation  eva lua tion and 
laboratory s tudy on  flow  in  porous m edia  during  secondary and te rtia ry recovery processes. C apilla ry 
pressure  is  p resent in  any im m isc ib le  m u ltiphase flow , bu t it is no t properly accounted  fo r in  the 
conventiona l re la tive  perm eability m easurem ent due to  ana lytica l d ifficu lty w ith  the  Johnson, B ossle r, and 
N eum ann (JB N ) m ethod or its ava ilab ility from  the  sam e sam ple  in  the  h is to ry m atching  m ethod. 

In th is  s tudy, unsteady sta te  core floods fo r re la tive  perm eab ility a re  conducted w ith  a  M aran G eoS pec12 
(~0 .3T ) characterizing  the core  p lugs at various sta te  and m on ito ring the o il satu ra tion  pro files. 
Q uantita tive  sa tura tion  pro files w ith  su ffic ien t spatia l and tem pora l reso lu tions  are  obta ined by sp in  echo 
s ing le po in t im ag ing  (S E -S P I) m ethod. A  su ite  o f advanced N M R /M R I m ethods are  a lso conducted on 
bo th sandstone and carbonate  cores when perm itted  to  corre la te  the  core  properties such as  
he terogene ity and wettab ility w ith  flow  behavio rs. 

The cap illary pressure  and nonwetting  phase re lative  perm eab ility a re  estim ated from  the  sa tura tion 
pro files  a t the end o f the  o il flood , w h ich  is  so le ly used to  establish  the irreducib le w ater s ta te  in  
conventiona l m ethods. T he m easured cap illa ry pressure  is inputted as fu rther input in  the es tim ation  o f 
re la tive  perm eab ility from  the  production pressure  and sa turation  pro file  o f consecutive  w ater flood ing  by 
us ing  core  flood  h isto ry m atch ing . O ther than ignoring  the capillary p ressure  or in jecting  a t a m uch h igher 
ra te than in  the  reservoir, th is  s tudy im proves the re lative  perm eab ility m easurem ent by considering the  
cap illary e ffect adequate ly from  two consecutive d isp lacem ents on the  sam e core  p lug  and inc lud ing  
sa turation  pro files as add itiona l fitting crite ria . 
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P robe P erform ance of the N ew  D ow nhole  Three D im ensional M agnetic  R esonance Im aging  Tool

Luo S ihu i, S ta te  K ey Labora tory of P etro leum  R esources  and P rospecting , C h ina  U n iversity o f 
P etro leum , B e ijing  102249,C h ina ; L izh i Xiao *, S ta te  K ey Laboratory of P etro leum  R esources and 
P rospecting , C h ina  U n ivers ity o f P etro leum , B e ijing  102249,C hina ; X in L i, S ta te  K ey Labora tory o f S ha le  
O il and G as E nrichm ent M echan ism s and E ffective  D evelopm ent,S inopec R esearch  Institu te  o f 
P etro leum  E ng ineering, B e ijing , C hina .

In th is  paper, w e w ill in troduce the developm ent of our downho le  th ree  d im ensional m agnetic  resonance 
im aging  too l em phased on probe perfo rm ance.
The th ree d im ensiona l dow nho le  m easurem ent consis ts  o f depth , rad ia lly and azim uthally reso lved 
in fo rm ation  of the reserv ior. A  new centra lized probe is  designed and im p lem ented in our boreho le  N M R  
too l, as show n in F ig .1 . In  genera l, on ly the  depth  and radia l in fo rm ation  can be  acqu ied  us ing  the 
curren tly downho le  N M R  too ls. T he azim utha l in fo rm ation  is  equa ly im portan t to  the  depth  and radia l if 
they can be  m easured s im utaneous ly, and th ree d im ens iona l in fo rm ation  then w ill be  ach ieved. In m any 
cases, in fo rm ation lack  due to  s trong an iso tropy or partia l invasion  o f d rilling  flu id a round boreho le w ill 
cause problem s and m ay have serious im pac t to  app lica tions . T hree d im ens iona l m easurm ents is  the 
righ t d irec tion to  so lve these prob lem s.
E arly version  o f the  azim uthal m agnetic  resonance tool w as des igned in  2003 as a decentra lized  
m easurem ent[1 ]. T he sensitive  vo lum e o f P ram m er's  design  can d iv ide  the sensitive  region  from  a  th in -
wa lled , ho llow  cylinder as of the  M R IL-P rim e too l in to  azim utha lly d is tingu ishab le  quadrants [2 ]. B ecause o f 
the  configura tion  of azim utha l an tenna, quadrants  cou ld  no t be addressed ind iv idua lly, it cou ld lead to  
overlapped s ignals , post processing  w as unab le  to  overcom e. A nd the  depth  o f investiga tion  m ay 
decrease dram atica lly due to  B 0 changes.
W e have designed and bu ilt a  new probe wh ich  incopora tes in to  Jackson geom etry[3 ] as the  m ain  
m agnets assem bly a  se t of ad justed  m agnets, rad ia l po la riza tion m agnets, to  p roduce the  B 0 fie ld , as  
shown in  F ig.2 . T he rad ia lly po larized m agnets in  the  m idd le  of m a in  part a re  used to  ad just the  
hom ogene ity a long w ith  z-axis  and increase the  he igh t to  approxim ate  20cm  o f the sensitive  reg ion . W e 
em ploy an  array an tenna wh ich  consists of e igh t w ind ing  co ils  w ith  un ifo rm  perform ance. T he sensitive  
reg ion o f our tool can  be d ivided into  e igh t azim uthally d is tingu ishab le  un its , w h ich  g ive  a im age o f the 
boreho le  w a ll. The rece ived s igna ls  w ill no t be  overlapped and the  s im u lation  resu lt is  show n in  F ig.3 . W e 
w ill d iscuss the probe design  and test perfo rm ance in  deta il.
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M easuring rock pore shapes w ith  d iffusion N M R

J. P . de  A lm eida  M artins *a ,b and D . Topgaard , aD iv is ion of P hysica l C hem istry, Lund U n iversity,, Lund, 
S w eden; Y .-Q . S ong$, bS ch lum berger-D o ll R esearch,, C am bridge, U .S .A .

A s a  source of the m ajority o f the  W orld 's  p rim ary energy, porous  rock  fo rm ations  have been the  sub ject 
of extensive  stud ies a im ed at understand ing  the  pore  m atrix and flu id  flow . N M R  m easurem ent of 
d iffus ion  and re laxa tion o f the pore  filling  flu ids has been w idely app lied to  p robe the  underlying  pore 
s tructure  [1 ]. H owever, conventional d iffus ion/re laxa tion  m ethods cou ld  not separa te  d is tinctive  s tructura l 
properties such as pore s izes, an isotropy, and orien ta tion  as they are  in trins ica lly en tangled . 
C onventiona l P FG  m ethods m easure  d iffus ion a long one gradien t d irection . T hus , fo r a  sam ple  w ith  
random ly orien ted an iso trop ic  pores, sa id  an isotropy w ill resu lt in  a  b road d iffus ion  d is tribu tion . D raw ing  
insp ira tion  from  solid -sta te  N M R  M A S  techniques, we recently p resented a trip le P G S E  sequence w here  
d iffus ion  encod ing  is  averaged over the  three C artes ian  coord inates [2 ]. S uch pro toco l averages ou t the  
effec ts  of an isotropy and orien ta tion, and perm its  the  m easurem ent o f isotrop ic  d iffus iv ities . T he 
fram ework  o f isotrop ic  d iffus ion has show n to  be  ab le  to  d is tingu ish d iffe ren t m icrostructures in  hum an 
bra in  [3 ]. R ecently, we a lso presented a  corre lation experim ent where the he terogene ity of a g iven  
m ateria l is  characterized v ia the indiv idual va lues  o f iso trop ic and an isotrop ic  d iffus iv ities [4 ]. 
H ere , iso tropic  and d irectiona l d iffus ion  encod ings are  app lied to  sam ples o f g lass beads , and rock  cores 
in  o rder to  reso lve  the effects  of pore  heterogene ity, an isotropy, and restricted  d iffus ion . F ig. 1  show s the 
d iffe rence be tw een restric tion and an isotropy e ffects . W hen restric ted d iffus ion  is  p resent, such as in  a  
rock  core, d irectiona l (red) and iso trop ic  (b lue) encod ings yie ld d iffe ren t in itia l decay s lopes . A  d iffe ren t 
s itua tion  was observed fo r g lass beads, w here  bo th  encod ing  schem es resu lt in  the sam e in itia l s lope 
and the  d irectiona l decay curves upw ard  a t h igher g rad ients. S uch behav ior signa ls the  exis tence o f 
an isotropy, wh ich  we a ttem pt to  quantify us ing  the a fo rem entioned corre lation experim ent. 

[1 ] Y .-Q . S ong, J . M agn. R es . 229, 12  (2013).
[2 ] D . T opgaard, M ic roporous M esoporous M ater. 205, 48  (2015).
[3 ] F . S zczepank iew icz e t a l., N euroim age 104, 241 (2015).
[4 ] J. P . de A lm eida  M artins, D . Topgaard , P hys . R ev. Le tt. 116, 08761 (2016).
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M agnetic  R esonance Im aging (M R I) o f P hase S eparation in  V esic le-P olym er M ixtures

E . T hom pson and M .M . B ritton $, S choo l o f C hem istry, U n ivers ity o f B irm ingham ; E . R ob les *, P & G  U K ; P .
S aveyn, V . G u ida  and M . D ecle rq , P & G  B e lg ium ; C . E ads, P & G  U S A .

V esic le  d ispers ions are  used in consum er products, cosm etics and food.[1 ] N on-adsorb ing  po lym er is  
added to  these d ispers ions to  enhance properties, such as, flow ability.[2 ] H ow ever, add ing  the  po lym er 
induces a  dep le tion a ttraction  be tw een the vesic les, wh ich  can lead to  the  fo rm ation  of a  transien t ge l 
ne twork . T his  transien t ge l netw ork  w ill be  unstab le  and the system  w ill separa te  in to ves icle -rich  and 
vesic le -poor phases. [3 ] U nfortunate ly, it is  d ifficu lt to  p red ict if phase separa tion  w ill occur but early 
identifica tion  o f unstab le  fo rm ula tions w ill s tream line  industria l p rocesses. [4 ] 

U sing  m agnetic  resonance im ag ing (M R I), phase separa tion o f an  opaque vesic le -polym er m ixture  is 
m onito red overtim e. T 2  re laxa tion tim e and d iffus ion  m aps have been used to  v isua lise  the  fo rm ation  o f 
water-rich  cracks, in  the  vesic le-rich phase, over a period  o f days fo llow ing  po lym er addition  (F igure  1). 
U sing  M R I, these cracks  are  observed severa l weeks  be fore  any destab ilisa tion  can be observed 
v isua lly. Furtherm ore , ge ls  w ith  a ir bubb les trapped ins ide  phase separa te  approxim ate ly five  tim es faster 
than the  sam e ge l w ith  a ll a ir bubbles rem oved.

To bette r predic t phase separa tion  in  ves ic le -polym er m ixtu res, the  degree of instability in  each im age 
m ust be  quantified  and m onito red  over tim e. M oran 's  I, a  m easure  o f spa tia l au tocorre la tion , quantified  
the  cracks  and phase separa tion e ffective ly. [5 ] M oran's  I has prev iously been applied  to  c lin ica l M R  
im ages, [6 ,7 ] but has no t been app lied  to  system s wh ich  exh ib it sm all he terogene ities like  the  water-rich  
cracks fo rm ed during  phase separa tion. In  th is  s tudy, M oran 's  I p roved particu la rly e ffective a t quantifying 
the  sm all cracks wh ich  fo rm  early in  the phase separa tion  process.

In th is  pro ject, we have show n tha t M R I is  unique ly p laced to  identify ves ic le -po lym er m ixtu res that w ill 
phase separa te , which  is  im portan t w hen deve lop ing  new product fo rm ula tions . M R I can identify unstable 
m ixtures m uch earlie r than v isua l inspection. It has a lso  he lped identify factors, such as the  presence o f 
trapped a ir bubb les, w h ich  accelera te phase separa tion . F ina lly, by us ing  M oran's  I, it has been possib le , 
fo r the firs t tim e, to  quantify the degree of instability observed, wh ich w ill be enorm ously benefic ia l fo r the  
pred ic tion and m ode lling  o f phase separa tion in  these h igh ly com plex system s.

R eferences
1. R . L ipow sky, N ature , 1991, 349, 475-481.
2. R . H arich  e t a l,, S oft M atte r, 2016, 12 , 4300-4308.
3. J . Yeon H uh, P hD , U nivers ity o f D e laware , 2008.
4. J . Yeon H uh, M .L . Lynch and E . M . Furst, Ind . E ng. C hem . R es, 2011, 30 , 78-84 .
5. P . A . P . M oran, B iom etrika, 1950, 37, 17-23 .
6.G . D erado, F . D . B ow m an, T . D . E ly and C . D . K ilts , S ta t. In te rface , 2010, 3 , 45-58 .
7.A . C . S antago e t a l., A nn. B iom ed. E ng., 2016, 44, 2158-2167.
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Theoretica l investigation  of w ettab ility heterogeneity in  porous m edia  w ith  N M R

Jie  W ang, L izh i X iao *a,b, Yan Zhang and G uangzh i L iao$, aS ta te  K ey Labora tory o f P etro leum  R esources  
and P rospecting , C h ina U n ivers ity o f P etro leum , B eijing  102249, C h ina ; bH arvard  S E A S -C U P B  Join t 
Labora tory on  P etro leum  S cience, C am bridge, M A  02138, U S A .

U nders tand ing  heterogene ity o f w ettab ility in  porous m edia is  o f grea t im portance fo r design  ca ta lys is  and 
fo r enhancing o il recovery. In  th is  paper, w e report m u lti-d im ensiona l nuc lear m agnetic resonance (N M R ) 
m ethod to  characterize  w ettab ility fo r he terogeneous porous  m ed ia w ith  num erica l s im ula tion and 
experim enta l resu lts . The apparent contact ang le  is  in troduced as the  param eter to  represent the 
he terogeneous wettability in  porous m ed ia . It is  determ ined by the  ratio  o f d iffe ren t w etting  p itches and 
the  wetting  in tensity o f each un ifo rm  w etting  p itch . For the un ifo rm  w etting  p itches, T1 /T2 is  app lied  to  
probe the  loca l w etting  s trength  o f as it represents the in tensity of in teractions be tw een flu id  and so lid  
surface . T 2-D  is  in troduced to  obta in  the e ffective  re laxiv ity(de fined as  the  ra tio  o f w etting  surfaces). T o  
va lidate  th is  m ethod, here  w e sim p lify the  porous m ed ia as the m icrostructure  constructed w ith  d iffe rent 
ra tio  of wetting  ba lls. La ttice  B o ltzm ann m ethod is app lied  to  sim ula te  the  flu id  d is tribu tion  under d iffe rent 
wetting  cond itions and N M R  s ignal is  obta ined accord ing ly. F ina lly, w e applied  the  m ethod in troduced 
above to  ca lcu late  the apparent contact ang le. T he resu lt is  shown as  in figure  1 . For the  experim ent, w e 
bu ild  a  m icrostructure  sam ple  by m ixing g lass beads w ith  d iffe ren t w etting  properties a lerted w ith  
chem ical m ethod. T he M R  m ethod is  app lied to  calcu late  the  apparent ang le  of the m icrostructure . T he 
fla t p lanes  are  designed w ith  d iffe ren t ra tios o f w etting p itches w ith  the sam e chem ical m ethod and used 
as a  contro l experim ent. O ptica l v isua liza tion  m ethod is  used to  de tect the  contact ang le  fo r the fla t p lane. 
The resu lts  from  v isua liza tion  and N M R  m ethod are  com pared to  testify our m ethod.
The s im u la tion  results  and the  experim ent resu lts  m atch the  fo rw ard  m ode l w e construc t. T hus, the  
apparent ang le  g ives  us an overa ll perspective  fo r heterogeneous  w etting  s tructu re  and m ultid im ensiona l 
N M R  m ethod prov ides us a  m ethod to  de tect th is  hete rogene ity.
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N ovel solid  state  N M R  sequences for shale  rocks

 R avinath  K ausik *$ and  Y iq iao  S ong, S ch lum berger-D o ll R esearch, 1  H am psh ire  s tree t, C am bridge, M A  
02039, U S A ;  R obert B lum , D epartm ent of P hysics, Ya le  U n ivers ity, N ew H aven, C onnecticu t 06511;  
G reg B outis , C ity U n ivers ity o f N ew  York , B rook lyn  C ollege, D epartm ent o f P hysics, B rook lyn, N Y, U S A .

The reservoir qua lity (R Q ) o f tigh t-o il and gas organ ic  shale  fo rm ations is  a  function  o f the  so lid  kerogen 
and the heavy v iscous b itum en quantities. 2D  N M R  T 1-T 2 m easurem ents do  not p rov ide  an  accura te  
m easure  o f the presence o f these com ponents due to their short re laxa tions tim es. In  th is  p resenta tion , 
we d iscuss the  perfo rm ance o f a  series of line  narrow ing pulse  sequences fo r the  characteriza tion o f 
d iffe rent com ponents in  sha le  rocks. These sequences inc lude the m ag ic echo, W A H U H A  sequence, 
quadra tic  echo and the  so lid  echo, w h ich w ere  a ll show n to  inc rease the  transverse  coherence tim es o f 
sha le rock  com ponents  in  com parison to  the  C P M G  pu lse sequence. T his  is  because these d iffe ren t line  
narrow ing sequences average ou t the d ipo lar in te raction  (the  prim ary cause o f transverse  re laxa tion) to 
various degrees . T he extension  o f the transverse  coherence tim es result in  a bette r quantifica tion  o f the  
1H  nucle i (or to ta l o rgan ic  hydrogen T O H ) in  the  solid  sam ples , enabling  app lica tions  such as de term in ing  
m aturity and kerogen hydrogen index. W e in troduce recent advances fo r the  nove l com bination o f these 
sequences w ith  trad itiona l sp in -la ttice or sp in -sp in re laxa tion  m easurem ents  to  p rovide  one and m ulti-
d im ensional spectroscopy and re laxom etry m aps. W e d iscuss how  these sequences  can enab le  
m app ing  of spacia l d is tributions o f the so lid  com ponents and there fore  be  used fo r m ic roscopy o f fu ll 
cores.
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U ltra-short E cho T im e Im aging (U TE ) w ith  M ultip le  E cho R efocusing for P orous M edia  T 2 M apping 

D  Xiao a,b and B . J . B alcom $, aU n ivers ity o f N ew  B runsw ick ; bU n ivers ity o f W indsor.

The T 2 re laxation tim e is  w e ll known to prov ide  usefu l in fo rm ation to  d is tingu ish  various s igna l 
com ponents in  porous  m ed ia . In  wood sam ples, w ater bound w ith in the  ce ll wa lls  has  short T 2 va lues on  
the  order of m illiseconds , wh ile  the free  lum en w ater in  the cell cav ity has  re lative ly long T 2 re laxa tion 
tim es on  the order o f tens o f m illiseconds. D iffe ren tia ting ce ll wa ll water and ce ll cav ity w ater is  o f 
considerab le  im portance, as these tw o com ponents behave d iffe ren tly in  m oistu re desorbing  and 
adsorbing  processes, and deep ly in fluence wood properties. S tudy o f water com ponents  based on  T 2 
re laxa tion tim es has been reported  on bu lk  wood sam ples [1 ], and w ith  one d im ensioa l spa tia l reso lu tion 
[2 ]. T hree d im ensiona lly reso lved m ultip le  com ponents ana lys is  is  necessary due to the  inhom ogeneous 
fea tures w ith in  wood m ateria ls .
W e em ploy an  u ltra-short echo tim e sequence to  e ffective ly capture  the  short T 2 com ponent, fo llow ing  a 
series  o f 180° refocusing  pu lses to  genera te im ages w ith  various T 2 we igh tings. The T 2 decay curves  fo r 
each im age voxe l can be  extracted  and fit to  m u ltip le re laxation com ponents. C ha llenges inc lude 
characterizing grad ient w aveform s and B 0 sh ifts , and m atch ing  the po int spread functions o f U T E  and 
echo im ages.
The m ethod w as app lied  to  a  b lack  spruce heartwood sam ple  o f 2 .2  cm 3, w ith  a nom ina l spatia l 
resolution o f 0.5  m m 3. 32  echo im ages w ith  an  echo spac ing  o f 5  m s were  acqu ired fo llow ing  the U TE  
im age. T he extracted  two com ponents  show  tha t the earlywood, correspond ing to  the h igh  in tensity 
portion  of g row th  rings in U T E  im age, has a h igh  lum en water conten t, w h ile  the  cell w a ll water is  
re la tive ly hom ogeneous in  a  fresh ly cu t sam ple . A pp lying  the m easurem ent during  w ood drying 
processes w ill p rov ide ins igh ts in to  wood properties and in fo rm  design  o f the k iln  d rying cond itions.
[1 ] C . Lam ason, B . M acM illan, B . B alcom , B . Leblon , Z . P irouz, W ater conten t m easurem ent in  b lack
spruce and aspen sapw ood w ith  benth top  and portable  m agnetic  resonance devices, W ood M ater S c i
E ng. 10, 86-93 (2015)
[2 ] R . S . M enon, A . L . M acksy, S . F libotte , J . r. T . H a iley, Q uantita tive  sepera tion  o f N M R  im ages of water
in  wood on the  basis o f T2 , JM R  82, 205-210 (1989)

__________________________________ICMRM2017.com____________________________________________________________________________________________________________________________



 216
H yperpo larized B enchtop  N M R  for Industria l Applications

M . E . H a lse, P . R ichardson, O . S em enova and S . B . D uckett, C entre  fo r H yperpola risa tion  in  M agnetic
R esonance, D epartm ent o f C hem istry, U nivers ity o f York , York  U K  YO 10 5N Y; A  P arro tt and A  N ordon,
D epartm ent o f P ure and A pp lied  C hem istry, U niversity o f S tra thc lyde, 295 C athedra l S tree t G lasgow  U K
G 1 1XL.

The deve lopm ent of robust, h igh-reso lu tion  benchtop  N M R  spectrom eters based on perm anent m agnets 
presents the  opportunity for exc iting  new app lica tions o f N M R  spectroscopy ou ts ide  o f the typ ical 
laboratory environm ent. O ne o f the  s ign ificant barriers  to  progress in  th is  fie ld  is the re la tive ly low  
sensitiv ity o f these devices, wh ich  is  a  d irect consequence o f the  low er m agnetic  fie lds (1   2  T ) when 
com pared to  s tandard  N M R  spectrom eters (7  - 23 .5 T ). T here fore  benchtop N M R  is  an  area w here  
hyperpo la risa tion techniques, w hich  can boost N M R  sensitiv ity by severa l o rders o f m agn itude, can have  
a transform ative  im pac t. H ere  we focus on the  use  o f the  parahydrogen (p -H 2) induced pola risa tion 
(P H IP ) approach [1 ] because p -H 2 is  re lative ly cheap and easy to  p roduce and so  does no t s ign ifican tly 
com prom ise  the portab ility and affo rdab ility of the  benchtop N M R  device w hen com pared to  o ther 
hyperpo la risa tion m ethods. P H IP  can be  ach ieved e ither us ing  a  hydrogenation  reaction  or th rough 
ca ta lytic  transfer o f po la risa tion  a t a  m eta l centre , the so-ca lled S A B R E  approach.[2 ] In  th is  work , w e 
dem onstra te  tha t h igh  leve ls  o f hyperpo la risation  can be observed on a  benchtop  N M R  spectrom eter 
us ing  bo th  hydrogenative  P H IP  and S A B R E  and show how a  fu lly in tegra ted flow  system  can be  used to  
genera te reproducib le and renew able S A B R E  hyperpola risa tion  in  seconds. In  add ition, w e exp lo re  how 
these m ethods can be app lied  to  species identification  and reaction m on itoring in  a  p rocess contro l 
env ironm ent.

R eferences
[1 ] C . B ow ers and D . W eitekam p, P hys. R ev. Le tt. 1986, 57 , 2645-2648.
[2 ] R . A dam s e t a l., S c ience 2009, 323, 1708-1711.
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Fie ld  S w itching  C oherently P um ps H yperpo larization to  E nhance S ignals

W S  W arren *$, T  The is , S  E rikkson and Z  Zhou, D uke U nivers ity, D uke B ox 90346, D urham , N C  27708.

The m ost com m on hyperpo lariza tion m ethod (dynam ic nuclear polarization  or D N P ) can dram atica lly 
increase m agnetiza tion in  v irtua lly any 
organ ic  m o lecule , but the  appara tus is  
com plica ted  and expensive (ca . $2 .5M  
for c lin ica l system s) and po la riza tion  
grow s s low ly.  A nother approach, ca lled  
S A B R E , w as conce ived about a 
decade ago; our work  has extended 
th is  in  the deve lopm ent o f L IG H T -
S A B R E , wh ich perm its  e ffic ien t 
genera tion  o f hyperpo la riza tion  d irectly 
in  a  h igh  fie ld  m agnet, and S A B R E -
S H E A T H , an  approach to  d irectly 
po la rize  heteroa tom s such as 13C  or 
15N  using  an  extrem ely sim p le  low  fie ld 
appara tus. T hese papers have led to  a  
w ide range o f app lications: our g roup 
a lone has po la rized about 50  d iffe rent 
reagents, includ ing  m any tha t a re 
b io log ica lly in te resting .
Th is  inexpensive , genera l, and s im p le  
m ethod has a  few  current  lim itations.  
The m ost s ign ifican t is  tha t 
hyperpo la riza tion  leve ls  are  typ ica lly 
lower than in  D N P . H ere  w e show  tha t 
a s im p le  m od ification-pu ls ing the low  
m atch ing fie ld  to  cause a coherent 
transfer-can produce very substan tia l 
m agnetiza tion enhancem ents .  In  
essence, th is  is  the  d iffe rence be tween 
sa turating  a  transition  and g iv ing   
pu lses.  In  F igure  1, we show the  15N  
m agnetiza tion induced in  aceton itrile  by chang ing  m oving  the  fie ld  to  the exac t S A B R E -S H E A T H  
resonance fo r x m s, m oving  it o ff resonance for (100-x) m s, and repeating  m any tim es.  T he case o f x-
100 m s (the righ t s ide  o f the  curve) corresponds to norm al S A B R E -S H E A T H .  In  fact, how ever, 
m agnetiza tion flow s th rough 2JN H  coup lings  w ith  a  p redic ted near-com ple te  transfer a t 20  m s, so  pu lsing  
the  fie ld  (and then a llow ing  tim e fo r exchange) genera tes la rge  m agnetiza tion  enhancem ents-over doub le  
in  som e experim ents. T heory and experim ent a re  in  exce llent agreem ent (F igure  1) and the  approach 
a lso  le ts  us unrave l im portant de ta ils  about the m agnetiza tion  transfer p rocess, inc lud ing  the  presence o f 
inac tive  s ta tes in  the ca ta lytic process.  E xtensions  to  m ore  com plex "fie ld pulses" and to  arb itra ry fie ld 
pro files  w ill be  d iscussed.
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P arahydrogen and heterogeneous cata lysis  fo r enhanced M R I

V .V . Zhivon itko, K .V . K ovtunov and I.V . K optyug*, In te rnationa l T om ography C enter S B  R A S , 3A
Institu tskaya S t., N ovosib irsk , 630090, R ussia .

P arahydrogen-induced po la riza tion  (P H IP ), inc lud ing  its  m ost recent varian ts such as S A B R E , is  a rguably 
the  s im p lest and techn ica lly least dem and ing hyperpo lariza tion  techn ique wh ich  in  recent years a ttracts  
s ign ifican t atten tion  o f the  m agnetic  resonance com m unity. P H IP  was firs t dem onstra ted unam biguously 
in  1987, bu t un til 2007 observa tion  o f P H IP  effects  was associa ted  exc lus ive ly w ith  hom ogeneous 
processes in  so lu tion, such as H 2 activa tion  and cata lytic  hydrogenation  o f unsaturated  com pounds by 
d isso lved transition  m eta l com plexes. H owever, during the  past decade P H IP  effects  in  liqu id  and gas 
phase hydrogenations o f a lkenes and a lkynes have been a lso  dem onstra ted w ith  num erous 
he terogeneous hydrogenation cata lysts, inc luding  transition m eta l com plexes  im m obilized on  so lid  
supports , supported  and unsupported  m eta ls , m eta l oxides, m eta l su lfides, e tc . Further extension  to  o ther 
ca ta lyst types such as s ing le -s ite  and/or m o lecu larly de fined heterogeneous hydrogenation  ca ta lysts w as 
a lso  dem onstra ted . R epresenta tive  recent exam ples  o f such stud ies w ill be  d iscussed.

The ab ility to  p roduce and observe  P H IP  and S A B R E  e ffects  in  heterogeneous ca ta lytic  p rocesses 
s ign ifican tly expands the  range o f po ten tia l app lica tions of parahydrogen-derived s igna l enhancem ent in  
N M R  and especia lly in  M R I. W e curren tly pursue severa l d irec tions in  P H IP  and S A B R E  research. O ne 
of them  invo lves the deve lopm ent o f advanced he terogeneous ca ta lysts  w ith  the a im  to  m axim ize  the 
degree o f ach ievab le sp in  pola riza tion in  bo th  H E T -P H IP  and H E T -S A B R E  experim ents. A nother 
encom passes  the  u tiliza tion  o f P H IP -derived s igna l enhancem ent in  M R I to  ob ta in new va luab le  
know ledge about the dynam ic processes in  opera ting  reactors. T hus , com bining  the  unique chem ica l 
specific ity o f N M R  spectroscopy and the non-invas ive na ture  o f M R I w ith  the  s trong parahydrogen-based 
s ignal enhancem ent is  c learly benefic ia l fo r ca ta lytic and chem ica l eng ineering  app lica tions o f m agnetic 
resonance.

A nother m a jor d irection  o f H E T -P H IP  research  is  the production o f hyperpolarized  m olecu la r m arkers  fo r 
b iom ed ica l app lications o f M R I and M R S . S uch app lications  requ ire  the ava ilab ility o f b iocom patib le 
hyperpo la rized  sam ples. Thus, if a  hydrogenation  ca ta lyst con ta ins transition m eta ls  o r o ther toxic  
ingredien ts , it needs to be  rapid ly rem oved from  the  sam ple  a fte r reaction  com ple tion. U n like  
hom ogeneous ca ta lysts , the  he terogeneous ones can be  easily filte red  ou t a fte r the reaction . 
Furtherm ore , heterogeneous ca ta lytic  hydrogenation  can be perfo rm ed in  a  continuous flow  m ode, 
prov id ing  a  constan t s tream  o f hyperpo la rized flu id . W hile  an u ltim ate  ca ta lyst w ith  the  h ighest H E T-P H IP  
production  e ffic iency is ye t to  be  identified, we have taken decis ive  s teps tow ard  b iom edica l app lica tions 
of th is  m ethodology. E xam ples o f the use  o f liqu id and gas  phase hydrogenations o f unsaturated  
com pounds w ith  parahydrogen to  produce ca ta lyst-free  hyperpo larized substances fo r po ten tia l in  v ivo  
use  and to  p ro long po la riza tion  life tim e w ill be  described. T he figure  be low exem plifies the use  o f H E T -
P H IP  to  p roduce hyperpola rized  propane and its  im ag ing  in  the gas phase (a ) and in  solu tion (b).
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R elaxom etry and D iffusom etry of S m all M o lecules in  M O Fs

J R e im er*$ and V  W itherspoon, D ept C hem  and B ioM  E ngr, U C  B erkeley, B erke ley C A  U S A  94720.

W e em ployed N M R  diffusom etry and re laxom etry techniques to  quantify the  se lf-d iffusion  coeffic ients 
(D s) and the re laxa tion  tim es (T 1 and T 2) o f sm all m o lecu les in  M O F-5 and the  M O F-74 series M 2(dobdc) 
series  (M  =  M g, N i, Zn). W hen m atched w ith  m olecu la r dynam ics sim u la tions, these stud ies revea l the 
G ibbs free  energ ies changes fo r m otion , the  m agnitude o f in te rnal pore  gradien ts, and ro le  o f open-m eta l 
s ite  adsorp tion strength  on  the se lf-d iffusiv ity o f gases. T h is  work  com es from  the  P hD  thesis  of V elencia  
W itherspoon and was  supported in  part by the  C enter for G as S epara tions R e levant to  C lean E nergy 
Techno logies, as  an  E nergy F rontier R esearch  C enter funded by the U .S . D epartm ent o f E nergy, O ffice 
of S cience, B asic E nergy S ciences  under A ward D E - S C 0001015.
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S caling exponent and absolu te  m olecular m ass of polym ers in  solu tion by P G S E  N M R

N .H . W illiam son*, Fu ture  Industries Institu te , U n iversity o f S outh  A ustra lia , M awson Lakes, S A  5095, 
A ustra lia ; M . R öd ing , S P  A grifood and B iosc ience, Frans P erssons väg 6 , 402 29  G öteborg , S w eden; 
S .J. M ik lavcic , P henom ics and B io in fo rm atics R esearch  C entre , S choo l of In fo rm ation T echno logy and 
M athem atica l S c iences, U n ivers ity o f S outh  A ustra lia , M awson Lakes, S A  5095, A ustra lia ; M . N ydén, 
S chool o f E nergy and R esources, U n ivers ity C o llege London, 220 V ic to ria  S quare , A de la ide , S A  5000, 
A ustra lia .

A lthough m olecu lar m ass contro ls  the  perfo rm ance o f a  po lym er in  its  app lica tion , trad itiona l 
characteriza tion m ethods do not a lw ays w ork . M o lecu lar m ass d is tribu tion  (M M D ) m easurem ents o f 
po lym ers in  so lu tion by pu lsed grad ient sp in  echo (P G S E ) N M R  are  advantageous w ith  respect to  o ther 
m ethods due to  the  access to  chem ica l sh ift in fo rm ation  and ease o f sam ple prepara tion . H ow ever, 
converting from  polym er self-d iffus ion  coeffic ien t, D , to  m o lecu lar m ass, M , requ ires p rior know ledge o f 
param eters in  a  sca ling law , D =K M -m. In  th is  ta lk  w e show  tha t the  sca ling  exponent, m , can be d irectly 
estim ated  from  a  P G S E  experim ent in  w h ich  the  extrem ity (end-group) po lym er s ignal can be  spectra lly 
resolved by a  chem ica l sh ift from  the po lym er m ain-cha in  s ignal [1 ]. T he m ethod bu ilds on  the  work  o f 
V iév ille  e t a l. [2 ] w ho showed tha t the  d is tribu tion o f D  is m ass-we ighted  fo r the  m ain-cha in s igna l and 
num ber-we igh ted  fo r the  end-group s igna l. T he key to  d irectly ob ta in ing  m  is  our use  o f param etric  
d is tribu tion  m ode ls to  fit these tw o signa ls . The m ethod is  deve loped us ing lognorm al and gam m a 
dis tribu tion  m ode ls, wh ich  are  know n to  be  good m odel cho ices fo r P G S E  N M R  m easurem ents o f M M D s 
[3 ,4 ], in  part because gam m a and lognorm al M M D s are  theoretica lly p redic ted for m any po lym eriza tion 
processes. 

The scaling  exponent is , on its  ow n, a  usefu l m easure  of po lym er conform ation  and so lvent qua lity. T he 
sam e P G S E  experim ent p rov ides the  info rm ation necessary to  estim ate  the  o ther scaling  param eter, K , 
and  there fore  the  absolu te  M M D . W e tested  the  m ethod on  m ixtu res o f po lye thylene g lyco l s tandards and 
ob ta ined excellen t agreem ent to  known va lues  fo r bo th  the  sca ling  exponent and abso lute  M M D  
characteris tics. T he m ethods can be app lied  to  new ly syn thesized po lym ers fo r w h ich the  M M D  is  
unknow n and o therw ise unobta inab le . 

[1 ] N .H . W illiam son e t a l., J. C o llo id  In te rface  S ci. 493 (2017)
[2 ] J. V iéville  e t a l., J. M ag. R eson. 212 (2011)
[3 ] N .H . W illiam son e t a l., J. M ag. R eson. 267 (2016)
[4 ] X. G uo e t a l., M acrom ol. C hem . P hys. 218  (2016)
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N uclear M agnetic  R esonance R elaxation  and  D iffusion M easurem ents  to  M onitor P hase C hange

L. W . T hrane and S . L . C odd, M echan ical and Industria l E ng ineering, M ontana S ta te  U nivers ity; J . D .
S eym our, C hem ica l and B io log ica l E ng ineering, M ontana S ta te  U nivers ity.

S ta te  o f the art m u lti-d im ensiona l nuclear m agnetic  resonance (N M R ) re laxom etry and d iffusom etry 
techn iques a long w ith  m agnetic  resonance im aging  (M R I) are  app lied to  exp lo re and characterize  phase 
change in  com plex system s. H igh-fie ld N M R  techn iques  are  h igh ly sensitive  to  the  therm odynam ic phase 
of the  system  as w e ll as  restric tions on  m olecu lar m otion . H igh  reso lu tion  im ag ing  a long w ith  T 1-T2 
re laxa tion corre la tion experim ents and pu lsed gradien t sp in  echo (P G S E ) N M R  m ethods are  
dem onstra ted to characterize  hydra te  fo rm ation. The N M R  techn iques  are  app lied  to  m onito r the  hydra te  
fo rm ation process in  a  m ode l water-cyc lopentane system  at various sub cooling  tem pera tures. U sing  T 1-
T2 corre la tion N M R , the trans ition from  m obile to  restric ted  dynam ics is  observed sim u ltaneously fo r bo th  
water and cyc lopentane th roughout the  fo rm ation  process by exam in ing  the  m agnetiza tion  decay as a  
function  o f 1  a t m u ltip le  2  tim es. S pectra lly reso lved d iffus ion  m easurem ents  a llow  m on ito ring o f the  
hydra te  fo rm ation process by m easurem ent o f the  area under the liqu id  w ater peak  as it d isappears due 
to  so lid ifica tion o f the  w ater in  the  hydrate . A lso , restriction in  d iffus ive  m otion  due to  boundaries between 
so lid -liqu id  or im m isc ib le  liqu id -liqu id  phases prov ides a  m eans to  characterize  s tructure  by the s ize o f 
partic les o r pore  spaces . M agnetic  resonance im ag ing  (M R I) da ta  m onito rs  tota l hydrate  fo rm ation ra te  
based on  cyc lopentane sa tura tion and tem pera ture , as w e ll as the spatia l heterogene ity w ith in  the 
system . T he com bination o f these M R  techn iques a llow s fo r exp lora tion  o f the  com plex m olecu lar 
dynam ics invo lved in  hydra te  fo rm ation processes.  
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S olid  state  m ulti-nucle i m ag ic  ang le  sp inn ing m icro-im aging o f m ateria ls  and hard tissues at very 
h igh fie ld

M . Yon *$, V . S arou-K anian , D . M assio t and F . Fayon, C E M H T I, C N R S , 1D  av. R echerche S cien tifique ,
45071 O rléans C edex2, F rance; U . S che ler, Le ibn iz-Institu t fü r P o lym erfo rschung D resden, H ohe S tr. 6 ,
D resden, G erm any.

M agnetic  R esonance Im aging  is  a powerfu l too l wh ich  offers h igh  resolution spatia l loca liza tion  of m obile 
species in  so ft tissues. H owever, the app lication  o f M R I in  rig id  solids rem ains cha lleng ing  as they usua lly 
exh ib it short transverse  re laxa tion  tim e wh ich  proh ib its  the  use  o f sp in  echo M R I sequences and strong 
line broaden ing  wh ich decreases both  the  sensitiv ity and the  reso lution  ob ta ined w ith  frequency 
encod ing . 
M ag ic A ng le  S p inn ing (M A S ), w h ich  averages aniso trop ic in te ractions th rough a  m acroscop ic  rota tion  o f 
the  sam ple , a llow s ob ta in ing  narrow  resonances in the  so lid -s ta te . W e show the po ten tia lity o f com bin ing 
M A S  and M R I1-3 to  carry ou t m u lti-nucle i (1H , 31P , 27A l o r 51V ) th ree  d im ensional m icro-im ag ing  in  rig id 
so lid , a t very h igh  m agnetic  fie ld (17.6  T ) w ith  g rea tly im proved S N R  and spatia l reso lu tion  when 
com pared to  s ta tic  cond itions. T hese w ill be  exem plified  on  a  w ide  range o f m ateria ls : po lym ers, oxide  
ceram ics, b iom ateria ls  and hard  tissues w ith  spatia l reso lutions rang ing  from  30 to  300 µm , at M A S  
sp inning  frequencies  up to  20  kH z us ing  c lass ica l M R I spin -echo or Zero  E cho T im e (ZTE ) sequences.
In hard  tissues, very h igh  m agnetic  fie ld  and m odera te  M A S  sp inning  ra te  p rov ide  h igh  spectra l reso lution  
and enab le  the use  o f various frequency selective  exc ita tion  schem es fo r 1H  chem ically selective  
im aging . T h is  a llow s us to  record  fo r the  firs t tim e a  3D  im age probing  the  spatia l d is tribu tion of apatitic  
hydroxyl p ro tons ins ide  a  m ouse tooth  w ith  a ttached jaw  bone w ith  a  nom ina l iso trop ic  reso lution nearing  
100 µm .

1. D . G . Cory , J . W . M . V an  O s , and W . S . V eem an , J . M agn . R es. 1988 76  543-547

2. U . S cheler, B . B lum ich and H .W . S p iess, S o lid  S ta te N uclea r M agn. R es . 1993 2  105-110

3. D .E . Dem co and  B . B lum ich, C oncep ts  in  m agn . resonance 2000  12  269-288 .

M . Y on, V . S a rou -K an ian, U . S cheler, J -M . B ou ler, B . B u jo li, D . M ass io t, F . Fayon  subm it ted to  sc ien tific  repo rts
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M agnetic  R esonance P rob ing  E nsem ble  D ynam ics in  k-S pace

V  H ero ld *, T  K am pf and P M  Jakob, , E xperim ente lle  P hys ik , Ju lius-M axim ilians-U n ivers ität W ürzburg ; 
G erm any.

W e dem onstra te  the  use o f spatia l encoded m agnetic  resonance to  quantify ensem ble  dynam ics o f 
d ispersed m icroscopic  partic les be low  the spatia l resolu tion . B y evalua ting tim e series  o f s ing le k -space 
da ta-po in ts , k -dependent m otion  patte rns can be  revea led  in  short m easurem ent tim e. T he s igna l 
genera tion  can be  described analogously to  the theory o f dynam ic light scatte ring  [1 ]. E nsem ble  
dynam ics w as m easured by exam in ing  tim e corre la tions in   the  k -space s igna l us ing the  au tocorre la tion 
function  or s tructure  func tion [2 ]. 
To  proof the feas ib ility o f th is  new  techn ique w e have s im u la ted  the M R  m easurem ent w ith  sam ples 
producing  partic le  drift and  brow nian m otion . M R  experim ents w ith  sed im enting  m icrospheres (D = 100 
lm )  verified the  resu lts  o f the sim u la tions. A  typ ica l C IN E -FLA S H -(fas t-low -ang le-shot)-sequence w ith  
N =  200 tim e-fram es and a  repetition tim e o f T R  =  3 .6  m s w as app lied  firs t w ith  and then w ithout spatia l 
phase encod ing  [3 ]. F ig . 1a  shows a  photography of the sed im enting g las spheres (D =  100 lm ). For the  
lim ited  tem pora l and spatia l reso lu tion  (0 .4  ×  0 .4  m m 2)  the  reconstructed C IN E -M R -im ages reveal no 
de ta ils  about the  partic le  size , d is tribution and dynam ics as shown in  F ig. 1b . W hen p ick ing out the tim e 
course of a  s inge l k x-encoded data-poin t (w ithout spatia l phase encod ing), and exam in ing  the  tem pora l 
corre la tion  in  the  s igna l, the  im prin t of the  ensem ble  m otion  ge ts v is ib le. In  the  case o f d rifting  partic les 
the  m otion is  re flected  in  the  s igna l osc illa tion, as shown fo r th ree  d ifferent k -space-va lues in  F ig . 1c. T he 
correspond ing  spectra  o f the  s tructure  functions a llow  the quantifica tion  o f the  drift m otion  as show n in  
F ig . 1d  [2 ].T he m athem atical descrip tion  o f th is  new m ethod is  very s im ilar to  the  w e ll know n q-space 
encod ing , it a llow s to  quantify partic le  m otion  below  the spatia l reso lu tion  a lm ost in  rea l-tim e [4 ]. S ince  
th is  new approach does no t d irec tly encode the  partic le  d isp lacem ent such as done w ith  q -space 
encod ing  it is  not lim ited  by re laxa tion tim es and covers a  w ide  fie ld o f app lica tions  fo r partic le m otion  in  
opaque m ed ia .

R eferences:

[1 ] B . J . B erne and R . P ecora , D ynam ic  ligh t sca tte ring: w ith  app lications  to  chem istry, b io logy, and
physics (C ourie r C orpora tion, 1976).
[2 ] R . C erb ino  and V . T rappe, P hys R ev Le tt 100, 188102 (2008).
[3 ] A . H aase, J . Frahm , D . M atthae i, W . H an icke , and K .-D . M erbo ld t, Journal o f M agnetic  R esonance
(1969) 67 , 258 (1986).
[4 ] P . T . C a llaghan, T rans lationa l dynam ics and m agnetic  resonance: p rinc ip les o f pu lsed grad ien t sp in
echo N M R  (O x- fo rd  U nivers ity P ress, 2011).

Figure  1:

__________________________________ICMRM2017.com____________________________________________________________________________________________________________________________



 2���
U ltra-h igh fie ld  M R M  and  M R S  o f b io logical system s

JR  K rug$a,b, FM  V erge ld ta ,d, E  G o lov ina a,c and H  V an A s*a ,d, aLab of B iophysics, W ageningen U n ivers ity, 
S tippeneng 4 , 6708 W E  W agen ingen, N L; bB ioN anoT echno lgy, W agen ingen U nivers ity, B ornse 
W eilanden 9 , 6708 W G , W agen ingen, N L; cLab fo r P lan t P hysio lo igy, W ageningen U nivers ity, 
D roeveldaa lsesteeg 1 , 6708 P B , W agen ingen, N l; dW agen ingen N M R  C entre , W agen ingen U n ivers ity 
and R esearch , W agen ingen, N l.

M R M icroscopy (M R M ) concerns im ag ing o f sm all-sca le  sam ples a t h igh spatia l reso lu tion. W ith   
M R S pectroscopy (M R S ) we obta in  loca lized in fo rm ation  on  i.e . m etabo lites present in  a  sam ple . T he 
sensitiv ity and reso lu tion  of bo th  M R M  and M R S  increase w ith  increas ing  m agnetic  fie ld  s trength . A t the 
sam e tim e susceptib ility and chem ica l sh ift arte facts  can becom e lim iting  a t (u ltra -)h igh  fie lds. H ere  w e 
report on  first resu lts  ob ta ined a t a  950 M H z N M R  spectrom eter (D utch  na tiona l fac ility a t U trech t uN M R -
N L, funded by N W O  R oadm ap program ), currently one o f the  h ighest m agnetic  fie ld  s trengths ava ilab le . 
It a llow s us to  non-invasive ly de tect low  concentra ted com pounds. In  th is  research , we tested  the 
resolution and de tection lim its  o f the  950M H z system  w ith  a  5  m m  co il, using  a  phantom , consis ting  o f 
cap illaries  filled w ith  d iffe rent sucrose concentrations . M R M  im ages cou ld  be obta ined w ith  voxel 
resolutions  of 12x12x100 µm 3 w ith in  9  m inu tes o f m easurem ent tim e, wh ile  by loca lised  spectroscopy we 
were  ab le  to  de tect 10  m M  sucrose in  a  volum e of 125 nL w ith in  11  m inutes of m easurem ent tim e. A  
num ber o f b io log ical sam ples has been exp lo red as w e ll. In  sm all cabbage and A rabidopsis  seeds we 
were  successfu l to  im age the em bryon ic  axis . P ossib ilities to  im age the redox sta te  o f the em bryonic  
tissues observed in  the seeds during rehydra tion in  re la tion  to  seed v iab ility/longevity w ill be d iscussed. 
A lso M R M  and M R S  o f other b io log ical system s like  leaves and com plex granu lar b io film  system s have 
been exp lo red . S usceptib ility a rte facts and contrast observed in  these system s w ill be  d iscussed and 
com pared to  resu lts  ob ta ined a t lower fie ld (14 and  7  T ) system s. W e conclude tha t these firs t resu lts  
dem onstra te  the  very p rom is ing  possib ilities  o f u ltra -h igh  fie ld  M R M  and M R S .
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R em ote detection M R I of m icroflu id ic  flow , chem ical reactions and adsorption

V .-V . Te lkk i*$ and A . S e lent, N M R  R esearch U n it, U niversity of O u lu , F in land; V . V . Zh ivon itko and I. 
K optyug, Labora tory o f M agnetic  R esonance M icro im aging , In te rnationa l T om ography C enter S B  R A S , 
N ovosib irsk , R ussia; S . Franssila , D epartm ent o f M ateria ls  S cience and E ng ineering , A a lto  U n ivers ity, 
F in land.

M icro flu id ics o ffe rs new techno logica l capab ilities  due to  the  prec ise  and flexib le channe l des ign , e ffic ien t 
heat exchange, h igh  m echan ica l s tab ility and econom ica l use  o f reactan ts. N uc lear m agnetic  resonance 
(N M R ) spectroscopy is  a  prom is ing , versatile  techn ique fo r m on itoring  m ic ro flu id ic  processes. H owever, 
non-standard  N M R  techn iques  are  requ ired  due to  low  quantities o f substances . 
   R em ote  de tection (R D ) N M R  m ethod, in  wh ich  the  encoding  o f spin  coherences  o f flu id  flow ing  th rough 
a m ic ro flu id ic  chip  is  perfo rm ed by a la rge  co il a round the  ch ip  and the  s igna l is de tected  by another, 
m uch sm alle r and sensitive  co il ou ts ide  the ch ip , p rov ides an  e legant so lution to  the  sensitiv ity issue 
[1 ,2 ]. In  add ition , the  m ethod enab les one to  m easure  tim e-of-fligh t flow  im ages.
   In  th is  p resenta tion , w e show  tha t com bined R D  M R I and parahydrogen-induced polariza tion  (P H IP ) 
m ethods a llow  gas flow  pro filing  in  m icro flu id ic  ch ips  [3 ,4 ] and deta iled analys is  o f perfo rm ance of 
m icro flu id ic  packed-bed reactors [5 ]. W e introduce the concept o f rem ote  de tection  exchange 
spectroscopy (R D -E XS Y), and show tha t, a long w ith  ind irect spatia l in fo rm ation extracted  from  T O F data , 
it p rov ides unique in fo rm ation about the  active reg ions, reaction  pa thw ays and in te rm ed ia te products in  a  
m icro flu id ic  reactor. Furtherm ore , we dem onstrate  that R D -E XS Y can be com bined w ith  d irect spatia l 
encod ing  e ffic ien tly by app lying  the  princ ip les o f H adam ard  spectroscopy [6 ]. W e show also that R D  M R I 
prov ides an e ffic ien t m eans to  quantify the  adsorp tion  o f flow ing  gas m ixtures in s itu  [5 ,7 ].

[1 ] A . J. M ou le e t a l., P roc. N atl. A cad. S c i. U .S .A . 2003, 100, 9122.
[2 ] C . H ilty e t a l., P roc. N atl. A cad. S ci. U S A  2005, 102, 14960.
[3 ] V .-V . T e lkk i e t a l., A ngew. C hem . Int. E d. 2010, 49, 8363.
[4 ] V . V . Zh ivon itko  e t a l., A ngew. C hem . In t. E d. 2012, 51 , 8054.
[5 ] V . V . Zh ivon itko  e t a l., Lab C h ip  2013, 13 , 1554.
[6 ] V .-V . T e lkk i e t a l., A ngew. C hem . Int. E d. 2015, 53, 11289.
[7 ] A . S e lent e t a l., subm itted fo r pub lication in  M icropor. M esopor. M at.
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M R I of H igh P ressure C arbon  D ioxide D isplacem ent: 
F lu id /S urface Interaction  and  Flu id  B ehavior

A  A frough, M  S hakerian , M  S  Zam iri, B  M acM illan , F  M arica, B  N ewling, L  R om ero-Zerón and B  J 
B a lcom *$, U nivers ity o f N ew  B runsw ick .

The transverse  re laxa tion ra te  can report on  the properties o f flu ids and surface  bound layer in  porous  
m ateria ls . S uch pore  leve l in fo rm ation  can potentia lly increase petro leum  recovery th rough a  be tte r 
understand ing  o f petro leum  flood ing  
d isp lacem ent m echan ism s. P ure  phase-
encod ing  m agnetic  resonance m ethods , 
such as T 2-m app ing  S E -S P I, and 1D  doub le
ha lf k -space S P R ITE  (M uir and B a lcom , 
2012, In  A nnua l R eports  on  N M R  
S pectroscopy , V ol. 77) were  em ployed a t a  
m agnetic fie ld  of 0 .2  T  to  quantita tive ly 
m easure  the  transverse  re laxation  ra te  and 
flu id  conten t spatia lly and tem pora lly in  C O 2

flood ing  experim ents. C arbon d ioxide  
enhanced o il recovery is  a  m ethod o f 
contem porary in te rest because o f m itiga ting  
the  c lim ate  change im pact o f C O 2. In
m isc ib le and im m isc ib le  flood ing  
experim ents, at 9  M P a and 6 M P a 
respec tive ly, C O 2 d isp laced decane and
heavy o il from  B erea sandstone core  p lugs. 
The experim ents w ere  perfo rm ed a t 40°C  in  
a non-m agnetic m eta llic  core  ho lder 
(S hakerian  e t a l., 2017, R ev S ci Ins trum , 
subm itted), inc lud ing an in tegra ted 
rad io frequency probe, capable o f 
w ithstand ing  a m axim um  pressure  o f 35 M P a 
and tem pera tures o f 170°C . T he corre la tion 
be tween transverse  re laxa tion rate  and flu id  
sa turation  revea led  the  contrast in  
decane/pore-surface  interaction  between m isc ib le and im m isc ib le  d ra inage o f decane by C O 2. T he
density o f decane in  the  pore  surface bound layer decreased during  the m iscib le  d ra inage o f decane by 
C O 2. In  im m iscib le  d isp lacem ent o f decane by C O 2, the  pore  surface  area w etted  by decane
m onoton ica lly decreased a t sa tura tions less than 0 .25 (res idua l sa turation). T his  behavior po tentia lly 
dem onstra tes the  developm ent of a  non-continuous wetting  film  on  the  pore surface . T he transverse 
re laxa tion ra te  p ro files dem onstra ted  changes in the com position  and v iscosity o f the  heavy o il caused by 
the  extraction  o f light com ponents by C O 2. C O 2 flood ing o f heavy o il shows an in itia l increase in  T 2

caused by increased flu id  m obility. La ter, T 2  decreased consis tent w ith  the  extraction  o f light com ponents
from  the  heavy o il that enriched the  d isplac ing  C O 2 phase.

__________________________________ICMRM2017.com____________________________________________________________________________________________________________________________



 2�2�
M ulti-com ponent quantita tive  m agnetic  resonance im ag ing  by phasor representation

F.J. V erge ld ta,b, A .N . B adera,c, H . van  A m erongena,c and H . V an A s*a,b, aLabora tory o f B iophysics, 
W agen ingen U n ivers ity &  R esearch , T he N etherlands; bW agen ingen N M R  C entre , W ageningen 
U n iversity &  R esearch , T he N etherlands; cM icroS pectroscopy C entre , W agen ingen U n iversity &  
R esearch , T he N etherlands; F . Fere idoun i, D epartm ent o f P atho logy and Labora tory M ed ic ine , U C  D avis  
M ed ica l C enter, S acram ento , C A , U S A ; T .W .J . S cheenen, D epartm ent o f R ad io logy and N uclear 
M ed ic ine , R adboud U n ivers ity M ed ica l C entre , N ijm egen, T he N etherlands.

Q uantita tive  m agnetic  resonance im aging  (qM R I) is a  versa tile  too l in  life , m ateria l, and m ed ica l 
sc iences . W hen m ultip le com ponents contribu te  to  the  s igna l in  a  s ing le  p ixe l, however, it is  d ifficu lt to  
quantify the ir ind iv idua l con tribu tions and characteris tic  param eters . H ere  we in troduce qM R I based on  
phasor representa tion  to  d isentangle the  s igna ls  from  m ultip le  com ponents.1  In th is  approach, the non-
spatia l in fo rm ation  in  the  p ixe ls  is  represented as vectors: the  phasors. P lo tting  the phasors a llow s 
decom position , unm ixing, segm enta tion  and quantification  o f very d iverse qM R I da ta . T he presented  
phasor analys is  is  m ode l-free, fast, accura te , unb iased and a lso  works  fo r undersam pled  da ta . It 
s im p lifies the  inherent com plexity o f qM R I data  ana lys is fo r m u lti-com ponent im ag ing.
The concept is  dem onstra ted  w ith  m ode lled  m ulti-echo re laxa tion  curves. M ono-exponentia l decays are  
loca ted on a  sem ic irc le  in  a  phasor p lot (F ig . 1a). T he phasor o f a  b i-exponentia l decay is  a  linear 
com bination  o f the  phasors o f the m ono-exponentia ls  (F ig. 1b). A  m ixtures o f th ree decays are  located 
ins ide a  triang le  connecting  the ind iv idual com ponents on  the  sem ic irc le  (F ig . 1b). The phasor approach 
is  dem onstra ted  w ith  a  T 2-M R I m easurem ent o f a  p lant s tem  (F ig. 1c-e). For th is  da taset an  extended 
c loud o f phasors  w as loca ted ins ide  the  sem ic irc le  (F ig . 1c). T he insert show s the  average T 2 m ap 
ca lcu la ted  from  the  phasors.
M any app lica tions o f qM R I use undersam pling  to  reduce m easurem ent tim e. U ndersam pling  w as 
s im u la ted  by reducing the orig inal 64  echoes to  e .g . 16  or 4  (F ig . 1d-e). C om pared to  the  orig ina l da ta , 
the  low  num ber o f echoes and the truncation o f the exponentia l decay resu lted  in  a  devia ted sem icirc le . 
The c loud o f phasors re ta ined its shape and loca tion  ins ide  the  new  sem ic irc le . A s undersam pling  w as 
ach ieved by d iscard ing echoes, the  to ta l S N R  decreased, w h ich  resu lted  in  m ore sca tter in  the  phasor 
p lot. The average T 2 m aps, however, w ere  no t notab ly a ffected  by the  undersam pling  and low er S N R .
1) V erge ld t, e t a l. S c i. R ep. 7  (2017) 861.
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A m achine-learning based adaptive  m ethod for m ultiparam etric  N M R  experim ents

Y T ang and Y  S ong, S ch lum berger-D o ll R esearch ,.

A n N M R  experim ent is  de fined by a  tim e sequence o f R F  pu lses, g radien t pulses, and data  acquis itions. 
C onventiona lly, the  tim e sequence is p re-set p rio r to  an experim ent, o ften tim es resu lting  in  suboptim a l 
results  and pro longed acqu is ition  tim e fo r a  particu la r sam ple . In  th is  w ork , we dem onstra te  a  new 
approach, in  wh ich  N M R  acquis ition  param eters are op tim ized dynam ica lly, w ith  the increm enta l 
know ledge of the  sam ple  under investigation , over the  course o f an  experim ent. 

B ased on  a  m ach ine  learn ing  (M L) a lgorithm , w e take  an adaptive  approach to  analyze  the  acquired da ta  
in  rea l tim e, m ake data-driven predic tions, and from  w hich determ ine the  m ost su itab le  acqu is ition  
param eters fo r subsequent m easurem ents. S uch an  adaptive  op tim iza tion  process a llows effic ient data  
acqu is ition  w ith  m in im al opera tor in te rfe rence, ra is ing  exciting  possib ilities of a fast, s tream lined and 
au tom ated w ork flow  fo r m any N M R  pu lse  sequences and app lica tions. T he idea of th is  M L a lgorithm  is  
shown in  the  F igure .

W e w ill show  theory and experim ents based on th is  a lgorithm  to  perfo rm  several experim ents and 
d iffe rent sam ples. For exam ple , w e have exam ined experim ent w ith  one param eter, such as a  T 2 decay 
experim ent dem onstra ting au tom atic  rea l-tim e optim iza tion  o f da ta  acqu is ition . In  p ractica l experim ents, 
however, there  are  o ften  several param eters that requ ire  ad justm ent. For exam ple, recyc le de lay (R D ) is  
a com m on param eter fo r a ll experim ents. T yp ica lly, experim enta lis t tends to  adjust R D  so  tha t it is  m uch 
longer than the  re levant T 1. W e w ill show  that th is  p rocess can be autom ated e ffic ien tly w ith  the m achine  
learn ing a lgorithm  in  both  theory and experim ents . In  add ition , w e show  that our M L a lgorithm  for 1  
param eter can be adapted to  op tim ize  tw o experim enta l param eters sim ultaneously. B oth  param eters a re  
inc luded in  the  s igna l equation  and their va lue  fo r the  next acqu is ition  is  ob ta ined from  the optim iza tion  in  
2D  (2D  erro r m ap as a  function  o f the tw o param eters).
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M agnetic  R esonance Im aging of E lectric  F ie ld  D istribu tion  in  S am ples D uring P ulsed E lectric  
F ie ld  Treatm ent

I S ersa * and F  B ajd , Jozef S te fan  Institu te , L jub ljana, S lovenia; M  K ran jc  and D  M ik lavc ic , U n iversity of 
L jub ljana, Facu lty o f E lectrica l E ng ineering, L jub ljana, S loven ia .

P u lsed e lectric  fie ld  (P E F) treatm ent in  food processing  industry and e lectropora tion  in  m ed ic ine are  
essentia lly tw o identica l p rocesses in  
wh ich  cell m em branes are  tem porarily 
m ade perm eab le  due to  the ir exposure  to 
a h igh e lectric  fie ld . P E F  treatm ent helps 
saving  energy, p reserv ing  v itam ins and 
s ign ifican tly increases  yie ld  in  processes 
of ju ice  and nu trient extraction  from  fru its  
and vegetab les, wh ile  revers ib le  
e lec troporation  is  app lied  in  m ed ic ine fo r 
increas ing  up take of o f d rugs in to  the 
ce lls and is  successfu lly used in  tum or 
treatm ent o f pa tien ts  w ith  cancer [1 ]. 
H owever, success of bo th  processes critica lly depends on the  loca l e lectric fie ld. If the fie ld is  too  low , 
usua lly less than 400 V /cm , the  trea tm ent has no effect. O n the other hand, if the fie ld  is  too h igh, usually 
m ore  than 900 V /cm , the  cells  a re  irrevers ib ly dam aged and w ill d ie  because o f the  excessive ly h igh  
e lec tric fie ld  (irrevers ib le  e lectropora tion). Just w hen the fie ld  is in  the righ t range (be tw een 400 and 900 
V /cm ), the  trea tm ent is  revers ib le  (revers ib le  e lectropora tion) and the  cells  can fu lly recover from  the 
effec ts  of the fie ld. T here fore , an  e ffic ien t m ethod fo r m onito ring  the  e lectric fie ld  during P E F or 
e lec troporation  treatm ent of ce lls  in  a tissue is  o f a h igh  im portance. For tha t purpose, m agnetic 
resonance e lectrica l im pedance tom ography (M R E IT ) was found e ffic ient [2 ]. M R E IT  is  an  upgrade o f 
curren t density im ag ing (C D I), w h ich  uses curren t density m aps a long w ith  sam ple  geom etry data  and 
know n e lectric po ten tia ls  on the  e lectrodes to  calcu late , sam ple 's im pedance and a lso the  e lectric fie ld  in  
it.

Feasib ility of M R E IT  to  m on ito r P E F (e lectropora tion) trea tm ent was tested on  various sam ples  such as  
po tato  tubers [3 ] and m ice  w ith  tum ors [4 ]. In  a ll cases tw o needle  p la tinum -irid ium  e lectrodes were  
inserted in the  sam ple in  orien ta tion  a ligned w ith  the  s ta tic  m agnetic  fie ld  and perpendicu la r to  the  
im aging  s lice . U p to  e ight 100 µs long e lectric pu lses separa ted by 100 µs in te rva ls  were de livered to  the  
e lec trodes. V o ltages of the  pu lses w ere  up  to  3000 V  depend ing  on  the separa tion between the  
e lec trodes (4  - 15  m m ). T he e lectric  pulses w ere  executed  be tween the  excita tion  and the  firs t re focus ing  
R F pulse o f the s ing le -shot R A R E  sequence. E ffects o f the pulses were  recorded as phase shifts  o f the  
acqu ired  im age. These w ere  then used to  ca lcula te  the curren t-induced m agnetic  fie ld  change m ap and 
from  it the  current dens ity m ap by us ing  A m pere 's  law . T he fina l s tep o f the  M R E IT  procedure  was the 
use  of the J-substitu tion  a lgorithm  [2 ] to  ob ta in the m ap o f e lectric  fie ld  during delivery of e lectric  pulses. 
In a ll cases, the  m ap was found very use fu l fo r p red iction  of trea tm ent e ffects and its  outcom e.

The figure  on  the  top  shows a  m ap o f e lectric  fie ld  in  a  po ta to  tuber during  the P E F  trea tm ent (a ) and the  
correspond ing  optica l photography im age o f the sam ple  taken 18 h  a fte r the  trea tm ent (b ). In  the  
photography, the e lectropora ted reg ion darkened due  to  oxida tion  of pheno lic com pounds re leased from  
the  successfu lly e lectropora ted ce lls . T he darkened reg ion co inc ides we ll w ith  the  region  o f e lectric  fie ld  
E  >  400 V /cm .

[1 ] Yarm ush M .L . e t a l., A nnu. R ev. B iom ed. E ng.16 , 295320 (2014).
[2 ] K w on O . e t a l., IE E E  Trans. B iom ed. E ng ., 49 , 160-167 (2002).
[3 ] K ranjc  M . e t a l., Innov. Food S ci. &  E m erg . Tech., 37 , 384-390 (2016).
[4 ] K ranjc  M . e t a l., R adio logy , 274 ,115123 (2015).
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N M R  S P E C TR O S C O P IC  IM AG IN G  FO R  TH E  S TU D Y O F L ITH IU M -IO N  B ATTE R IE S

V . S A R O U -K A N IA N *, M . T A N G , C .E . D U TO IT , M . D E S C H A M P S  and E . S A LA G E R $, C N R S , C E M H T I
U P R  3079, U n ivers ité  d 'O rléans , 1D  avenue de la  recherche sc ientifique, , 45071 O rléans  C edex 2,
France; M . M E N E T R IE R , IC M C B , C N R S  U P R 9048, U nivers ité  de  B ordeaux, E N S C P B , 87  avenue du D r
A . S chweitzer, , 33608 P essac C edex, France; J .M . T A R A S C O N , C h im ie  du  S o lide e t de  l'E nerg ie , FR E
3677, C o llège de  France, 75231 P aris  C edex 05, F rance.

The developm ent o f renewab le  energ ies, inherently in te rm itten t, as w ell as the  deve lopm ent o f e lectrica l 
cars ca ll fo r e ffic ien t energy sto rage. E lectrochem ica l s to rage is  perfo rm ed w ith  lith ium -ion ba tte ries or 
supercapacitors depend ing  on app lica tion. 
A  be tte r unders tand ing  o f the  phenom ena 
lim iting  the  energy s to rage capac ity and the 
ra te at wh ich it can  be  s to red  is  essentia l to  
enhance the  characteris tics o f those 
dev ices. 
W e com bine N M R  spectroscopy and 
im aging  to  s tudy L i-ion  ba tte ries operando, 
i.e . wh ile  they are  function ing . C lass ica l
spectroscopic  im ag ing  m ethods w ork  we ll
fo r the  characteriza tion  o f the com ponents
w ith  a sharp  spectrum , like e lectro lyte  in
supercapacitors [1 ], e lec tro lyte  in  ba tte ries [2 ]

or m eta llic  lith ium [3 ]. C onversely, the  signal
of the  active  m ateria l in  the  solid  e lectrodes
of ba tte ries is  in  genera l not de tected  w ith
standard  spectroscopic  im ag ing
techn iques. The trans ition  m eta l centers  in
the  e lectrodes  are indeed param agnetic  in
som e stages o f the  charg ing-d ischarg ing
process and resu lt in  very short life tim es of
the  N M R  signa l. W e recently deve loped S -IS IS , a  w ay to  re trieve  th is  s igna l in  a  functioning  5-m m
diam eter L i-ion ba tte ry[4 ]. It w as insp ired  by the  IS IS  localized  spectroscopy concept[5 ] tha t takes
advantage o f the longer long itud inal re laxa tion tim e o f those m ateria ls . W e cou ld  reconstruct, fo r the  firs t
tim e, the  fu ll 1D  7L i spectroscop ic  im age o f a  ba ttery, inc luding  the so lid  param agnetic  e lectrodes (L i1-

xC oO 2, 0<x<0.5  and L i4+yT i5O 12, 0<y<3), w ith  a  reso lu tion  of 100 m . A s a  result the lith iation fronts fo rm ed 
in  those 400-m  th ick  e lectrodes can now  be stud ied in  s itu  fo r various (d is)charg ing  cond itions. W e w ill 
d iscuss the constra in ts  on  spatia l, tem pora l and spectra l reso lu tion in  the  fram ework  o f in  s itu  o r 
operando characteriza tion  o f function ing  batte ries.

R eferences
[1 ] A . J. Ilo tt, N . M . T rease, C . P . G rey, A . Jerschow, N at. C om m un. 2014, 5 , D O I 10.1038/ncom m s5536.
[2  ]E . S alager, V . S arou-K an ian , M . S ath iya, M . T ang, J .-B . Leriche, P . M e lin , Z . W ang, H . V ezin, C .
B essada, M . D escham ps, e t a l., C hem . M ater. 2014, 26 , 70097019.
[3 ] R . B hattacharyya, B . K ey, H . C hen, A . S . B es t, A . F . H o llenkam p, C . P . G rey, N at. M ater. 2010, 9,
504510.
[4 ] M . Tang, V . S arou-K an ian , P . M e lin , J .-B . Leriche, M . M énétrie r, J .-M . T arascon, M . D escham ps, E .
S a lager, N at. C om m un. 2016, 7 , 13284.
[5 ] R . J . O rd idge, A . C onne lly, J . A . B . Lohm an, J . M agn. R eson. 1969 1986, 66 , 283294.
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In  S itu  M R I Investigation o f Ion Transport in  G raphite  Anodes o f L i-Ion B atteries

S .A . K rachkovsk iy*, J .D . B azak , C . H ew itt and G .R . G ow ard $, D epartm ent of C hem is try, M cM aster 
U n iversity, H am ilton , O ntario , C anada; J .M . Foster, D epartm ent o f M athem atics, U n ivers ity o f 
P ortsm outh , P ortsm outh, U K ; B .J. B a lcom , D epartm ent o f P hysics, U n iversity o f N ew B runsw ick , N ew 
B runsw ick , C anada.

Th icker e lectrode layers fo r lith ium  ion  ce lls  are  presently ge tting  increased a ttention  from   industry  
because they can prov ide  h igher energy density at low er p roduction  cost, due to  a favourab le  e lectrode-
to -curren t co llecto r ra tio  per s tack  vo lum e [1 ]. It appears, how ever, that the transport of lith ium  ions 
th rough such e lectrodes is  becom ing the  lim iting s tep during  h igh-rate  charg ing  and d ischarg ing , lead ing 
to  s ign ifican t ce ll po la riza tion and capacity reduction .
In  s itu  M R I can be used fo r accura te  characteriza tion  o f  m ass transport in  batte ry m ateria ls  [2 ]. It is  a  
non-invasive  ana lytica l m ethod, w h ich , in  contrast to  com m only used routines, such as N M R  and 
e lec trochem ical techniques, p rov ides spatia lly resolved de ta ils about chem ica l and dynam ic fea tures o f 
the  investiga ted  species. H owever, tak ing  in to  account the  low  gyrom agnetic  ra tio  o f 7L i nuc le i and the 
sm all transverse  re laxa tion tim e o f in te rca la ted lith ium  in  com pos ite  e lec trodes (typ ica lly <  100 µs), it is  
cha lleng ing to  co llect h igh-reso lu tion  im ages w ith in  a  reasonably short experim enta l tim e [3 ].
W e report here in  im p lem enta tion  o f the  centric  scan S P R ITE  M R I techn ique [4 ], wh ich  e ffective ly 
overcom es the  lim ita tions sta ted  above. T h is  is  a  pure  phase-encod ing  M R I m ethod; there fore , it 
prov ides im ages free  from  d isto rtions caused by m agnetic  fie ld  inhom ogene ity and susceptib ility 
variations be tween d iffe rent ba tte ry com ponents. O ne can use an extrem ely short phase encod ing  tim e 
(e .g. 30  µs) to  avoid  signa l loss due to  the  fast re laxa tion, w h ile co llecton  of m ultip le F ID  po in ts  (10  in  our 
case) s ignifican tly boosts  the  im age in tensity. A s the resu lt, h igh  qua lity 1D  M R  im ages o f the  
e lec trochem ical ce ll under opera tiona l cond itions w ith  a reso lu tion  of 50  µm  can be co llected  w ith in an  
hour. B y th is  approach, w e can unam biguously m on ito r non-unifo rm  lith ia tion  o f the  graph ite  anode (350  
µm  th ickness), and the  rearrangem ent o f L i ions w ith in  the  e lectrode tha t fo llows, during  the work ing  
cyc le o f the  ba ttery, p rov id ing  an  essentia l advance fo r the  next level o f ba tte ry perfo rm ance 
characteriza tion.

R eferences:
1.M . S ingh, J . K aiser and H . H ahn, J . E lectrochem . S oc., 162 (7 ), A 1196 (2015)
2.S . A . K rachkovsk iy, J . D . B azak , P . W erhun, B . J . B a lcom , I. C . H ala lay and G . R . G ow ard , J . A m .
C hem . S oc., 138, 7992 (2016).
3.M . T ang, V . S arou-K an ian , P . M e lin , J. B . Leriche , M . M enetrie r, J . M . T arascon, M . D escham ps and E .
S a lager, N at. C om m un., 7 , 13284 (2016).
4.M . H alse , D . J . G oodyear, B . M acM illan , P . S zom olanyi, D . M atheson and B . J . B alcom , J  M agn R eson,
165, 219 (2003).
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Ind irect M R I detection  of critica l e lectrochem ical device param eters

A  Jerschow *$, N ew  York  U nivers ity.

W e w ill describe  our 
work  on  the 
developm ent o f 
techn iques fo r 
assessm ent of L i-ion  
ba tte ries and batte ry 
m ateria ls  v ia  m agnetic 
resonance im ag ing  
(M R I). T he goa l o f 
these studies  is  to 
ana lyze  ba tte ry 
degradation  and 
energy sto rage 
m echan ism s in  
s ituduring  charg ing  or 
d ischarg ing  cond itions  by im aging  changes in  bo th  the e lec tro lyte  and the e lectrodes in  a  non invasive  
fashion . In  situ  N M R /M R I have proven to  be  a  usefu l too l to  probe the  s tructure  o f L i-ion  batte ries during  
rea l-tim e charge and d ischarge. E x s itu  s tudies  of ba tte ries a re  lim ited by self-re laxation  o f the e lectrode 
m ateria ls  be fore  a  m easurem ent can be obta ined. T he app lication o f advanced m agnetic  resonance 
techn iques, such as M R I and com plex N M R  experim ents, in  s itu  has the po tentia l to  m onito r dynam ics 
and v isua llym onito r changes in  func tioning  e lectrochem ica l system s in  rea l tim e. The functiona lity o f 
som e energy sto rage dev ices where  on ly the  e lectro lyte  is  invo lved in  the  e lectrochem ica l p rocess (such 
as supercapacito rs) can  on ly be  studied  in  s itu , as the  e lectro lyte  concentra tion grad ien ts w ill re lax as a 
po ten tia l is  rem oved from  the  ce ll. H ere  w e present techn iques fo r in  s itu  M R I o f ba tte ries and 
supercapacitors and d iscuss find ings ob ta ined from  these stud ies [1 ,2 ]. It w ill be  d iscussed how  the  rf 
fie ld  is pertu rbed by the  presence o f conducting m ateria ls  in  the probe [2], how  susceptib ility sh ifts  can be  
used fo r assessing  the  m orpho logy o f m icrostructure  bu ildup on e lectrodes [3 ]. T he loca tion  and 
concentra tion o f both  cations and anions can be fo llow ed separa te ly [4 ]. T he figure shows sections 
th rough 3D  im ages o f L i m eta l ob ta ined from  an intact ce ll [5 ], a t d iffe ren t tim es a fte r in itia tion o f 
charg ing . W e w ill a lso  d iscuss the  opportun ities fo r ind irectly m on ito ring  S E I layer p roperties. Further 
opportunities a re  p rov ided by im ag ing  both  e lec tro lyte  and e lectrode a t the sam e tim e in o rder to  s tudy 
L ith ium  dendrite  g row th  m ode ls [6 ]. If ther is  tim e, recent resu lts  on M R I o f com m erc ia l-type  ce lls w ill be  
d iscussed.

1. S . C handrashekar, N . M . T rease, H . J . C hang, L .-S . D u, C . P . G rey, A . Jerschow, N at.M ater., 2012,
11 , 311-315.
2. A . J . Ilo tt, S . C handrashekar, A . K löckner, H . J . C hang, N . M . T rease, C . P . G rey, L. G reengard ,A .
Jerschow, J . M agn. R eson. 2014, 245, 143149.
3. H . J . C hang , N . M . T rease , A . J. Ilo tt , D . Zeng , L .-S . D u , A . Jerschow , C . P . G rey, J . P hys.C hem . C ,
2015, 119, 1644316451.
4. A . J . Ilo tt, N . M . T rease, C . P . G rey, A . Jerschow , N at. C om m . 5 , 2014, 4536.
5. A . J . Ilo tt, H .-J. C hang, C . P . G rey, A . Jerschow, R ea l tim e 3D  im ag ing o f m ic rostruc ture  grow th  in
batte ry ce lls  us ing indirect M R I, P roc. N atl. A cad. S ci. U S A , 2016, 113, 10779-84.
6. H . J . C hang, A . J . Ilo tt, N . M . T rease, M . M oham m adi, A . Jerschow, C . P . G rey, J . A m . C hem .S oc.
2015, 137, 1520915216.

__________________________________ICMRM2017.com____________________________________________________________________________________________________________________________



 2�33
Low -fie ld  N M R  pro filing  and re laxation d ispers ion as new  biom arkers  for osteoarthritis in  articular 
cartilage

O V  P etrov, E  R ossle r, C  M attea and S  S tapf, T U  Ilm enau, D ept. o f Techn ical P hysics II.

The dependence o f the pro ton  N M R  re laxa tion  tim es on fie ld  s trength  and on  loca tion  w ith in  the  tissue 
has  been determ ined fo r a num ber o f bovine  and hum an articu la r cartilage  sam ples. W hile  the strong 
variation of T 2 across the  trip le -layered carti-lage s tructure  as w e ll as  its  o rien ta tion  dependence are  w ell 
know n from  c lin ica l and labora tory h igh-fie ld  s tudies , T 1 shows sim ilar behavior on ly in  low  m agnetic  
fie lds. A t 0 .27  T , the ra tio  of longest to  shortest T 1 has been found to  cover a  ra tio  o f about 3 -5  in  healthy 
tissue, less in  osteoarth ritic tissue (see figure). A t the sam e tim e, the  average T 1 w as found to  be strongly 
fie ld  dependent in  the  range dow n to  0 .25  m T, bu t no  spatia lly resolved da ta  are  ava ilab le  under these  
conditions. 
P aram eters ob ta ined from  a  low -fie ld and variab le -fie ld s tudy are  corre la ted  w ith  the  severity o f 
osteoarthritis  and in terpre t-ed  based on  m odels of b iom olecu la r m ob ility. Furtherm ore , by corre lating  the 
spatia lly reso lved T 1 d is tribu tion ob ta ined a t fie ld  s trengths of 0.27 T  w ith  m athem atica l decom positions 
of the s ignal recovery function  into m u ltiexponentia l com ponents, an  a ttem pt is  m ade to  quantify the  w id th  
of P (T 1) fo r variable fie ld s trengths, and to  identify the  fie ld  va lue  w here  th is  d istri-bu tion  is  w idest. T his  
fie ld  is  op tim a lly situated fo r ob ta in ing  P (T 1) as a  b iom arker fo r labora tory s tud ies or p rec lin ica l low -fie ld 
investiga tions where  spatia l resolu tion  is  absent o r insu ffi-c ient to  reso lve the  cartilage layer s tructure . 
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R elaxation  under pressure and  elevated tem peratures  sorting out som e stum bling stones on the 
w ay to  com pact N M R  in  process analytics

N  N estle  and S  A renz, B A S F S E  M ateria ls  P hysics and A na lytics R A A  Ludw igshafen, D - 67056 
Ludw igshafen, G erm any; P  B uh l, ZJ L im , T  B öhringera,b and F  Le inweber, aB A S F S E  T echnica l 
E qu ipm ent and M ateria ls  FT T /E P  Ludw igshafen , D - 67056 Ludw igshafen, G erm any; bN analys is  C orp ., 
B ay 4 , 4500 5  S tree t N E  C a lgary, A lberta , C anada T 2E  7C 3.

W ith  a ffo rdab le , rugged m agnets and an acceptab le  spatia l foo tprin t, com pact N M R  has the  po tentia l fo r 
industria l p rocess contro l app lications. A  m ajor challenge in  online  and in line  ana lytics o f p rocesses  in  the  
chem ical industry com es from  harsh  pressure  and tem pera ture  conditions that a re  needed fo r m any 
reactions. B ridg ing  the  gap be tw een such process conditions and N M R  equ ipm ent o rig ina lly deve loped 
fo r desk top use is  one o f the  m ain  cha llenges on  the way to  successfu l use  of com pact N M R  in  p rocess 
ana lytics. 
W alk ing dow n th is  road, we have tested  a range of des ign op tions fo r flow -th rough probe heads 
com patib le  w ith  e leva ted tem pera tures. D esign changes in  the  newest genera tion  o f com pact N M R  
instrum ents ava ilable from  N ana lys is  have considerab ly extended the  op tions  fo r w ork ing  a t e leva ted 
tem pera tures and w ill be addresses as we ll. 
Furtherm ore , w e constructed  a  test se tup fo r m easurem ents a t e leva ted pressures up  to  300 bar in  w h ich  
we stud ied the effect of p ressure  on the spectra  o f se lected  so lvents and a  pressure-dependent chem ical 
equ ilib rium  known from  lite ra tu re  [1 ].  In  accordance w ith  earlie r find ings, a  notable  p ressure  sensitiv ity 
fo r T 1  was observed fo r m ost so lvents in  the pressure  range under s tudy w h ile  T2 was m uch less 
pressure-dependent. W ith  the  exception o f water, e leva ted  pressure  lead to  a  shortening  o f the so lvent 
T1  tim es w h ich  in  connection  w ith  no  no tab le  e ffect on  expected  line  w id ths can be  expected  to  be ra ther 
he lp fu l fo r possib le  online  N M R  ana lytics under p ressure . 
[1 ] N ob le , W .J .L ., 1960. T he K eto-E no l E qu ilib rium  o f E thyl A cetoaceta te  U nder H igh  P ressure . Journa l
of the A m erican C hem ica l S ocie ty [on line ]. 82(19). S . 5253-5253.
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Q uantita tive  T 1 saturation - recovery m easurem ents  in  inhom ogeneous fie lds

M . D . H urlim ann*$, C . D uan a,b, S . U tsuzaw a, Y . Q  S ong and C . R yan a,c, aS ch lum berger - D o ll R esearch,
C am bridge M A  02139 , U S A ; bW ash ing ton  U n ivers ity, S ain t Lou is  M O  63110, U S A ; cR ige tti C om puting ,
B erkeley C A  94710, U S A .

S atura tion-recovery m easurem ents w ith  C arr-P urcell-M eiboom -G ill sequences are  com m only em ployed 
to  m easure the  long itud ina l re laxa tion  tim e cons tant, T 1 , in  g rossly inhom ogeneous fie lds. W e show  that
off-resonant e ffects  genera tes unexpected extra  s igna ls   in  the  T 1 m easurem ent. In  the present s tudy, w e 
derive a  m odified T 1  kerne l that accounts for th is  o ff-resonance e ffect quantita tive ly. T he new kernel,
based on  analytica l resu lts, has been tested w ith  num erica l s im u la tions and experim ents, and exce llen t 
agreem ent is  found. W e a lso d iscuss the  design  o f crusher pu lses  tha t m itiga tes  th is e ffect.
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P assive shim s for sm all, h igh-reso lution d ipo le  m agnets

A F M cD ow ell*$, N uevoM R , LLC , 617 A m herst N E , A lbuquerque, N M  87106, U S A .

S h im m ing sm all-sca le  m agnets is  a  cha llenge because  the m ateria ls  and m ethods used to im prove fie ld  
qua lity add to  the  overa ll s ize , we igh t, and cost o f the  instrum ent.  W e have been develop ing new  
approaches to sh im m ing sm all m agnets so  tha t a  h igh  degree o f hom ogene ity can be  ach ieved w h ile 
requ iring  a  m in im um  of space fo r the  sh im m ing appara tus.  A t the  prev ious IC M R M , we presented  our 
work  on  space-e ffic ien t active  sh im  co ils .  H ere , we d iscuss recent advances in  passive  sh im s.

P assive  shim m ing o f d ipo le  m agnets  is  usua lly accom plished th rough the use o f sm all p ieces  o f 
m agnetic m ateria l, e ither perm anent m agnet o r so ft iron  "buttons," that a re  p laced a t s tra teg ic  positions 
on  or near the  po le  p ieces.  Tw o prob lem s present them se lves  w hen trying  to  passive ly sh im  sm all h igh-
resolution m agnets.  T he firs t is the  achievem ent o f h igh-reso lu tion.  O ften, it is  d ifficu lt to  a rrange a  
lim ited  set o f re la tive ly la rge bu tton s izes  to  ach ieve a hom ogeneity be tte r than 10 ppm , wh ich  m ay be  too 
m uch fo r the  active  sh im s to  correct. T he second cha llenge is  the  lim ited  space in  the gap o f a  sm all 
m agnet fo r insta lling and ho ld ing  the buttons . 

W e have deve loped a  new approach to  passive  shim m ing to m eet these cha llenges.  Instead o f us ing  
loca lized buttons, we use la rge , very fla t, extended reg ions o f passive  sh im  m ateria l.  To  construct our 
sh im s, we use a s im p le  add itive  process tha t a llows us to  build  sh im s whose strength  we can contro l in  a  
continuous w ay.  T he passive  sh im s occupy less than  0 .5  m m , ha lf o f wh ich is  the ir support s tructure .  
B e low is  an  exam ple  o f the  fie ld  m easured a t poin ts  on the  surface  o f a 12  m m  d iam eter sphere  in  a  20 
m m  gap 60 M H z m agnet.  The peak -peak  span in  the  fie ld is im proved from  90 ppm  to  less than 2  ppm .  
W e w ill d iscuss how these shim s are  designed and constructed .
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Tow ards quantification of S P IO -labelled cells  w ith  TurboS P I and bS S FP

Z O 'B rien-M oran *, JA  R iouxa,c and K D  B rew er$a,b ,c, aD alhousie  U nivers ity; M L T rem blay, C B  D avis , bIW K  
H ea lth  C entre ; cQ E II H ea lth S ciences C entre .

In troduction:  Q uantita tive  in  v ivo  ce ll track ing  offe rs the 
po ten tia l to  increase our understand ing  o f cellu la r dynam ics. 
C om m on ce ll track ing sequences such as  bS S FP  are  
sensitive  to  the e ffects  o f superparam agnetic  iron  oxide 
(S P IO )1, bu t o ffe r only sem i-quantita tive  ana lys is . 
A dd itiona lly, bS S FP  has lim ited specific ity, w ith  bo th  labe led 
ce lls and necro tic  tissue causing  negative  contrast.  
TurboS P I2,3, a  m u lti-echo s ing le point im ag ing  (S P I) 
sequence, has been proposed recently fo r S P IO -cell 
quantifica tion . T urboS P I is  pure ly phase-encoded and has 
h igh  tem pora l reso lution  fo r R 2* m apping . T he add ition  of 
com pressed sensing  a llows fo r feas ib le  in  v ivo  im ag ing w ith  
su ffic ien t spatia l reso lution . U nfortunate ly, in itia l in  v ivo  
s tud ies revea led  that the  current R 2* fitting  techn iques  used 
cou ld no t re liab ly d is tinguish s igna l evo lu tion o f labe led  ce lls  
from  o ff-resonance osc illa tions, i.e . fa t (see F igure), and e lim ina tion o f voxels  conta in ing fa t ("fa t 
e lim ina tion") resu lts  in  underestim ating the num ber o f labe led  ce lls . T his  s tudy there fore  uses s im u la tions 
and m ode ling  techniques to  be tte r understand and account for the fa t con tribu tion .
M ethods: In  v ivo  da ta  were ob ta ined in  a m odel of cerv ica l cancer in  C 57B L/6  m ice. C yto toxic  T  ce lls 
(C TLs) were  loaded w ith  u ltra  sm all S P IO  (~30 nm ) and de livered  v ia  ta il ve in  in jection . A ll M R  data  w ere 
ob ta ined on  a  3T  pre-clin ica l A g ilent scanner. bS S FP  was perfo rm ed first fo r h igh-reso lu tion anatom ical 
im ages (T R /T E  =  8 /4  m s, a  =  30°, 4 phase cyc les, 4 averages,  256x170x170, FO V  = 38 .4m m  x 25 .5m m  
x 25.5m m , t =  64m in).  T urboS P I (T R /T E effec t ive =  250/10 m s, E T L =  8 , E S P  =  10m s, 96x96x48, FO V  =  
30m m  x 30m m  x 30m m , t =  28m in) w as preceded by a  fast sp in  echo (FS E ) pre-scan w ith  m atched 
param eters (T E  =  T E effec tive , t <  2m in) tha t was used to  p rescribe an  under-sam pling  patte rn  and 
constra in  the  fina l reconstruction 3. T he T urboS P I signa l w as s im ulated us ing  M onte  C arlo  m ethods and 
m ode led  in the  s low  d iffus ion  regim e 4. F irs t, the  lim its  of the  m ode l were tested  fo r various R  (ce ll s ize) 
and D w  (change in  susceptib ility due to  iron load ing). T he m ode l w as com pared to  the  s im u lation  fo r these 
param eters ana lyzed by root m ean square  erro r (R M S E ). N ext, an  o ff-resonance fa t s igna l (3 .5  ppm ) w as 
added to  the  s im u la tion  and m ode led  fo r various fa t-w ater ratios to  com pare  w ith  in  vitro  and  in  v ivo  data .
R esults: In  v ivo: R 2* m aps (F igures a  and b) show  com plim entary ce ll-track ing  in fo rm ation  from  bS S FP  
(negative contrast in  tum or) and T urboS P I (h igh  R 2* in  tum or), though the  m aps show errors in  fitting  
voxe ls  w ith  s igna l tim e courses like  that in  F igure  c). In  s ilico : T he m ode l-sim u la tion  agreem ent w as firs t 
ana lyzed w ithout fa t. T he R M S E  im proved drastica lly w ith  partic le  s ize  up  to  ~2lm  afte r wh ich  the  ra te  of 
im provem ent began to  s low , w h ile  changes w ere  m ore  subtle  as a  function o f D w . T hus, the lim its  o f the  
m ode l w ere  found, ind ica ting  the  feasib le  region  (com binations of R  and D w ) to  exp lo re  fa t contributions in
s ilico . A dd ing  fa t to  the  s im ulated  da ta g ives  s igna l tim e courses  that replica te  acqu ired M R  data  in  
voxe ls  such as F igure  c). 
C onclusions/Future  W ork: W hile  T urboS P I g ives m ore  in fo rm ation than bS S FP  and o ffe rs  advanced 
quantita tion by R 2* m app ing , res idua l fa t con tribu tions resu lt in  quantification  inaccurac ies. T w o 
correction  approaches w ill be  s tud ied: add ing  fa t to  the  analytic  m ode l, and an n-po in t D ixon fa t 
subtrac tion. U nderstand ing  the s igna l th rough s im u lation  and m ore  robust m ode ling shou ld  im prove 
accuracy in  R 2* m app ing  and there fore  cellu la r quantifica tion .

R eferences:  1 .  M ajum dar S  et a l.  M ag  R es  in  M ed , 1989 ; 2 .  R ioux JA et a l. J  o f M ag  R es 2012 ; 3 .  R ioux JA  et a l. M A G M A  2017 30 (1 ):41 -55 ; 4 . R ioux JA  et a l. 
P roc. ISM R M  20, p . 1712, 2012
Figu re : Left- bSS F P  M R I w ith  R 2* m ap  of the R O I (tum or and su rround ing  tissue) overla id  w ith  a) no  fa t corrections and  b) s im ple "fa t  elim ina tion".  R igh t:  
S ignal tim e cou rse from  voxels  a t c ) inner tum or edge and d ) tum or center.  B o th  techniques  recogn ize d ) as labeled  ce lls  w hile c ) sugges ts a  com b ina tion  of 
cel ls  and  fa t.  T he fa t el im ina t ion (b ) s im ply  igno res voxels  like those in  c), how ever the uncorrected techn ique (a) fits  th is  as "on ly  cells ".
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M easuring atrophy in  the experim enta l autoim m une encephalom yelitis  m ouse m odel of m ultip le  
sc lerosis: a  9 .4T M R I atlas-based  reg ional b ra in  vo lum etric  s tudy.

N ils  D . Forkerta ,b, Jam es A . R ogersa,c and V . W ee Yonga,c, aH otchk iss B rain Institu te , U n ivers ity o f 
C a lgary, C algary, A B , C anada; bD epartm ent o f R adio logy, U n iversity o f C a lgary, C algary A B , C anada; 
cD epartm ent o f C lin ica l N eurosciences, U n ivers ity o f C a lgary, C a lgary, A B , C anada; Je ff. F  D unn$, 
E xperim ental Im ag ing  C enter, U n ivers ity o f C algary, C algary, A B , C anada.

P urpose:  G rey m atte r (G M ) a trophy p lays an  im portant ro le  in  m u ltip le  sc le ros is  (M S ) and has becom e a  
c lin ica lly re levant m arker o f degenera tion. T here  is  a  need fo r an im al m odels that fea ture  both  
neuro inflam m ation and a trophy. O ne po ten tia l m ode l is experim enta l au to im m une encepha lom ye litis  
(E A E ), w h ich  is  com m only used to  s tudy neuro in flam m ation . W e used h igh-reso lu tion  m agnetic  
resonance im ag ing  (M R I), a  B ruker cryoprobe, and a tlas-based reg iona l b ra in vo lum etrics to  de term ine 
the  extent o f a trophy in  the bra ins o f E A E  m ice  a t long-te rm  d isease.
M ethods: Fem ale  C 57B L/6  m ice  w ere  induced w ith  E A E . D isease severity was assessed us ing  a  15 
po in t scoring  system . M ice w ere  im aged a t 66  days pos t induction  (n=  27  E A E , 8  N aïve , 13  C FA  (rece ive 
im m une stim ulan t bu t no  se lf ta rge ting m ye lin antibod ies)). Im ag ing  w as done using  a 9 .4T  M R I w ith  a  
he lium  coo led  B ruker c ryoprobe us ing  a  FLA S H  sequence (TR /T E /=2000m s/6 .5m s/60o voxe l=37.5 x 37.5  
x 250m 3) (Figure  1A ). T he N 3 a lgorithm  was used to correct fo r s igna l d rop-o ff from  using  a  surface  coil. 
N iftyreg was used to  reg iste r an average bra in a tlas w ith  62  segm ented bra in  reg ions to  each dataset to  
ca lcu la te  regiona l vo lum es (Figure  1B ). S ta tis tics were  perfo rm ed us ing  an  A N C O V A  tes t w ith  body 
we igh t as a  covaria te . M u ltip le  com parisons were  contro lled  used the Fa lse  D iscovery R ate .
R esults: W e obta ined a nom inal reso lution  o f 37 .5 x 37 .5  x 250m 3 in38 m inu tes in  v ivo . C um ula tive  long-
te rm  disease scores  w ere  averaged and E A E  m ice  were  d iv ided in to  tw o groups based on w hether the ir 
scores were  above (h igh  score) o r be low average (low  score) (n=13 h igh  score  E A E , n=14 low  score  
E A E ). A fte r correcting fo r weigh t, h igh  score  m ice d isplayed sm alle r vo lum es fo r 19 ou t o f the 62  
m easured structures com pared to  N aïve, C FA , and low  score  E A E  m ice . A troph ied  structures inc lude 
bo th G M  and W M  regions such as  cerebra l cortex (Figure  2A ), corpus ca llosum  (Figure  2B ), 
cerebe llum , h ippocam pus, tha lam us, and stria tum .
D iscussion/C onclusions:  E A E  m ice  exh ib it s ign ifican t reductions in  b ra in  volum e in  the long-te rm  
phase o f the d isease. T he a troph ic  s tructu res bear s im ila rity to  those that feature  a trophy in M S . T h is 
suggests tha t the  E A E  m ode l m ay be a  good m ode l to  s tudy the m echan ism  beh ind  a trophy. T he E A E  
m ouse m ode l, w ith  th is  im ag ing  pro toco l, has  the  po tentia l to  be  a  m ode l fo r s tudying  a trophy and fo r 
testing fu tu re  neuropro tective  therapeutic  trea tm ents. 
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O ptim ization of u ltrahigh fie ld lM R I m ethods to m onitor b ra in d isorders in Zebrafish m odel of 
depression.

U pasana R oya,b , A . A lia b ,c and Jörg M atys ik $ , aU n ivers itä t Le ipzig, Institu t fü r A na lytische C hem ie , 

L innéstr. 3 , D -04103 Le ipzig , G erm any; bU n ivers itä t Le ipzig , Institu t fü r M ed izin ische P hysik und 

B iophysik , H ärte ls tr. 16 , D -04107 Le ipzig , G erm any; M arce l S chaaf*, cInstitu te of B io logy Le iden,  

U n iversity o f Le iden, S ylv iusweg 72, 2333 B E Le iden , The N etherlands.

In troduction

In th is s tudy, we have optim ized and applied h igh reso lu tion m ic ro -M R I m ethods to investiga te whether 

g lucocortico id induced depression can cause any specific s tructura l changes in the bra in. O n our quest, 

we have used adu lt zebra fish as m ode l o rgan ism (1). Zebra fish m ode l is increasing ly used fo r 

understand ing bra in d iseases inc lud ing neurodegenera tive d isorders . H ow ever due to sm all s ize o f the 

bra in , non-invas ive im ag ing m ethods w ith zebra fish are cha llenging . In our case, we have been ab le to 

characterize the anatom ica l de ta ils o f the adu lt zebra fish bra in and found changes wh ich cou ld be 

attribu ted to the depress ion .

S ubjects and M ethods

M R I m easurem ents were perfo rm ed at 9 .4 T vertica l bore system , using a b irdcage rad io frequency co il 

[d iam eter 10 m m ] and a 1 T m -1 gradien t insert (2 ). T
2
-we ighted M R im ages w ere acqu ired by R A R E 

sequence [echo tim e (T E ) = 10 .567 m s (22.45 m s e ffective), repetition tim e (TR ) = 5s, averages = 64 , 

echo tra in length = 4 , FO V = 1.2 2 cm 2 , m atrix = 256 2, reso lution 47 lm ]. For T
2
 re laxa tion m easurem ent, 

M S M E sequence was used. T he whole-body fa t m app ing was done using C H E S S sequence [T R =1s, 

TE =3.4 m s, FO V =2 2 cm 2 and m atrix =128 2 ]. 1H chem ica l sh ift im ag ing (C S I) w as perfo rm ed a t 7.0 T 

m agnet w ith T E =15 m s, T R =1.5 s and N S =256. 

R esults and d iscussion 

O ptim ized R A R E sequence prov ided su ffic ien t reso lu tion to identify specific m arkers in bo th sag itta l and 

corona l d irection from adu lt zebra fish bra ins. S om e structura l d iffe rences were seen in the tw o groups. 

C S I and C H E S S m easurem ents m ap fa t in the contro l and G R m utant fish. S igna ls be tween 0 .80 to 1 .25 

ppm w ere chosen to m ap fa t s igna ls. Furtherm ore , th is s tudy dem onstra tes that m ic ro -M R I is an effic ien t 

too l to successfu lly v isua lize hum an d iseases in zebra fish m ode ls.

R eferences

(1 ) Z iv L et a l. (2013) M o l P sych iatry 18 : 681. (2 ) K ab li et a l. (2010) Zebra fish 7 : 143.
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M easurem ent of transverse re laxation properties  of w hole  b lood at low  m agnetic  fie lds

Y. C . T zeng, W ellington  M ed ica l T echno logy G roup, C entre  fo r T ransla tiona l P hysio logy, U n iversity o f
O tago W elling ton , N ew  Zea land; D . G . T hom as and P . G alvosas*a ,b, aV icto ria  U n ivers ity of W elling ton ,
S C P S , N ew Zealand; bM acD iarm id  Institu te  fo r A dvanced M ateria ls  and N anotechno logy, N ew  Zea land;
S . O bruchkov , R ob inson R esearch Institu te, V icto ria  U n iversity o f W elling ton, N ew  Zea land; P .D . T ea l,
V ic to ria  U nivers ity o f W elling ton, E C S , W elling ton , N ew Zea land.

P urpose:   W e se t ou t to  de term ine w hether changes in  physio logica lly im portan t b lood param eters can 
be  derived  from  transverse  re laxa tion  T 2 m easurem ents a t low  fie lds. 

The re lationsh ip  be tween the  oxygenation o f b lood, and the  transverse  re laxa tion  ra te  o f w ater pro tons 
has  been prev iously investiga ted  by m any researchers  e .g . T hu lborn  and O gaw a [1 ,2 ]. T his  b lood oxygen 
leve l dependent (B O LD ) e ffect is  caused by the susceptib ility change o f oxy/deoxy-hem oglob in , crea ting  
m agnetic fie ld  inhom ogeneities, wh ich  a ffect the  re laxa tion  o f w ater p rotons d iffus ing  th rough those 
reg ions.  B ecause the oxy/deoxy-hem oglob in  fraction  is d irectly linked to  the  partia l pressure  o f oxygen 
(pO 2) in  b lood, the re laxa tion ra te  o f b lood, w h ich  increases quadra tica lly w ith  the deoxyhem oglob in  
fraction  [1 ,3 ], can  be  used as  an ind irect p roxy o f b lood and there fore  tissue oxygenation . 

Th is  re laxa tion  e ffect has been w ell characterised a t fie lds grea ter than 1.5  T , m ain ly due to  its  
im portance in c lin ica l s tudies (e .g . fM R I). It is  know n tha t the  s ize  o f the  re laxa tion  change is  p roportiona l 
to  B 2, and that the observed re laxa tion  ra te  fo llow s a  s im ila r dependency on  C P M G  echo tim e to  
chem ical exchange type system s (Luz-M eiboom  equation)[1 ,4-7 ]. H ow ever, at lower fie lds there have 
on ly been a handfu l o f experim enta l s tud ies o f th is  e ffect, and they have been lim ited to  m easurem ents a t 
extrem e levels  o f oxygenation / deoxygenation [6 ,7 ].

In  th is  s tudy, w e investiga ted  th is  oxygenation  dependent re laxa tion  o f b lood a t fie lds rang ing  from  0 .05  to  
1.5  T  us ing  a  variable  fie ld  m agnet system . W hole hum an b lood was continuous ly pum ped th rough a  
c ircu it conta in ing  an  oxygenation  m em brane, wh ich  p rov ided dynam ic contro l o f the  oxygenation  and 
other physio log ica lly im portan t param eters be fore  it trave lled in to  the  m agnet. T his  a llow ed us to  m easure 
sm all varia tions in  the  b lood oxygenation , ra ther than the two po in t s tudies  wh ich have been done 
prev iously. A dd itiona lly, we characterised the  effect o f d iffe rent C P M G  echo tim es on the  observed 
re laxa tion ra te , and have com pared the results  to  m odels w h ich  have been deve loped and tested a t 
h igher m agnetic  fie lds.

[1 ] K . R . T hulborn  e t a l. B ioch im . B iophys. A c ta714  265270 (1982)
[2 ] S . O gaw a e t a l. P N A S 87  98689872 (1990)
[3 ] W . M . S pees e t a l. M agn. R eson. M ed.45  533542 (2001)
[4 ] B . S te fanovic and G . B . P ike , M agn. R eson. M ed.52  716723 (2004)
[5 ] K . G rgac e t a l. M agnetic  R esonance Im ag ing38  234249 (2017)
[6 ] J. M . G om ori e t a l., J . C om p. A sstd . Tom og. 11  684  (1987)
[7 ] R . A . B rooks  e t a l., J. M agn. R eson. Im aging5  446450 (1995)
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S hort-tim e m agnetization preparation fo r M R I o f sprays

Igor M astikh in *$ and S hahla  A hm adi, M R I C entre , U n ivers ity o f N ew  B runsw ick , F rederic ton, N B  C anada; 
K yle  B ade, S praying  S ystem s C o., , S pray A na lys is  and R esearch  S erv ices, , W heaton, IL U S A .

    T he process of spray a tom iza tion , i.e ., the  transform ation o f a  continuous liqu id  je t in to  lm -sub-m m  
sized drople ts , is  ub iqu itous  in  industry. Its  e ffic iency determ ines how w e ll the liqu id  is  m ixed w ith  a ir 
(d irect in jection  eng ines) o r spread over a  surface  (pa inting , agricu lture). A t the  sam e tim e, the process is  
qu ite  com plex to ana lyze theore tica lly and study experim enta lly.  

   O ne o f the m ain s trengths o f M R I is  its  ab ility to  sensitize spatia lly-resolved N M R  signa l to  a  w ide 
variety o f physical and chem ical param eters . T he sensitiza tion is  com m only done at the  prepara tion  
stage v ia  a  specific  com bination  o f R F pu lses, m agnetic  fie ld  g rad ien ts and delays, w ith  a  subsequent 
readout im ag ing  sequence. T he separa tion o f the  prepara tion  and readout perm its  a  quantita tive  analys is  
of con tribu tions o f each part in to  the  s igna l. 
    H ow ever, s tandard  prepara tion  schem es are  d ifficu lt to  em ploy fo r s tud ies of sprays due to  the ir fast 

speeds (>  10-20 m /s). A ll steps o f the  pu lse  sequence (exc ita tion , p repara tion , spatia l encod ing , and 
readout) m ust be  executed  while a  s ign ificant portion  of the  sam ple  rem ains w ith in the sensitiv ity region  
of the R F probe. In  addition, sprays are  usua lly low-density system s, lead ing  to  a  poor S N R  and a  need 
fo r m assive  s igna l averaging  and long acqu is ition  tim e.
    In  th is  paper, w e reduced the in te rval be tw een the prepara tion  and the readout s tages  dow n to  0.1  m s 

by perfo rm ing  S P I encod ing on  the ris ing  grad ien ts. T h is a lso  enabled  the  use o f 90-degree flip  ang les to  
m axim ize the  s igna l. For an  R F co il length  L , spray speed V , and sequence repetition tim es T R  >  L/V , the  
m agnetiza tion o f the  water spray rem ains  unsatura ted w h ile the  one associa ted  w ith  the sta tionary w ater 
on  the se tup wa lls  is  heavily sa tura ted  and thus  does no t con tribu te  s ignifican tly to the  acqu ired im age. 
F inally, the use o f g rad ients during  preparation  s tage was e lim ina ted  due to  their tim e-consum ing rise  
and stab iliza tion tim es. T his  lim ited  possib le  p repara tion  schem es to  a  com bina tion  o f R F  pu lses and 
de lays. 

   T he two prepara tion  schem es presented here  are  T im e-o f-F ligh t (T O F) and T1-we igh ting  schem es. 
The to ta l dura tion  o f the sequence (w ithout T R ) w as 0 .24  1 .1  m s fo r the  TO F and 0 .41  m s fo r T 1. In  
series  o f im ages obta ined w ith  the  T O F schem e (9  T O F de lays), the  d isp lacem ent of the  liqu id  parce l is  
c learly no ticeab le ; the  da ta  can be u tilized  to  m easure  the spray speeds. T he T 1 prepared im ages o f the 
near-a tom ization  reg ion (11  sp in -lock ing fre -quenc ies, 0   15  kH z) show ed a  strong s igna l a ttenuation  a t 
h igher frequencies. T h is can be  exp la ined as a p resence of h igh-frequency v ibra tions of the  liqu id  sheet 
in  the  a tom ization  reg ion .
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Q uantita tive  assessm ent o f m esoscale  netw ork structure  in  j -carrageenan gels  by m eans of
m agnetic  resonance nanoprobe d iffusom etry 

J van D uynhoven $a,b ,d and L  Zu idgeesta ,b ,d, aU n ilever R & D  V laard ingen, V laard ingen, T he N etherlands ; H  
V an A s*b ,d, D  de  K ortb ,d, J  H ohlbe in , bLabora tory of B iophysics, W agen ingen U n ivers ity and  R esearch , 
W agen ingen, T he N etherlands ; S  H an and M  E m ondts, U n iversity o f C a lifo rn ia, S anta  B arbara, U S A ; N  
Lorenc,d and E  S chuster, cC halm ers  U n iversity, G otenborg , S weden; H  Janssen, S yM O C hem  B V , 
E indhoven, T he N etherlands; dT I-C O A S T , T he N etherlands.

M any food system s com prise  perco lating  and to rtuous b iopo lym er ne tworks that a re  no toriously d ifficu lt to  
describe quantita tive ly at the  sub-m  sca le . A na lys ing the se lf-d iffus ion  behav iour o f nanopartic les in  these 
ne tworks, we ob ta ined sub-lm  structura l in fo rm ation  that com plem ents m icroscop ic  in form ation . For th is  
purpose, we designed and synthesized a  su ite  of spherica l nanopartic les w ith  de fined d iam eters in  the  3-
30  nm  range. The designs of these partic les w ere  e ither based on  dendrim ers  or com plex coacerva te 
core m icelles (C 3M ). T he partic les  were  passiva ted  by P E G yla tion and functiona lized w ith  spectroscop ic  
labe ls  (19F , T E M P O ) to  observe  their m ob ility by 1H  and 19F  P ulsed F ie ld  G rad ient N M R , and O verhauser 
D ynam ic N uclear P olariza tion  (O D N P ). For dem onstra ting  our nanoprobe d iffusom etry approach we used 
j -carrageenan ge ls  p repared w ith  d iffe ren t N a +/K + sa lt s trengths as m ode l system s. B y us ing  Johnson 's
m ode l fo r partic le d iffus ion  in fibrous ne tw orks, w e determ ined the average network  m esh s izes and
obtained ev idence fo r the  presence o f sa lt s trength  dependent sub-lm  netw ork  he terogene ity. O ptica l
ensem ble  (FR A P , FC S , R IC S ) and s ing le-partic le  track ing  (T IR F  m icroscopy) d iffusom etric techniques,
app lied  to  fluorophore-labe lled  nanopartic les , va lidated  the ge l network  s tructu ra l descrip to rs derived
from  N M R  nanoprobe d iffusom etry.
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The A pp lication of D iffus ion  Tensor Im aging to  a  Turbulen t G as F low  S ystem

A . G auth ie r and B . N ew ling*$, U nivers ity o f N ew  B runsw ick , Frederic ton , C anada.

D iffus ion  tensor im ag ing (D T I) [1 ] is  a  techn ique used in  m edica l im ag ing  to  de term ine the princ ipa l axis  
a long wh ich  a  flu id  is  d iffus ing . T his  
in fo rm ation  can then be used to  trace  fib res in  
the  bra in  o r m uscle . A pp lying  th is  techn ique to  
a tu rbulen t gas flow  system  o ffe rs  a  new 
perspective  on  the behaviour o f tu rbu lence, 
wh ich  can be described by fluc tuations in the  
ve loc ity fie ld  o f the flu id [2 ].  C haracteriza tion  o f 
tu rbulence is  im portant fo r understand ing  
energy loss in  system s such as w ind  tu rb ines , 
aeroplanes, and p ipe flow s, as we ll as fo r 
in fo rm ing num erica l so lutions to  the  N avier-
S tokes equations. In  re lative ly s im p le  flow  
system s such as the one used in  th is  
experim ent, tu rbulence is  o ften assum ed to  be  
iso trop ic , however use o f M R I show s tha t it is  
no t.

In th is  experim ent, su lfu r hexafluoride  gas is  
rap id ly flowed (~20 m /s) th rough a  p ipe w ith  a  
hem icylindrica l obstruction . T he bu lk  flow  is  
orien ted  a long the z-axis . T urbulence in th is  
system  is quantified us ing  the  eddy se lf 
d iffus iv ity tensor. E ddy self d iffus iv ity describes 
the  fluctua tions  in  the  ve locity fie ld of the gas, 
and m an ifests in  an M R I m easurem ent as an  
attenuation  in  s ignal am plitude due to  the  
presence o f m otion-sensitiza tion . T hus, s ix 
separate  m easurem ents each w ith  m otion-
sensitiza tion  on  a  d iffe ren t axis, p lus one m easurem ent w ithout m otion-sensitiza tion are  needed to 
ca lcu la te  the  fu ll eddy se lf d iffus iv ity tensor. The S P R IT E  pu lse sequence w as used fo r these 
m easurem ents [3]. P re lim inary resu lts  show non-zero  eddy se lf d iffus iv ity on ly in  the  x-, y- and z-
d irections, w h ich  suggests that these are  the  princ ip le  axes a long wh ich  the  veloc ity fie ld  is  fluctua ting. 
S ign ifican t peaks in  eddy se lf d iffus ivity are  observed in  each case loca ted  in  d iffe ren t p laces in  the 
sam ple space, wh ich  dem onstra tes tha t the  assum ption o f iso trop ic tu rbu lence is  no t va lid  for th is  flow  
geom etry.

R eferences:
[1 ] B asser, P .J ., Ö zars lan , E ., "A n iso trop ic  D iffus ion : F rom  the  A pparent D iffus ion  C oeffic ien t to  the
A pparent D iffus ion  T ensor", D iffus ion  M R I: T heory, M ethods, and A pp lications, D . K . Jones, O xford
U niversity P ress, 2011
[2 ] E cke, R ., "The T urbu lence P rob lem : A n E xperim enta lis t's  P erspective", Los A lam os S cience, 29 , 124-
141, 2005
[3 ] N ew ling , B ., P o irie r, C . C ., Zh i, Y ., R ioux, J . A ., C oristine  A . J ., R oach, D ., B a lcom , B . J ., "V e loc ity
Im ag ing o f H igh ly T urbu lent G as F low ", P hysica l R eview  Lette rs, 93(15), 2004
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M onitoring  carbonate  d isso lu tion  using  spatia lly reso lved  under-sam pled  propagators  and  M R I

A .J. S ederm an, A .A . C olbourne, M .D . M antle  and L.F . G ladden, M agnetic  R esonance R esearch  C entre , 
D ept. o f C hem ica l E ng ineering  and B iotechno logy,, U n ivers ity o f C am bridge, C am bridge, C B 3 0H E , U K .

The d isso lu tion  o f a  porous rock  m atrix by an ac id ic  flow  causes a  change in the pore  s tructure  and 
consequently the  pa ttern  o f flu id  flow  and rock  perm eab ility. T his  process is  re levant to  m any areas o f 
practica l re levance such as enhanced o il recovery, water contam inant m igra tion  and sequestra tion o f 
supercritica l C O 2. T he m ost im portan t govern ing  factors for the type o f change in  the  pore  space are 
re la ted  by the  P écle t (P e) and D am köh ler (D a) d im ensionless num bers; these com pare  the transport 
properties o f the  flu id  in  the  porous m ed ium  w ith  the  reactive  properties of the so lid  m atrix and the 
inc ident flu id  respective ly. V aria tion  in P e and D a can cause very d ifferen t evo lution  regim es o f the pore  
space and flow  can occur, rang ing  from  a  un iform  d isso lu tion through d iffe ren t "worm holing" reg im es 
(show n on the left hand s ide  o f figure  1) to  face  d isso lu tion. 
H ere , N M R  spatia lly reso lved propagators have been used to  m on ito r the  evolu tion  o f flu id flow  during a  
reactive  d isso lu tion rock  core  flood . A  m ethod o f under-sam pling  the  q-space da ta  has been developed in  
order to  m easure  the  propagators a t suffic ien t d isp lacem ent reso lu tion and in  a  tim esca le  tha t is  short 
enough to  capture  the  changes in s tructu re  and flow . T he h igh ly under-sam pled  (4% ) q-space data , 
wh ich  typ ica lly reduces  the  acquis ition  tim e from  2  hours  to  6  m inutes, has been show n to  p roduce 
equ iva len t p ropagator resu lts  to  the  fu lly sam pled  experim ent (as illus tra ted  in the graph on  the  right hand 
s ide  o f figure  1). C om bin ing  these propagator m easurem ents w ith  quantita tive and fast im ag ing  
techn iques as we ll as re laxa tion m easurem ents, a  fu ll tim e-reso lved p ic tu re  of the d isso lu tion reaction is 
bu ilt up . E xperim ents have been done on  fo r bo th K etton and E sta illades carbonate  rock  cores. These 
rocks possess d iffe rent pore  space topo log ies w h ich  resu lt in  very d iffe ren t d isso lu tion  behaviours.
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D iffusion tensor d istribution im ag ing

D  T opgaard *$, D epartm ent o f C hem istry, Lund U n ivers ity, Lund, S w eden.

D iffus ion  tensor im ag ing (D T I) g ives voxe l-averaged in fo rm ation about b io log ica l tissue properties  such 
as ce ll density, shape, and orien ta tion. W hile  the  conventiona l D T I param eters sensitive ly report on 
changes in  any of these properties, they ra re ly g ive  unam biguous in fo rm ation about wh ich one of them  
has  changed - in  particu la r fo r he terogeneous voxe ls  conta in ing  m ultip le tissue types. T o  m itigate  th is  
prob lem , we here  in troduce a  m ethod fo r quantifying the m icrostructure  o f a heterogeneous voxe l as a 
d iffus ion  tensor d is tribu tion  (D TD ) that we estim ate  w ithout any prio rs  o r constra in ts  on  the num ber o f 
com ponents or the ir ind iv idua l p roperties. A  m icroscop ic  d iffus ion  tensor is  param eterized w ith  its 
iso trop ic  average ("s ize") D iso , ra tio  be tw een axia l and rad ia l d iffus iv ities ("shape") D A /D R , and orien ta tion  - 
param eters tha t a re  g iven by the  loca l ce ll density, shape, and orien ta tion. K ey fo r d isen tang ling  the  
in fo rm ation  about tensor s ize , shape, and orienta tion is  to  corre la te  iso trop ic and d irec tiona l d iffus ion  
encod ing  [Topgaard , J. M agn. R eson. 275, 98 (2017)]. E xperim ents w ere  perfo rm ed on a  com posite  
phantom  constructed  from  a  5  m m  g lass tube w ith  a  reverse  hexagona l liqu id  crysta l ins ide  a  10  m m  
glass tube w ith  an  aqueous polym er so lu tion . D ata  was  acqu ired  on  a  B ruker 11 .7  T  m icro im ag ing 
system  w ith  s ing le -shot R A R E  read-out at 0 .6×0.6  m m 2 in -p lane spatia l reso lution , 16×16 m atrix s ize , 1  
m m  slice  th ickness, and com binations o f isotrop ic  and d irectiona l d iffus ion encod ing  genera ted  by 
sm ooth ly m odu la ted grad ien ts w aveform s. A fte r s tandard  im age reconstruc tion, the  D T D s w ere  
estim ated  fo r each voxe l by num erical invers ion  of the  s igna l data  us ing  in-house M atlab  code. T he 
experim enta l resu lts  in  the  figure  verifies that our new  approach yie lds da ta  w ith  su ffic ien t in fo rm ation  fo r 
unconstra ined invers ion  in to  D T D s, w hich is  in  s ta rk  contrast to  a ll o ther d iffus ion M R I m ethods  ava ilab le  
today. In  neuro im ag ing , voxe l-by-voxel estim ation  o f D TD s w ill perm it m app ing o f nerve  fiber o rienta tion 
d is tribu tions, axia l and radia l d iffus iv ities  of d is tinct fiber popu la tions, as we ll as frac tions of cerebrosp inal 
flu id , us ing on ly a  m in im um  of m odeling  assum ptions.
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 2�4�
Investigation o f continuum  m echan ics m odels  of granular flow  by M R I

LA  Fulla rd  and C  D avies, M assey U n ivers ity, P a lm ers ton N orth , N ew  Zea land; P  G a lvosas, V ic to ria  
U n iversity o f W elling ton , W elling ton , N ew  Zea land; D J H o lland, U nivers ity of C anterbury, C hristchurch , 
N ew Zea land.

H ere  we deve lop an  appara tus to  perm it quantification o f the continuum  dynam ics o f a  g ranu lar flow  in  
th ree-d im ens iona l (3D ) hoppers  us ing  M R I. It is  desirable  to  be  ab le  to  describe granu lar m ateria ls  us ing 
continuum  m echan ics, as  d irect m odelling  of every indiv idua l partic le  is in tractable  fo r rea lis tic flows. 
H owever, the  shear ra te  and density dependence o f the rheo logy m akes the app lica tion  of conventiona l 
continuum  m ode ls cha lleng ing . T he so  called  "l (I)" granu lar fric tion  law  m ode l has been proposed to  
prov ide  a  continuum  descrip tion o f granular flow  [1 ]. U sing  th is  law , fric tion  is  characterised  by th ree  
m easurable  param eters: l s, the  fric tion  fo r a s ta tic  bed of g ra ins, l 1, the  m axim um  possib le  fric tion  in the
dense reg im e, and I0, a  shape param eter. T he l (I) m ode l has shown prom ise  fo r characteris ing  inc lined
plane experim ents [1 ], the granu lar co lum n co llapse  [2 ], and o thers [3]. H ow ever, quantita tive  
experim enta l va lidation  o f the  m odel has  la rgely been confined to  observa tions a t the  w a ll o f quasi-two-
dim ensional granu lar flows . M R I perm its  quantifica tion  ins ide  3D  granular flow s, prov id ing  un ique 
va lidation data  fo r these num erica l m ode ls. 

H ere  we study flow  in  hoppers m anufactured us ing  3D  prin ting to  enab le  easy m od ifica tion o f the  
geom etry o f the  hopper.  T he wa ll fric tion w as increased by fixing  partic les  to  the w a lls  of the  hopper, o r 
reduced by w ash ing the surface  of the hopper w ith  ace tone to  p roduce a sm ooth surface . T he seeds  flow  
down from  a  la rge  reservo ir a t the  top o f the m agnet, th rough the hopper and into  a  bo ttom  reservo ir fo r 
co llection . T h is  a rrangem ent enab led  m easurem ents to  be  taken continuously over a  period  of severa l 
hours by period ica lly re -filling  the  upper hopper. H ere  poppy seeds (d iam eter dp =  0 .5  m m ) were  used as 
they prov ide  a  s trong s igna l fo r M R I.  M R I m easurem ents  of the  ve loc ity in  bo th  vertica l and horizonta l 
p lanes w ere  ob ta ined fo r d iffe rent hopper configurations us ing  phase contras t ve loc ity im aging .  E xam ple  
da ta fo r the veloc ity in  the  vertica l p lane a long the  centre line  o f an  as-prin ted  hopper (i.e . w ith  no w a ll 
fric tion m od ifica tion) a re  show n in  (a ).  The m easurem ents  w ere  com pared w ith  num erica l p red ictions 
ob ta ined us ing  the l (I) g ranu lar fric tion law  in  (b ).  T he m ode l quantita tive ly recovered the  ve loc ity 
d is tribu tion  m easured by M R I, inc lud ing  the onset o f fast flow  observed 18  m m  above the  open ing .

[1 ] P . Jop, Y . Forte rre, and O . P ou liquen, N ature , vo l. 441, no . 7094, pp . 727-730, 2006.
[2 ] P .-Y . Lagrée, L . S taron , and S . P op ine t, J . F lu id  M ech. vol. 686, pp . 378-408, 2011.
[3 ] M . T ankeo, P . R ichard , and É . C anot, G ranu l. M atte r, vo l. 15 , no . 6 , pp. 881-891, 2013.
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Jet dynam ics in  supercritica l flu id  flow

H .T . Fab ich *, M .S . C onrad i, S .A . A ltobe lli, D .O . K uethe and E . Fukushim a $, A B Q M R , Inc., A lbuquerque, 
N M , U S A .

Jet flow , o r flu id  flow  th rough a sm all o rifice  in to  
a la rger vesse l, is  re levant from  hot tubs  to  
d iesel in jecto rs .  For d iese l in jecto rs, h igh  
tem pera tures and pressures are  em ployed 
m ean ing  the  flu ids m ay be supercritica l, 
substan tia lly chang ing  the  flow  and m ixing 
properties. 

The critica l po in t of a  flu id is  defined by the  
pressure  and tem pera ture  (P c, T c) where  a 
liqu id  and its vapor becom e ind is tingu ishab le . 
S upercritica l flu ids, w ith  P  >  P c and T  >  T c a re  
know n to have a  gas-like v iscos ity, liqu id -like 
density, and no surface  tension .

P re lim inary 2D  ve loc ity encoded im ages fo r je t 
flow  o f hexafluoroethane (C 2F 6), P c =  3 .05  M P a, 
T c =  19 .9¸C , w ill be presented as dep ic ted in
F igure  1a . F igure  1b  is  a  m ap o f long itud ina l 
ve loc ity a t 2 .07  M P a, subcritica l, and F igure  1c  
at 3 .05  M P a, critica l.  P ressure  is  m easured a t 
the  rec ircu la ting pum p in le t wh ile  the  
tem pera ture  w as contro lled  to 20  ±  2¸C , c lose  
to  T c. For a  constant m ass flow , the je t 
ve loc ities  are  400 m m  s -1 (R e =  8000) and 130 m m  s -1 (R e =  4000) for F igure  1b  and 1c, respective ly, 
due to  a  flu id expansion  ra tio  o f approxim ate ly 3  be tween the  tw o pressures.  T he je t in  F igure  1b , be low 
the  critica l poin t, d issipa tes m ore  qu ick ly.  E ven a t a low er je t ve loc ity, near the c ritica l po int, h igher 
ve loc ities  are  m easured in the  vesse l as the m oving  flu id  re ta ins a  re lative ly narrow pro file  th roughout the 
im aging  reg ion, as shown in  F igure  1c.  In  addition , F igure  1c show s the jet fa lling  in  the  grav ita tiona l fie ld  
indica ting a  density varia tion between the flow ing and non-flow ing flu id. T hese m easurem ents are  a s ta rt 
toward  be tte r understand ing  supercritica l je t flow  and flu id  m ixing.
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M agnetic  resonance ang iography at 17 .6T resolves b lood  flow  defects  and dynam ics in  AD  m ouse 
brain  in  v ivo

A  A lia *$a ,b, aInstitu te  o f M ed ica l P hysics and B iophysics, , U n ivers ity o f Leipzig, Le ipzig , G erm any; F  K ara  
and H JM  de G root, bLe iden Ins titu te o f C hem istry, , Le iden U niversity, Le iden, N etherlands; S  R oßner, 
D epartm ent o f N eurochem istry, U nivers ity o f Le ipzig , G erm any; J  M atys ik , Institu te  o f A na lytica l 
C hem istry, U n ivers ity o f Le ipzig , Le ipzig, G erm any.

M agnetic  resonance ang iography (M R A ) prov ide  3D  im ages o f b lood vesse ls  in  v ivo  and has show n 
grea t poten tia l to  s tudy b lood flow  abnorm alities non-invasively in  m any neurodegenera tive  d iseases 
inc luding  A lzheim er's  d isease (A D ). H owever im p lica tion  of M R A  in  sm all an im al m ode ls is  lim ited  due to  
sensitiv ity issues. In A D , the  deposition  of am ylo id  peptide  in the  cerebra l vesse l w a lls , know n as 
cerebra l am ylo id  ang iopathy is  frequently observed, lead ing to  b lood flow  abnorm alities . V isua lization  o f 
the  changes  in  b lood vesse l s tructure  is  im portan t fo r early d iagnosis  and treatm ent o f A D . In th is  s tudy 
we optim ized h igh  reso lution M R A  at u ltra -h igh m agnetic  fie ld  (17.6T ) to  long itudina lly m onito r changes in  
bra in  arte ries in  liv ing A D  m ice . T o find  the  op tim um  com bina tion  of param eters fo r T O F M R A  a t 17.6  T , 
rad io frequency pu lse  repetition  tim e (T R ) and pu lse  flip  angle  (FA ) were  stead ily varied . Large vesse ls  
w ith  re lative ly h igh  b lood flow  has exce llen t v is ib ility a t a ll com bination  o f FA  (20°- 50°) and T R  (15 - 
40m s). H owever sm all vessels  such as azP A  are  be tte r delineated  a t sm aller FA  (20°). V isua l and 
quantita tive  ana lys is  of M R A  resu lts  revealed  severe  b lood flow  defects  in  la rge and m ed ium  s ized b lood 
vesse ls  in  A D  m ice  bra in  (F ig . 1 ). H is to log ica l data  show  tha t Ab  levels  in  the vesse l wa ll m ay be 
responsib le  fo r im pa ired  b lood flow , thereby contribu ting  to  the  early progression  of A D . M R A  stud ies a t 
17 .6T  prov ide a powerfu l non-invasive  too l to  test the e ffectiveness o f pu ta tive  d isease-m od ifying  
therapeutic  in te rvention in  A lzhe im er's  m ouse bra in.
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A com parative  study of s ite - and zonal-dependent ostearthritic  cartilage changes w hen using  low -
resolu tion  and m icroscopic  M R I

F B adar and Y  X ia *$, , D epartm ent of P hysics and C enter fo r B iom edica l R esearch , O ak land U n ivers ity, 
R ochester, M I, U n ited  S ta tes.

In troduction: O steoarth ritis (O A ) is  a com m on 
disease o f a rticu la r cartilage, wh ich has an  a lte red  
m olecu lar com position  (g lycosam inog lycan G A G , 
water) and structura l in tegrity (co llagen). These 
changes can be detected  by M R I re laxom etry (1 ), 
wh ich  are  s ite  and zona l specific  (2 ). B y im plem enting 
a new  m ethod o f zona l ana lys is  on  a  low  reso lution  T2 
m ap, w e show  the ab ility to  quantify the  com plex site -
specific  depth-dependent re la tionsh ips be tw een 
hea lthy and O A  cartilage , us ing bo th  h igh- and low -
resolution im ages.

M ethods:  T we lve in tact norm al (N ) can ine  knee jo in ts  
were  com pared to  contra late ra l (C ) and osteoarth ritis  
(O A ) (s ix each). U sing  a 7T /20cm  M R I system , T2 
m aps of the  in tact jo in t w ere  constructed  a t 
100µm /p ixe l. F rom  the m ed ia l tib ia , T2  pro files o f five  
topograph ical loca tions (i.e . s ites ) w ere  subd iv ided in to  
th ree h is to log ical zones (S Z, T Z, R Z) (3 ), w ith  the 
rad ia l-zone fu rther d iv ided in to  tw o equa l ha lves (R Z1, 
R Z2). A fte r harves ting the  ind iv idual cartilage-bone 
b locks from  the  five  topograph ical s ites , T2  (a t 0º and 
55º from  B 0) and T 1 (55º) im ages (in  gado lin ium ) w ere  
constructed fo r each specim en at ~  20  µm /p ixe l us ing  
a 7T /9cm  µM R I B ruker sys tem . 

R esults:  T he low-reso lu tion  (100 µm /p ixel) M R I T 2 m ap (a) o f a hea lthy tib ia  is  com pared w ith  the  h igh-
resolution (20 µm /p ixe l) M R I T 2 (0º and 55º) o f cartilage from  the  nearly identica l surface  loca tion . T he 
depth-dependent p ro files  (d ), from  the  se lected  R O I in  (a -c), show the  specific  d iffe rences between the 
low- and h igh-reso lution  M R I due to  m agic ang le  e ffect and tissue properties. B y com paring  the  
topograph ical and zona l changes between hea lthy and O A , a s ta tis tica l d iffe rence can be  found in  the 
d isease progress ion from  s ite -to -s ite . T he T 2 pro files fo llow  an inverse  trend to  the  T 1 pro files, con firm ing 
tha t the decrease in G A G  (T 1-a fter) resu lts  in  an increase o f T 2 . T his  ana lys is  is  zona l specific , w ith  each 
of the five s ites show ing d iffe ren t O A  progress ion . 

C onclusions:  M ost c lin ical M R I s tud ies o f O A , due to  the  lack  o f su ffic ien t resolu tion , show an average 
s ite -, zona l, and unspecified orien ta tiona l d iffe rence between hea lthy and O A  cartilage (2 ). H ence the  
sensitiv ity o f M R I towards c lin ica l O A  is  reduced. S ince cartilage has a  s trong T 2 aniso tropy tha t is  depth-
dependent w ith  a  s ign ifican t topograph ica l varia tion , our s tudy o f cartilage using  µM R I can prov ide  the 
m iss ing  info rm ation in  the  low-reso lu tion M R I of O A  cartilage. W e show  a  prec ise  zona l d iv is ion  in  
articu la r cartilage  is  im portan t in  the clin ica l m anagem ent o f O A . 

Acknow ledgem ents: T he authors a re  gra te fu l to  D r. Jam es R  E w ing and D r. G ary D ing (H enry Ford  
H osp ita l, D etro it) fo r the ir ass is tance and access to  the  7T /20cm  M R I system . T he authors  thank  N IH  fo r 
the  R 01 grants (A R 052353, A R 069047). 

R eferences: (1 ) A pp M agn R eson 2017, 48:407. (2) M agn R eson M ed 2004, 52 :41-6 . (3 ) Q uant Im ag ing  
M ed S urg 2017, 7 :227-37.
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D iffusion N M R  of E lectro lyte  D ynam ics C onfined  to  C arbon B ased  G as D iffusion E lectrode 
Fram ew orks 

S . M erz*, P . Jakes, H . T em pel, S . E urich , H . K ung l and J. G ranwehra,b, aForschungszentrum  Jü lich
G m bH , Institu te  o f E nergy and C lim ate  R esearch , Fundam ental E lectrochem istry (IE K -9), 52425 Jü lich ,
G erm any; bbR W T H  A achen U n ivers ity, Institu te o f T echn ica l and M acrom olecu lar C hem istry, 52074
A achen, G erm any.

D ynam ics o f flu ids confined to  porous hosts a re  fundam enta lly d iffe ren t com pared to  the  bu lk  s ta te . Th is  
aspect p lays a  key ro le  fo r the  deve lopm ent and enhancem ent of gas d iffus ion  e lectrodes (G D E ) 
fram eworks s ince  it constitu tes a  m ajor bottleneck  fo r reaction  k ine tics, ion and e lectron  transport. T he 
G D E  com ponent there fore  de term ines the  perfo rm ance o f batte ries, fue l ce lls  and e lectro lysers. W ith  the  
advent o f ion ic  liqu ids (IL ) a  new c lass of "green so lvents" has been introduced w ith  the  po tentia l to  
rep lace  c lass ica l aqueous e lectro lytes. IL 's  a re  liqu id  salts , so le ly com posed o f ions, w hat results  in  
asym m etry and flexib ility w ith  de loca lized  e lectrosta tic  charges . T h is  resu lts  in  com plex in teractions o f 
C ou lom bic fo rces causing  com plex d iffus ion  processes in  porous hosts tha t can be contradic tive to  w hat 
is  com m only exh ib ited  by m olecu lar flu ids. M oreover, p roperties o f IL 's  a re  d ifficu lt to  p red ic t, s ince  
theories  fo r property estim ations usua lly do  no t com pensate  s trong coulom b e ffects as observed in  IL 's .
In th is  contribu tion  the  dynam ics o f pyrro lid in ium  and choline  based ionic  liqu id e lectro lytes confined to (a ) 
"a ll g reen" activa ted carbon b lack  G D E  fram ew ork  m ixtu res o f d iffe rent poros ities and (b ) e lectrospun 
carbon ca thode fram eworks  were  assessed by P G S T E -N M R  and T 1 m easurem ents.
A s a firs t p roof o f p rinc ip le the d iffe ren t G D E  fram ew ork  were  tested  us ing  a m ode l zinc-a ir-like  batte ry 
ce ll based on the  c lass ica l K O H  e lectro lyte.  
The resu lts ind icate  d iffe ren t IL  m obility reg im es/environm ents ins ide  the  d ifferent carbon fram eworks 
w ith  m odera te  exchange between d iffe ren t e lectro lyte  environm ents. Furtherm ore , d iffraction o f d iffusion  
pa tte rns w ere  found fo r certa in IL  confined to  the  G D E  fram ework . T here fore , the  c lassica l approach fo r 
the  in terpre ta tion  o f N M R  in  porous m ed ia  needs to  be re thought fo r IL  in  e lectrospun G D E  fram ew orks. 
N everthe less, d iffus ive  d iffraction can serve as a  proxy fo r the  identifica tion  o f topo logica l fea tures in  the  
fib rous  m ateria l.

W e gra te fu lly acknow ledge fund ing  by the  "G erm an Federa l M in is try o f E ducation  and R esearch" (B M B F, 
gran t num ber 03S F0499F "LuZ i")
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7L i N M R  im aging fo r a lum inum -lam inated rechargeab le  lith ium  ion battery at 4 .7 /9 .4  Tesla  

T H A IS H I*$, M R T echnology Inc,, S engen 2-1-6 , T sukuba, JA P A N ; S  FU JIK I and Y A IH A R A , S am sung 
R & D  Institu te  Japan C o. LT D ,, O saka, JA P A N .

S ynopsis: 
  A  feas ib ility of 7L i-N M R  im ag ing  fo r a lum inum -lam inated  rechargeable  lith ium  batte ries has 

investiga ted . T he N M R /M R I m easurem ent o f a lum inum -lam inated sam ples was believed im possib le  
because the a lum inum -lam ination around any L i batte ries  p revents  to  penetra te  very h igh rad io  frequency 
waves o f ord inal N M R  excita tion  and detection  to /from  a  m easurem ent 1H /7L i subject ins ide . H owever, 
we have d iscovered tha t N M R /M R I m easurem ents of the  a lum inum -lam inated lith ium  ob jects  can be 
perfo rm ed in  a  p roper o rien ta tion  o f the B 1 exc ita tion pu lse be tween the sam ple 's lam ination  p lanes
through a  200 µm  sea ling  gap. 

E xperim ents  and resu lts:
    A  4 .7-Tesla  w ide-bore  and 9.4-Tesla  narrow -bore N M R  m agnets, d ig ita l N M R /M R I conso les (D T R X6/ 

S 7D / iP lus, M R T e, Japan), hom e-built 3 -axis  g radien t co ils , and rectang le  rf so lenoid co ils  (F ig .1 ) were  
em ployed. T he T X power for the B 1 excita tion w as less than 50  W  for 120 µs. T he a lum inum -lam inated
film  o f 110 µm  was consis ted  by A l-fo il o f 30 µm  th ickness, P E T  (po lye thylene te rephthala te ), and N ylon . 
Tw o lam inate  film s of (28  m m )2 square  w ith  tab th ickness o f 200 µm  and 3  m m  sea ling  w id th  w ere  used 
to  enc lose  a  ba tte ry s tack . A  w hole  package (F ig .2 : 500 µm  th ickness) w ith  the  lam ination , a  w ork ing  
e lec trode (e .g ., g raph ite , N C A , LC O ), su lfide  based a ll-so lid-s ta te  e lectro lyte (F ig .3 ), L i-fo il (F ig .4 ), of 
wh ich  s izes  w ere  (20  m m )2 square , and A l/C u current co llectors, w ere  successfu lly m easured w ith  N M R  
or 2D /3D /C S I sequences  in  seconds to  severa l hours.

C onclusion:
7L i N M R /M R I m easurem ent o f a lum inum -lam inated  L i ba tte ry sam ples were  successfu lly done a t 78M  / 
156M H z. The so lid  L i fo ils  were  v isualized . It was confirm ed by the  standard  im ag ing that the  rf s igna l 
d is tribu tion  in  the  th in  lam inated  ba tteriy package w as very un ifo rm  so  that the  rf passagew ay was sure ly 
in -para lle l to  the  lam inate 's  p lanes. W e conclude that the  proper a lum inum  lam ination  m akes us possib le  
to  p roceed a  s tab le  in -s itu  N M R /M R I m easurem ents o f L i-ba tte ries beyond de licate  p lastic packages.

R eference:
"V isualiz ing  sk in  e ffects  in  conductors  w ith  M R I: 7L i M R I experim ents  and ca lcu la tions", A  Ilo tta  e t a l, 
JM R , V o l. 245, 2014.
"In  s itu  N M R  of lith ium  ion  ba tte ries: B u lk  susceptib ility e ffects and practica l considera tions", N  T rease e t 
a l, S o lid  S ta te  N M R  42, 2012
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3��
R heo-N M R  and R heo-S ALS  using Large A m plitude O scilla tory S hear for the S tudy o f C om plex 
F lu ids

S . K uczera a,b, L . G entile a ,c and U . O lsson, aD iv is ion o f P hysica l C hem is try, Lund U n ivers ity, S w eden; T .I.
B rox and P  G alvosas*, bV ic to ria  U n ivers ity of W elling ton , S C P S , M acD iarm id  Institu te  fo r A dvanced
M ateria ls  and N anotechnology, N ew  Zealand; cD epartm ent o f C hem istry and C hem ical T echno log ies,
U n iversity o f C a labria , Ita ly; C . S chm id t, D epartm ent o f C hem istry, U niversity o f P aderborn , G erm any.

R heo-N M R  has existed  as a  too l fo r s tudying flu ids under m echan ica l de form ation fo r nearly 25  
years [1 ,2 ]. It prov ides spatia lly and tem pora lly reso lved m aps of N M R  spectra , in trins ic N M R  param eters 
(e .g. re laxa tion tim es) o r m otion (e .g . d iffus ion or flow). L ikew ise , R heo-S A LS  (S m all A ng le  L igh t 
S catte ring) is  an  advanced rheo log ical m ethod w hich  can be  used to  m on ito r m icroscop ic  changes in  the  
sam ple due to  deform ation. C harac teris tic  sca tte ring  pa tte rns arise  from  scatte red  light in tensity as a 
function  of the  w ave vector, yie ld ing  in fo rm ation  on m icroscopic  shapes and structures [3 ]. B oth , R heo-
N M R  and R heo-S A LS  have been estab lished as com plem entary techniques to  conventiona l rheo log ica l 
m easurem ents.

S hear-induced transform ations be tween orien ted  p lanar lam ellae  and m ultilam ellar ves ic les  (M LV s) due 
to  s teady shear have been studied  in  the past by R heo-N M R  [4 ,5 ]. H ow ever, recent advances  in  R heo-
N M R  hardw are  a llow  fo r the  app lica tion o f Large A m plitude O scilla to ry S hear (LA O S ) deform ations in  
h igh  fie ld N M R  m agnets fo r the  first tim e [6 ]. H ere w e report on  the  com bined use o f R heo-N M R  and 
R heo-S A LS  to  s tudy the fo rm ation  o f m u ltilam ella r ves icles  (M LV s) in  a  lyo tropic  surfactant system  
(C 10E 3/w ater) us ing  LA O S . For the  range o f investiga ted s tra in  am plitudes (10-50) and frequencies (1
rad /s, 2  rad /s) M LV  fo rm ation  is observed in  a ll N M R  and m ost S A LS  cases. For LA O S  it was found that 
the  M LV  s ize  m ain ly depends on  the  frequency as opposed to  p rev ious s teady shear experim ents w here  
the  shear ra te  w as  the  contro lling  param eter [7 ]. A dd itiona lly, the onset o f M LV  fo rm ation  us ing LA O S  
was prim arily dependent on  the  app lied shear am plitude. Furtherm ore , the  process o f on ion fo rm ation  
appears to  be  re ta rded during  LA O S  as com pared to  the  steady shear case.

[1 ] A . N akatani e t a l. M acrom olecules , 23  2686 (1990)
[2 ] P .T . C a llaghan R ep. P rog. P hys . 62  599  (1999)
[3 ] J. S am uels P olym . S ci. 9  2165 (1971)
[4 ] B . M edronho e t a l. S oft M atte r 7  4938-4947 (2011)
[5 ] B . M edronho e t a l. Z. P hys. C hem . 226  1293-1313 (2012)
[6 ] T .I. B rox and P . G a lvosas N Z P atent 629 ,361 (2016)
[7 ] B . M edronho e t a l. Langm uir 26  14771481 (2010)
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P lanar C ouette  flow  for m agnetic  resonance m icroscopy

S . J . S tevenson, T . I. B rox and P . G a lvosasa,b, aV ic to ria  U n ivers ity o f W elling ton , S C P S , N ew Zea land; 
bM acD iarm id  Institu te  fo r A dvanced M ateria ls  and N anotechno logy, N ew  Zea land.

M any m ateria ls  in  everyday life  exh ib it pecu lia r behaviour due to  applied  m echanica l de form ations. R heo-
N M R  is  an  estab lished techn ique w h ich  has been used  fo r a lm ost th ree decades to  s tudy these 
responses  by com bin ing  m ethodo logy from  rheom etry and nuclear m agnetic  resonance [1 -3 ]. It enhances 
standard  rheo log ica l s tud ies o f bulk  p roperties, such as v iscosity and e lastic ity, by exp loring  the  
m olecu lar o rig ins and / o r loca l responses w ith in a  m ateria l.

Th is  contribu tion  reports  on  the developm ent and app lica tion o f a nove l geom etry fo r m agnetic  resonance 
m icroscopy (M R M ) - a  p lanar-cylindrica l hybrid  (P C H ) shear ce ll - to  s tudy flu id  m echan ics and the 
com plex response o f m ateria ls  under shear. T he geom etry inc ludes sections of p lanar C ouette  flow  w ith  
the  a im  to  p rov ide  a s im p le  hom ogeneous shear p rofile . V arious geom etries to  estab lish  p lanar C ouette  
flow  have been used prev iously to  s tudy the flu id m echan ics o f s im p le  flu ids [4 -6 ] bu t have never been 
developed fo r N M R .  G enera lly, they are  com posed of two para lle l sections o f p lanar flow  connected by 
two sem ic ircu la r sections o f c ircu la r flow  to  g ive a  c losed flow  path  in  the  shape of a  race track . S hear is  
app lied  by rota ting  a  band around the  inner section  like  a  conveyer belt. T h is is  another s tep  in recent 
effo rts  to  enrich  the R heo-N M R  too lbox by rem oving  the inhom ogeneous flow  fie ld  cond itions as 
genera ted  by the  concentric  cylinder / T aylo r-C ouette  (T C ) geom etries  [7 ] (fo r wh ich the  narrow  gap 
approxim ation  is harder to  satis fy as com pared to  in  conventiona l rheom etry).

P rev ious  w ork  on  one shear banding  w orm like  m ice lle  (W LM ) solu tion  dem onstra ted that the  curva ture  o f 
TC  ce lls  used during  R heo-N M R  experim ents in fluenced the  observed rheo log ica l response [8 ]. T h is  
work  fu rther investiga ted  the  in fluence o f curvature by s tudying  the  loca l dynam ics o f the W LM  so lu tion  
us ing  the  P C H  in  com bina tion w ith  a  varian t of the  R A R E  pu lse sequence [9 ]. C om m onalities and 
d iffe rences o f the  W LM  solu tion in  the  P H C  w hen com pared to  s im p le  flu id  system s (e .g . silicone o il) and 
TC  geom etries w ill a lso be  d iscussed. 

[1 ] A .F . M artins  e t a l. P hys. R ev. Le tt. 57  1745-1748 (1986)
[2 ] A .I. N akatan i e t a l. M acrom olecu les , 23 2686-2692 (1990)
[3 ] P .T . C a llaghan  R ep. P rog. P hys. 62  599-670 (1999)
[4 ] N . T illm ark  e t a l. A ppl. S c i. R es . 51  237-241 (1993)
[5 ] J.J . K ob ine  and T . M u llin  P hys. F lu ids , 13  1583-1593 (2001)
[6 ] D . K rug e t a l. E xp . F lu ids , 52  1349-1360 (2012)
[7 ] C .W . M acosko  W iley-V C H  (1994)
[8 ] T .I. B rox e t a l. J . R heo l. 60  973-982 (2016)
[9 ] S . K uczera  and P . G a lvosas  J . M agn. R eson . 259  135-145 (2015)
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3��
R elease characteris tics of extended release film s e lucidated using real-tim e 3D  M R I

D  B ern in *a ,b, aS wed ish  N M R  C entre , G othenburg U nivers ity, G othenburg , S w eden; bD epartm ent o f 
C hem istry and C hem ica l E ng ineering, C ha lm ers U nivers ity o f Techno logy, 412 96 G othenburg, S weden; 
C  B o iss ie r, J  H järts tam , M  M arucci and A  A brahm sen-A lam i, A straZeneca, R & D , M ölndal, S weden; U  
O lsson, D epartm ent o f C hem istry, Lund U niversity, Lund, S w eden.

A  com m on ora l extended re lease adm in is tra tion  is  a  pelle t, wh ich is coated  w ith  a  film  o f designed 
perm eab ility con tro lling  the  tem pora l drug  
re lease. The perm eab ility is  ta ilo red fo r 
exam ple w ith  a th in  film  based on  a  
m icroscop ically phase separa ted  
hydroxypropylm ethyl ce llu lose  (H P C ) and 
ethylce llu lose  (E C ) m ixtu re . U pon contac t 
w ith  water, H P C  d isso lves  and E C  creates 
a porous  network  w ith  a  pore s ize be ing  to  
a large  extend proportiona l to  the  fraction  
of H P C . A lthough the  tem pora l drug  
re lease is  eventua lly m a in ly governed by 
the  pore  s ize  o f the  film , the  w ater ingress, 
d isso lu tion  o f H P C  and the  drug  are  
cruc ia l fo r the onset o f the drug re lease. A  
la rge  am ount o f H P C  m ight fo rm  a  ge l 
layer o r c rea te  a  he terogeneous pore s ize  
d is tribu tion  com plica ting a  contro lled  drug 
re lease. Fast 3D  1H /19F  m agnetic  
resonance im ag ing (M R I) in  com bination  
w ith  a  specifica lly designed re lease ce ll 
was used to  m on itor the  w ater ingress and 
the  egress of a  h igh ly water-so lub le  19F-
conta in ing  drug th rough the  film  in  rea l-
tim e w ith  a  spatia l reso lu tion  o f 100 
m icrom eters. T he m ean non-w e ighted 
s ignal in tensity as a  function o f tim e is  
presented  in F igure  a  (fast re lease film , 
42%  H P C ) and b  (s low  re lease film , 30%  
H P C ) revealing  tha t the drug egress (19F  
I0rel) and the water ingress (1H  I0rel)
depends s trong ly on  the  fraction o f H P C . 
The w ater ingress is s lower fo r a  low er 
fraction  o f H P C  and fo r a  la rger fraction  o f 
H P C , w ater ingress appears to  vary 
s trongly th roughout the  film  in  contrast to  
a low  am ount o f H P C . R em arkab ly fo r 
42%  H P C , the position  of the  film  
progresses a lm ost 1  m m  towards the 
water phase due to  an  osm otic  p ressure  bu ild  up  be fore  the onset o f the  drug egress in  contrast to  a 
lower fraction  o f H P C .
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Fire  behavior of w ood  as studied  by N M R

L P e l* and T  A rends, D epartm ent o f A pp lied  P hys ics, E indhoven U n ivers ity o f T echno logy.

F ire  can be used advantageously, e.g . fo r cook ing food, but it can  a lso  be h ighly destructive  when a  
wooden structure  is  concerned. K now ledge on the fire  behav ior o f wood is  there fore  o f la rge in te rest no t 
on ly fo r persona l sa fe ty, bu t a lso  fo r construction  sa fe ty. U p to  now  no fire  tests  a re  ava ilab le  in  wh ich  w e 
ge t d irect ins igh t in to  the  physica l phenom ena w h ich  take  p lace during  one-s ided heating  o f a  wooden 
structure . M ost o ften  on ly the tem pera ture  is  m easured. In  th is s tudy w e se t out to  ga in  m ore  in fo rm ation  
by us ing  N M R , as it can  g ive  d irect access to  the  m oistu re  transport bu t a lso  the physica l/chem ica l 
degradation  processes taken p lace .

In o rder to  m easure  the  m oistu re  transport in  a  w ood sam ple  during  fire  w e have m ade use o f the m ain 
m agnetic fie ld  o f a  1 .5T  who le  body M R I scanner, in  w h ich  a  ded ica ted  fire  test se tup  is  p laced. T he 
sam ples used are  cylinders, 70  m m  in  d iam eter and 70 m m  in  length . The sam ples are  iso la ted  by a  
Teflon beaker fo r m o istu re  and heat insu la tion , leaving  one surface  exposed. A  specia l b irdcage is  used 
wh ich  can still opera te  at h igh  tem pera tures. In  these m easurem ents we on ly m easure one-d im ensiona lly 
by m ak ing  use  o f an  anti-H e lm ho ltz co il genera ting  a  g rad ien t o f 0.2  T /m . In  o rder to  heat up  the  exposed 
surface o f the  sam ple, use  is  m ade o f an  array o f halogen lam ps, genera ting  a  heat flux w e ll over 10 
kW /m 2. A s a  resu lt the sam ple can be  heated  up  w ith  a  heating ra te  o f ~2  °C  per m inu te up  to  a 
m axim um  tem pera ture  in  the  order o f 600 °C .

A t the sta rt o f the experim ent w e see w ith  an  increase o f the tem pera ture  in com bination  w ith  an  increase 
of the N M R  s igna l (F igure  1a). A t the sam e tim e a  s trong tem pera ture  grad ien t bu ilds up  o f w e ll over 
10000 K /m . A s a resu lt a  peak  in  the m oistu re  conten t is  observed, w h ich  trave ls  tow ards the  back  
linearly in  tim e (F igure  1b). Furtherm ore , in  these experim ent w e can see tha t around 270 °C  the  w ood 
ignites. M oreover these N M R  m easurem ent c learly show  a d iffe rence in  fire  dynam ics depend ing  on the 
princ ipa l d irection  o f wood.

0 10 20 30 40 50 60 70
Distance from surface [mm]

0 

0.5 

1 

1.5 

2 

2.5 

s 
/ s

 0  [-
]

0 50 100 150 200 250 
Time [min]

0 

10

20

30

40

50

60

70

80

P
ea

k 
po

si
tio

n 
[m

m
]

Radial/tangential 
Longitudinal
Linear fita ) 

b ) 

__________________________________ICMRM2017.com____________________________________________________________________________________________________________________________



3��
An adaptive sub-band decom position approach  for h igh-resolution  N M R  data  analysis

M .A .R . A n jum *, P au l D . T ea l$ and P aw el A . D m ochowsk i, S choo l o f E ng ineering  and  C om puter S c ience,
V ic to ria  U nivers ity o f W elling ton, P O  B ox 600, W elling ton 6140, N E W  ZE A LA N D .

A n adaptive  sub-band decom pos ition schem e fo r h igh-reso lu tion  ana lys is  o f M agnetic  R esonance 
S pectroscopy (M R S ) da ta  is  presented. T he schem e is  com posed o f successive  filte ring , sub-band 
decom position  and estim ation stages. A t each stage, s igna l param eters  a re  extracted  fo r each sub-band. 
The estim ated s ignal is  then subtracted  from  the ta rge t s ignal to  genera te  a  res idua l and an estim ation  
erro r. T he la tte r is  sub jected  to  B ayesian  In fo rm ation  C rite rion  (B IC ) testing in  order dec ide  whether the  
decom position  process should  continue or no t. If requ ired , the decom position  process is  continued w ith  
the  res idual be ing  the input to  the next decom position /estim ation s tage. A n advantage of th is  schem e is  
tha t it can  enhance the  perfo rm ance of the  ana lys is  m ethod due to  the  im proved S N R , line-reso lu tion and 
dynam ic range ava ilable  in  ind ividual sub-bands. S econd ly, successive  rem ova l o f the  estim ated 
com ponents im proves  the  re liab ility o f the  ana lys is  m ethod by reducing  the influence of m odel order and 
hence reducing the  num ber o f fa lse  de tec tions. T hird ly, the autom ated selec tion o f the  decom position  
leve l he lps to  avoid  any system atic  b ias in  the  estim ates in troduced by the  m anual input. Fourth ly, the  
approach reduces processing  tim e by early te rm ina tion o f the  decom position  process if the res idual does 
no t conta in fu rther use fu l in fo rm ation . T he efficacy o f the propose schem e is  dem onstra ted  by app lying  it 
to  m u ltip le  se ts  o f recorded N M R  spectroscopy data .
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 P 10
An Application o f S pectra l E ntropy to Functional M R I

C .B . O 'G rady*, D epartm ent o f M ed ica l P hysics, D a lhousie U n ivers ity; A . O m isade and J. H ashm ia ,b , 
aN ova S cotia  H ea lth  A uthority; S . P atte rson, N ova S cotia  D epartm ent o f H ea lth  and W ellness; bD 
epartm ent o f A naesthesia , D a lhousie U n ivers ity. J. Rioux, S. Beyea 

Functiona l M R I (fM R I) s ignals a re in fo rm ation-rich but on ly som e o f the ir in fo rm ation is use fu l. In fo rm ation 

theory, in troduced in  1948 by C laude S hannon, can 

be  used to de term ine if such in fo rm ation  is  present. 

A pp lica tions o f in fo rm ation theory in  neuro im ag ing  to  

th is  po in t have been varied , from  detecting  fM R I 

artifac ts1  to  s tudying  in fo rm ation transfer in  the  

bra in 2. H ere, we attem pt to  identify fM R I s igna ls  

re la ted  to  task  activa tion by app lying  en tropy in  the  

frequency dom ain  (spectra l en tropy). 

E ntropy ca lcu la tions re ly on  probab ility densities (in  

th is  case, power spectra  va lues). Low  spectra l 

en tropy ind ica tes spars ity: on ly a  few  frequencies 

dom inate . A  h igh va lue  indica tes m any in te rfe ring  

frequencies, possib ly no ise . W e applied  a  

regu lariza tion  schem e to  im prove the m atch  

be tween the presence o f use fu l task  in fo rm ation  and 

the  spectra l en tropy. T he regu lariza tion is  da ta-

driven  and its  e ffect is  p roportiona l to  the re la tive  

m agn itude o f the task  frequency. A  num erical 

param eter w as added to  m odu la te  the  regu lariza tion . 

W e added no ise  derived from  rea l data  to  s im ulated  

da ta to  de term ine th is  param eter based on 

sensitiv ity and specific ity fo r d iffe ren t degrees o f 

know n activa tion . 

T -sta tis tic , found w ith  the G enera l L inear M ode l3  and

used in  fM R I in te rpre ta tion , show ed corre lation  to

low-entropy voxe ls . S im ila rly, spa tia l m aps

corresponded to  know n areas o f activa tion . Lastly,

spectra l en tropy corre la ted  to  S N R  in  idea lized

signals . W ith  our regu lariza tion m ethod, spectra l

en tropy w as sensitive  to  voxe ls  rich in  task

in fo rm ation  wh ile  us ing m in im a l a -prio ri

assum ptions.

1. M cG onig le, J . (2010), 'A utom ated de tection  o f

fM R I a rtefacts  from  S hannon entropy d istribu tions ',

P roceed ings  o f M ed ica l Im age U nderstand ing  and

A na lys is , pp . 173-178

2. H in richs, H ., H e inze, H . J ., &  S choenfe ld, M . A . (2006). 'C ausa l v isual in te ractions as revea led by an

in fo rm ation  theore tic  m easure  and fM R I', N euro Im age, vo l. 31 , pp. 1051-1060.

3. F ris ton , K arl J ., e t a l. (1994). 'S ta tis tica l param etric  m aps in  functiona l im aging : a  genera l linear

approach." H um an bra in  m app ing  vol. 2 , no . 4 , pp . 189-210
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A M odel-based M ethod  for Q uantita tive  A nalysis  w ith  B enchtop N M R

Y. M atv iychuk , J . Yeo and D .J . H olland, U nivers ity o f C anterbury, C hris tchurch , N ew  Zea land.

N M R  spectroscopy is  a  fast and conven ient a lte rna tive  to  s tandard  chem om etric m ethods [1 ], and recent 
advances in  benchtop  N M R  m ake it read ily ava ilab le  fo r use  in  industria l app lica tions. U nfortunate ly, a t 
the  low er fie ld  strengths o f benchtop  N M R , m ultip le  resonances overlap  and base line  d is to rtions are  
com m on due to  the  la rge so lvent peaks loca ted  near com pounds o f in te rest. T hese factors, a long w ith  a  
lower spectra l reso lu tion , m ake established in tegra tion procedures  inapp licab le fo r accura te  quantita tive  
ana lys is  in  m any system s.

In th is  w ork , we propose a  m ode l-based quantifica tion  approach fo r benchtop  N M R  and adapt it here  fo r 
the  cha llenging  task  o f characterizing  the com position  o f sugar m ixtu res in  w ater. O ur m ethod a ttem pts to  
m ode l the  entire spectra  fo r separa te  chem ical species  in  the  m ixture , inc lud ing  the  e ffects  of chem ical 
sh ift, j-coup ling and re laxa tion . Th is  a llow s us to  d isentang le even h igh ly-overlapp ing parts o f the spectra  
and accura te ly quantify the  constituents, even w hen no s ing le unobstructed  peaks are  present. O ur 
m ode l d irectly re lies on  spin  system  s im ula tions, w h ich  m akes it invariant to  the ins trum ent fie ld s trength  
[2 ].

W e dem onstra te  our approach by quantifying  the com position  o f sugars in  so lu tion . S ugars  are  the 
prim ary constituent of m any beverages , such as fru it ju ices, w ine , soft d rinks, and m ilk , how ever the ir 
quantita tive  ana lys is  poses  s ignifican t cha llenges. T he four m ost com m on o f them  g lucose, fructose , 
sucrose, and lactose have d iffe ren t chem ical p roperties and sw eetness; their re la tive concentra tions (in  
add ition  to any ac ids p resent) la rge ly de term ine the final taste  o f a product. K now ledge of the 
com position  o f sugars in  beverages prov ides a  m eans fo r p rocess m on ito ring  (e .g . fe rm enta tion), qua lity 
contro l, o r de tec tion o f adu lte ra tion  (e.g . undisclosed sw eeten ing o f fru it ju ices or d ilu tion  o f them  w ith 
app le  ju ice  [3 ]). E xperim enta l resu lts  on contro lled  sam ples and rea l fru it ju ices  confirm  the  app licab ility o f 
our m ethod fo r quantita tive ana lys is  o f spectra  acqu ired a t 400 M H z as w e ll as 43 M H z.

The figure  show s an exam ple  o f m ode ling  the  1H  N M R  spectra  o f g lucose appearing  in  solu tion  in  its  tw o 
anom eric  fo rm s, a - and b -D -G lucopyranose. T he va lues of chem ica l sh ifts  and j-coup ling  constan ts 
estim ated  from  the experim enta l da ta  a t 400 M H z (le ft) are  then used in  sp in  system  s im ula tions to  m ode l 
the  spectra a t 43  M H z (righ t). In  bo th  cases, our m odels c lose ly m atch  experim enta l m easurem ents  
ob ta ined on  a  0 .5M  equ ilib ra ted so lu tion  o f g lucose  in  D 2O . T he m ole  frac tions o f the a -anom er found
w ith  our quantifica tion  approach are  0 .375 and 0 .377 in  h igh- and low -fie ld  cases  respective ly, whereas  
the  va lue reported in  the  lite ra tu re  at tautom eric  equ ilibrium  is  0.375 [4 ]. B y extens ion , to  analyze  
m ixtures o f d ifferent sugars, we s im u la te spectra  fo r their anom ers as w ell. W e antic ipa te  our approach 
w ill yie ld quantita tive  com position  in fo rm ation by au tom ated ana lys is  o f benchtop N M R  m easurem ents.

[1 ] L . M ann ina , A . P . S obo lev, and S . V ie l, P rog. N uc l. M ag. R es. S p., 66 , 1 -39, 2012.
[2 ] K uprov, I. E P R  N ew slette r., 23(1), 10-11, 2013.
[3 ] N . O grinc, I. J . K osir, J . E . S pangenberg , and J. K idric, A na l. B io .C h., 376(4), 424-430, 2003.
[4 ] M . U . R oslund, P . T ahtinen, M . N iem itz, R . S joho lm , C arbohyd. R es., 343(1) 101-112, 2008.
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A B roadband  N uclear M agnetic  R esonance (N M R ) S ystem  

M oham m ad Is lam *, C ase W estern  R eserve  U n ivers ity (C W R U ), C leve land, O H  44106, U S A ; Y i-Q iao  
S ong, S ch lum berger-D o ll R esearch , C am bridge, M A  02139, U S A ; S h in  U tsuzaw a, S ch lum berger-D o ll 
R esearch , C am bridge, M A  02139, U S A ; S oum ya jit M anda l$, C ase W estern  R eserve  U n ivers ity (C W R U ), 
C leve land, O H  44106, U S A .

B roadband M R  fron t-ends  are  
use fu l fo r rea l-tim e process 
m onito ring (e .g . o f food), 
geo log ica l p rospecting (w e ll-
logg ing  for pe tro leum  and m in ing), 
de tection  o f exp los ives and o ther 
illic it m ateria ls , e tc. [1 ]. H ere  w e 
present a  h igher-pow er version  of 
our earlie r design  [1 ] tha t opera tes 
be tween 250-750kH z . T he 
system  com ponents inc lude an un-
tuned transm it and rece ive co il, a  
sw itch ing pow er am plifier (H -
bridge), a  sw itch-based dup lexer, 
and a  transform er-based low  
no ise rece iver (as  show n in  F ig . 
1). T he co il is  wound in  th ree  
sections w ith  a reversed-po larity 
centra l section . T he transm itte r 
uses s ilicon carb ide  (S iC ) FE T s 
because o f the ir h igh breakdow n 
vo ltage (1200V ), low  on-
res is tance (~31 m ), low  sw itch ing  
loss, and h igh tem pera ture  ra ting  
com pared to  silicon FE T s. In  
add ition , it uses  sym m etric power 
supplies (H V + =  H V -) to  keep the 
average vo ltage a t bo th  co il 
te rm inals  c lose  to  zero  during  
pu lses. T h is reduces coupling  of 
the  h igh-curren t transm itte r loop to  
other c ircu its ; im proves safe ty; 
and reduces res idua l coil energy, w h ich reduces  rece iver se ttling tim e. A  "freew hee ling" FE T  is  a lso 
connected in  para lle l w ith  the  co il a fte r each pu lse; it ac ts  as a  Q -sw itch and fu rther reduces se ttling  tim e. 
F ig . 2 (a) show s typ ica l transm itte r w aveform s. T he broadband rece iver uses an  input no ise-m atch ing 
transform er, low-noise  JFE T -based pream plifie r, and active  feedback  dam ping to  fu rther reduce se ttling  
tim e. M easurem ents revea l a  vo ltage gain  o f 84-90dB  (see F ig . 2 (b)) and input-re fe rred no ise  o f 0 .2 -
0.3nV /H z1/2  (see F igure  2(c)) over the operating frequency range (250-750kH z). T he low  no ise  
res is tance o f 2.5 -5 .5  ensures good N F (com parable  to  narrowband receivers ) fo r low -to -m oderate  Q  
co ils. For exam ple , N F  3dB  fo r a  20µH  co il w ith  Q  =  25  a t 500kH z; these va lues are  typ ica l o f N M R  well-
logg ing  system s in  h igh ly-conductive  surroundings. 
R eferences: 
[1 ]S . M anda l, S . U tsuzawa, D . G . C ory, M . H ürlim ann, M . P o itzsch , and Y . Q . S ong, "A n u ltra -broadband
low-frequency m agnetic  resonance system ," J. M agn. R eson., vo l. 242, pp. 113125, 2014.
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An M R /M R I C om patib le  C ore H older w ith  the R F  P robe im m ersed  in  the P ressurized C onfin ing 
F lu id

M . S hakerian a,b and B .J. B alcom *$, aU N B  M R I C entre , D epartm ent o f P hysics, U n ivers ity o f N ew
B runsw ick , Fredericton , N ew B runsw ick , E 3B  5A 3, C anada., ; bD epartm ent o f M echan ica l E ng ineering ,
U n iversity o f N ew B runsw ick , F redericton, N ew  B runsw ick , E 3B  5A 3, C anada.

A n open fram e R F probe fo r h igh pressure  and h igh tem pera ture  M R /M R I m easurem ents, illus tra ted in  
F ig . 1, w as designed, fabrica ted , and tested .  T he probe w as ins ta lled  in proxim ity to  the  sam ple  ins ide  
the  m eta llic  core  holder, increas ing  sensitiv ity. T he R F probe inc lud ing  the  P E E K  p illa rs  and copper 
w indings, as shown in  F ig . 1a, w ere  im m ersed in  the h igh pressure  confin ing  flu id while  M R /M R I 
m easurem ents were  undertaken. T h is  m ade it poss ib le  to  design and fabricates an Incone l 718 M R /M R I 
com patib le  core  holder w ith  a  m axim um  design  work ing pressure  o f 10000 ps i and a m axim um  opera ting  
tem pera ture  o f 200¸C . T he heat trea ted  Incone l 718 vesse l was certified fo r an  u ltim ate tens ile  s trength  
of 210000 ps i. T he open fram e R F probe w as  tunab le  fo r bo th  1H  and 19F  resonance frequencies a t 0 .2  T  
s ta tic  m agnetic  fie lds. T he open fram e struc ture  greatly s im plified  fabrica tion  of the  R F  probe. T he 
fundam enta l benefits  o f the  open fram e R F probe are : (1 ) reduced M R  background s igna l (2 ) 
substan tia lly increased opera ting  pressure , (3 ) increased m axim um  opera ting  tem pera ture , (4 ) im proved 
tem pera ture  contro l e ffic iency and (5 ) s im p lified  assem bly/d isassem bly of the core  ho lder and thereby 
increased robustness o f the  design .  

These im provem ents arose from  (i) em ploying m in im um  po lym eric  m ateria ls  in  the probe fabrica tion, (ii) 
subm erg ing  the R F  probe in  the  confin ing  flu id, (iii) rem oving  epoxies from  the probe structure , and (iv) 
e lim ina ting  a  com plica ted  sealing  system . 2D  XY and XZ density m aps  of S F 6 satura ted  B erea were
acqu ired  by 2D  centric  scan S P R ITE , as show n in  F ig. 2. T he experim enta l system  em ployed the  open 
fram e R F probe and a H aste lloy-C  M R /M R I com patib le core  ho lder, as illustra ted  by F ig . 1 . The two tests  
were  undertaken a t a  constan t tem pera ture  o f 65°C  w ith  a  confin ing flu id  p ressure  o f 1500 ps i. 
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C rude o il adsorbates on  calc ite  and quartz surfaces investigated by N M R  spectroscopy

H .N  S ørgård *, C  T otland, W  N erda l and J.G  S eland, U n ivers ity o f B ergen.

R eservo ir rock  w ettab ility can have a  s ign ifican t im pact on  m ultiphase flow  during  o il and gas  recovery [1 , 
2]. A dsorp tion o f pola r com ponents, p resent in  crude o il, is  responsib le  fo r w ettab ility a lte ra tion  o f 
pe tro leum  reservo irs  [2 -4 ]. S uch com ponents inc lude  organ ic  ac ids, o rgan ic  bases and aspha ltenes. 
A dsorp tion  o f such com ponents, from  m odel o ils , have prev iously been investiga ted  [5 -8 ]. H ow ever, the  
com plexity of crude o ils  m ay contribu te  to w ettability a lte ra tion  o f pe tro leum  reservo irs  in  w ays tha t 
cannot be  m im icked by m odel o ils . In  th is  s tudy, various 1H  N M R  techniques w ere  used to  inves tigate  the 
m olecu lar a rrangem ent o f crude o il adsorbates on  ca lcite  and quartz surfaces due to  a  wet aging  
procedure . S o lid  s ta te  m ag ic ang le  sp inning  (M A S ) N M R  techn iques were  used to  d irectly observe 
m olecu les on both  surfaces. L iqu id  s ta te  N M R  w as used to  inves tigate  possib le  d iffe rences in the  crude  
o il from  before  and a fte r the  ag ing  procedure . D oub le-quantum  s ing le-quantum  coherence spectra  were  
found m ost va luab le  for ass ignm ent of the quartz surface  w here  the resonances from  the  entire  
adsorbate  were  re la tive ly we ll reso lved. A long w ith  adsorbate  m olecu la r position ing , th is  s tudy a lso  
prov ides quantita tive  m easurem ents o f w ater present at bo th  surfaces post crude o il ag ing . D espite  
traces of a rom atic  resonances on  bo th  surfaces, ac id  adsorp tion  w as de term ined to  be  the  m ain  
m echan ism  responsib le  fo r a lte ra tion  o f w etting  s ta te  on  both  the ca lc ite  and the  quartz surface.  N M R  
experim ents show  tha t o rgan ic  ac ids adsorb d irectly onto  calc ite  th rough e lectrosta tic  attraction  wh ile  the  
sam e ac ids are  ind irectly adsorbed onto  quartz th rough so lubiliza tion  in  the  water phase present at the  
surface .

R eferences:

[1 ] Jackson, M .D ., P .H . V a lva tne, and M .J. B lun t, P redic tion  of w ettab ility varia tion  and its    im pac t on
flow  us ing  pore-to  reservo ir-sca le  s im u la tions . Journal o f P etro leum  S cience and E ng ineering, 2003.
39(3): p . 231-246.

[2 ] M orrow , N .R ., W ettability and its  e ffect on o il recovery. Journal o f P etro leum  Technology, 1990.
42(12): p . 1 ,476-1 ,484.
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and S urfaces A : P hysicochem ica l and E ng ineering A spects, 2016. 488: p . 129-137.
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H um an brain  in  vivo B S D -D TI - a  prelim inary study

K . K lodowsk i*, Facu lty of P hysics and A pp lied C om puter S cience, A G H  U nivers ity of S c ience and
Techno logy, a l. M ick iew icza  30 , 30-059 C racow, P oland; A . T . K rzyzak , Faculty o f G eo logy, G eophysics
and E nvironm enta l P ro tection, A G H  U nivers ity o f S c ience and T echnology, a l. M ick iew icza  30 , 30-059
C racow, P oland.

D iffus ion  T ensor Im ag ing  (D T I) has led  very successfu l life  s ince  its  beginn ing  in  the early n ineties  [1 ]. 
O ver the  years  its  un ique properties m ak ing possib le  non-invas ive  characteriza tion  o f the  tissue 
m icrostructure  established D T I as a  c lin ica l too l fo r hum an bra in  im ag ing. H ow ever, desp ite  the  num ber 
of va luab le contribu tions a im ing  to  im prove th is  inherently p rone to  a rte facts techn ique, som e problem s 
rem ained. P rec ise  de fin ition  of the b-m atrix conta in ing in fo rm ation  about d iffus ion  sensitizing  grad ients is  
am ong the  m ost im portant ones, s ince errors occurring  in  the  b-m atrix p ropagate  to  the  calcu lated  
d iffus ion  tensors.

From  the varie ty o f approaches trying  to  a llev ia te th is  troub les, the b-m atrix spatia l d istribu tion  (B S D ) 
ca lib ra tion  seem s to  be  re la tive ly p rom is ing  [2 ]. U n like  the  standard  approach to  D T I based on a constant 
b-m atrix fo r en tire  volum e, B S D  derives  its  spa tia l d is tribution. S uch ca lib ration  is  done th rough D T I
m easurem ent of the  an iso tropic  phantom  in  various o rien ta tions w ith in  im ag ing vo lum e [3 ]. T he
ca lib ra tion  can im prove the  prec ision  of the  ca lcu la ted  d iffus ion  tensor severa l tim es [2 -4 ], how ever,
works only in  the  lim ited  vo lum e.

The a im  o f th is  w ork  was firs t tria l o f the  c lin ica l app lica tion  o f the B S D -D T I. In  order to  extrapo la te  the  
ca lib ra ted  b-m atrices beyond the  phantom  vo lum e, sm ooth ing  filte ring and b ivaria te  polynom ial fitting 
procedures w ere  app lied to  the spatia l d is tribu tion  o f the  b-m atrix. S evera l extrapo la tion  m ethods were  
va lidated w ith  an iso tropic  phantom s. T hose g iv ing  the  best resu lts  were  app lied to  the  first successfu l 
attem pt to  in  vivo B S D -D T I o f hum an bra in.

Acknow ledgem ents
The w ork  w as financed by the  N ationa l C entre  o f R esearch  and D evelopm ent (contract N o. 
S T R A T E G M E D 2/265761/10/N C B R /2015).
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Four R at Lung P atho log ies: U tility o f T 1  C ontrast and Appearance in  E rnst-Angle Im ages

D . O . K uethe *$a,b, aA B Q M R , A lbuquerque, U S A ; L. E . Fredenburgh, B righam  &  W om en 's H osp ita l,
B oston , U S A ; J . M . H ix, bLove lace R esp ira tory R esearch  Institu te, A lbuquerque, U S A .

A  m ajor advantage o f M R I over X-ray C T  is  the  varie ty o f contrast m echanism s ava ilable  to  M R I.  N ow  
tha t w e have overcom e issues o f inhom ogeneous broaden ing  from  water-a ir susceptib ility d iffe rences 
and low  tissue density to  m ake 
C T -qua lity M R Is o f ra t lungs it 
is  im portant to  docum ent the 
utility o f re laxation  contrast fo r 
d is tingu ish ing d iffe rent lung 
pa tho log ies.  For zero  echo-
tim e im ages,T 1-w eigh ting  is
the  obvious contrast to  try 
firs t.  W e m easured the  bu lk  
T 1 o f four patholog ies w ith
invers ion  recovery im ages and 
w ith  spo iled  s teady-sta te  
im ages us ing  d iffe ren t flip  
ang les.  W e also  docum ented 
T 1 contrast and the rad io log ic
appearance in  im ages m ade 
w ith  the  E rnst-angle fo r 
hea lthy lung tissue.  W atery 
edem a from  iso ton ic  sa line 
lavage has re lative ly long T 1,
1 .75±0.1  s .  C o llapsed lung, 
ventila to r-induced lung in ju ry 
(V ILI), and neutroph ilic  
in flam m ation  from  
pseudom onas lipopo lysaccharide  (LP S ) a ll have T 1s s im ila r to  healthy lung tissue, 1.24, 1 .40 , 1 .21, 1.24
±0.1s, respective ly.  In  short, T 1  w e igh ting  is  o f lim ited  use.  N onethe less, the appearance o f the  four
pa tho log ies in  E rnst-ang le  im ages (low  T 1  con trast, m axim um  signa l fo r healthy lung) d iffe ren tia te  them
well (F igure), m uch as one wou ld  expect from  m icro  X-ray C T .  For each patho logy, 3  d iffe ren t s lice 
p lanes are  shown, corona l, sag itta l, and axia l a t bo th  the  inha led  volum e and exha led  vo lum e.  T he b lack  
tick  m arks on the  edges o f each fram e show the  loca tions o f the  other tw o fram es.  A  log ical next s tep  is 
to  develop  a  T 2-we igh ted im aging  techn ique that a lso reso lves lung tissue.
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D evelopm ent H um an Anatom y Atlas on  M R I

H ongzh i W ang, E ast C h ina N orm al U n ivers ity.

P urpose:H um an anatom y a ltas  on  M R I(H A A M ) o ften  suffe rs  from  the  lim ita tions in  the   o rig ina l im ages, 
such as  the s ing le type of w eigh ted  im age ,a  lim ited num ber of fixed  sectiona l im age.T o so lve th is  
prob lem , a  nove l approch to  bu ild  a  v is ib le M R I hum an is  p resented.
M ethods: H A A M  can be obta ined by us ing the  v irtua l M R I  techno logy to  scan a  d ig ita l hum an inchu ling  
hea lthy body or unhea lthy body w ith  som e typica  les ions.F irs tly, adopting  T 1, T 2 , P D  m apping  techn iques 
to  scan a  rea l hum an body w ith  1m m  th ikness and get the  d ig ita l hum an resource .T he d ig ita  hum an is  a 
3D  database w ith  the  M R I s ignal param eters such as T 1,T2 ,D iffus ion ,pro ton  density .S econd ly,us ing the 
v irtua l M R I da ta acquis ition  and im age renconstruction  techniques to  scan the d ig ita l hum an and get the  
H A A M  w ith  any k inds of contrast.T he virtua l M R I raw  data  space, tha t is  K  space can be written as a four 
in tegral.

R esu lts :T he d iffe rent we igh ted im age w ith  variab le  contrast o f d ig ita l hum an can be acqu ired   in  any 
sectiona l by d ifferen t sequecne ,such as T 1-W , T 2-W , P D -W , T1-F la ir ,T 2-F la ir ,S T IR (as figure  1).
C onclus ions:T he arb itray sectiona l and we igh ted M R I im age can be obta ined in  real tim e(less than 
0.5s),w h ich  is  very use fu l fo r sectiona l im age anatom y and M R I d iagnos itic .It has a  potentia l to  fac ila te  
the  d iagnositic  a tlas m atch ing  and the  m app ing  eva lua tion  o f radio therpy trea tm ent p lan .
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C onstructing  local flow  curves of com plex yie ld  stress flu ids based on R heo-M R I velocity profiles

T. N iko laeva, F . V ergeld t, H . V an A s and J . van  D uynhoven a,b, aLabora tory o f B iophysics, W agen ingen
U niversity and R esearch  C entre , W ageningen, T he N etherlands; P . V enem a, P hys ics and P hysica l
C hem istry of Foods, W agen ingen U n ivers ity and R esearch  C entre , W ageningen, T he N etherlands ;
bU n ilever D iscover V laard ingen, V laard ingen, T he N etherlands .

R heoM R I is  a  non-in trus ive  techn ique that a llow s a  d irect and quantita tive  v iew  on local flow  behaviour o f 
com plex flu ids [1 , 2 ]. Loca lized rheo-M R I veloc im etry is  especia lly help fu l fo r s tudying  flow  behaviour o f 
d ispers ions that d isp lay yie ld  stress behaviour, s ince  their flow  behaviour cannot be  understood from  
conventiona l rheo log ica l m easurem ents. O f particu lar in terest a re  d ispers ions that d isp lay shear banding , 
i.e . co-exis ting  flow ing  and sta tionary reg ions. In  our w ork  w e have addressed tw o bottlenecks fo r fu lly
exp lo iting  the po tentia l of rheo-M R I fo r s tudying such system s: heterogene ity o f s tress in  the flow ing
dispers ion  and chem ica l he terogene ity wh ich can lead to  chem ica l sh ift a rte fac ts .

The C ouette  geom etry, wh ich consis ts  of concentric  cylinders w ith  a  gap in  be tw een them , is m ost 
com m only used in  rheo-M R I. A lthough its  s tress d istribu tion  over the  gap is  w e ll known it has  hard ly been 
exp lo ited . T he com bina tion  o f loca l shear ra tes (deduced from  rheo-M R I ve loc ity p ro files), and loca l shear 
s tress va lues (derived from  the app lied  to rque) a llow  to  construct a  local flow  curve  [3 ]. S ince such a  local 
flow  curve  can be  ob ta ined from  a snapshot rheo-M R I ve loc im etry experim ent, it o ffe rs  un ique 
opportunities to  assess transien t flow  behaviour o f d ispers ions. W e constructed  a  se t of C ouette  
geom etries  w ith  varia tion of gap s izes (1 , 2 .5  and 4  m m ) that can  be  m ounted in a  300 M H z m icro-M R I 
system  and in  a  conventiona l rheom eter. S evera l h itherto  neg lected practica l and theore tica l aspects o f 
ob ta in ing  loca l flow  curves w ill be  d iscussed, as we ll as quantita tive  d iffe rences betw een g lobal and loca l 
flow  curves tha t qua lita tive ly m ay appear s im ila r. 

For chem ically he terogeneous d ispers ions such as o il-in -water em uls ions the  presence o f d is tinc t 
chem ical sh ift can  g ive  rise  to  com prom ised ve loc im etry p ro files. W e have exp lored the  use o f chem ica l 
sh ift se lec tive  pu lses  fo r obta in ing  clean ve loc im etry p ro files . 

1.C oussot, P . e t a l., 2009. Journa l o f N on-N ew tonian  F lu id M echan ics, 158(13), pp.8590.
2.O varlez, G . e t a l., 2008. P hys ica l R ev iew  E  - S tatis tica l, N onlinear, and S oft M atte r P hysics, 78(3),
pp .113.
3.O varlez, G ., B ertrand, F . &  R odts, S ., 2006. Journa l o f R heo logy, 50(3), pp .132.
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M oisture-induced bending  of panel paintings as stud ied by N M R

T A rends* and L  P e l, D epartm ent o f A pp lied  P hys ics, E indhoven U n ivers ity o f T echno logy.

W ood has been extensive ly used in  the  construc tion of w orks  of a rt, e .g . in  pane l pa intings by R em brandt 
or V an E yck . C onsequently, these pane l pa in tings form  an im portan t part o f m any m useum  co llections. 
P ane l pa in tings are  genera lly constructed  o f a  wooden board  (o ften oak), pa in ted  on  one m ain  s ide . If the 
re la tive  hum id ity o f the  am bient a ir changes, m o istu re  exchange takes p lace  between the unpa in ted 
wooden surface  and the  a ir. T he consequent asym m etric  m o istu re  content d istribu tion  results  in  
unwanted bend ing  o f the  pane l pa in ting. T h is bend ing  w ill genera te  s tra in  in  the  pa in t layer, w h ich  cou ld  
result in  an  irrevers ib le  dam age o f the pain ting .

M ois tu re-induced bend ing  of a  board  is  dependent on  the penetra tion  depth  o f the  m oistu re  in to  the  
board . D uring s inuso idal fluctua tions in re la tive  hum id ity, the  penetra tion  depth  depends on  the frequency 
of the  changes . S patia lly reso lved, one-d im ensiona l N M R  experim ents are  perfo rm ed in w h ich the  
penetra tion  depth  in  the d iffe ren t p rinc ipa l d irections of w ood is  s tudied . A n exam ple  fo r the  long itud ina l 
d irection is  show n in  F igure  1a . T he d iffe rence in  m o istu re conten t am plitude decay be tw een the  
long itud inal and radia l d irection is  obv ious from  F igure  1b , s ince transport in  long itud inal d irection  is  
faster. Furtherm ore , bend ing experim ents a re  perfo rm ed w here  the  one-dim ensiona l m oistu re  conten t 
pro file  can be  re lated  d irectly to m acroscop ic  bending  o f the board . M oreover by re laxa tion 
m easurem ents we can re la te  hygroscopic  m oistu re  up take to  the wood m icrostructure .
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S tructure  and dynam ics e lucidation o f ion ic  liquids by m ultid im ensional Laplace N M R

M . A . Javed, S . A ho la , P . H åkansson, O . M ank inen, M . K . A s lam  and V .-V . T e lkk i*$, N M R  R esearch  U n it,
U n iversity o f O ulu, P . O . B ox 3000, 90014 O ulu  F in land; A . F ilippov , F . U . S hah and O . N . A ntzu tk in,
C hem istry o f In te rfaces, Lu leå  U n ivers ity o f T echno logy, S E -97187 Lu leå , S w eden; S . G lavatsk ih ,
S ystem  and C om ponent D esign, K T H  R oyal Institu te  o f T echno logy, S E -10044 S tockho lm , S w eden.

Ion ic  liqu ids  (ILs) a re  salts  in  liqu id  s ta te  tha t have m elting po in t be low 100 °C . They are  incorpora ted  w ith 
exceptiona l physical and 
chem ical p roperties such as 
h igh  ion ic conduc tiv ity, 
neg lig ib le vapor pressure , non-
flam m ability, b road liqu id  
range, and exce llent therm al 
s tab ility, w h ich  m ake ILs 
attractive  in  m any sc ien tific and 
techno logica l app lica tions [1 ].

N M R  re laxa tion and d iffus ion  
experim ents prov ide  versa tile  
in fo rm ation  about the dynam ics 
and struc tu re  o f substances. 
The re laxa tion and d iffus ion  
da ta consis ts  o f exponentia lly 
decaying  com ponents and the  
processing requ ires a  Lap lace  
invers ion  in  order to  de term ine d iffus ion  coeffic ien t and re laxa tion  tim e d istributions. T here fore , these 
m ethods are  re ferred  as  Lap lace N M R  (LN M R ). L ike  in  traditiona l N M R  spectroscopy, m u ltid im ensiona l 
approach s ign ifican tly enhances the resolu tion  and in form ation conten t o f LN M R  [2 ].

In th is  w ork , we dem onstra te  that m ultid im ens iona l LN M R  revea l im portan t in fo rm ation about the  phase 
structures and dynam ics o f ILs tha t is  not observable w ith  conventional N M R  spectroscopy or o ther 
techn iques. O ne-d im ens iona l d iffus ion  coeffic ien t (D ) d istribu tions (show n in  F igure) o f a  ha logen-free , 
boron based IL  show ed tw o coexis ting  phases a t room  tem pera ture . T w o-d im ens iona l D -T 2 corre la tion
m ap enab led  us to  identify T 2 re laxa tion  tim es o f the  s low  and fast d iffus ing phases, and T 2-T 2 exchange
m aps a llowed us to  quantify the  exchange ra tes o f an ions and ca tions  be tween the  phases. T heoretica l 
m ode ling  o f the  experim enta l data  suggests that the  s low d iffus ing  phase is  com posed o f an ion-ca tion  
aggregates inc lud ing  10-70 ion  pa irs, wh ile  the  fast d iffus ing phase com prises  free  anions and ca tions 
[3 ]. T hese find ings prov ide new  opportun ities fo r exp lo ring  usefu l properties  o f ILs and design ing  new 
task  specific ILs.

R eferences
[1 ] M . Freem antle , A n  in troduction  to  ion ic  liqu ids , R oya l S ocie ty o f C hem istry, C am bridge, 2009.
[2 ] D . B ern in , D . T opgaard, C urrent O p in ion  in  C o llo id  &  Inte rface  S cience , 18: 166-172, 2013.
[3 ] M . A . Javed, S . A ho la, P . H åkansson, O . M ank inen, M . K . A s lam , A . F ilippov, F . U . S hah, S .
G lavatsk ih , O . N . A ntzu tk in , V .-V . T elkk i. M anuscrip t to  be  subm itted.
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 P 22
E ffect of m otion  on C P M G -like m easurem ent in  inhom ogeneous m agnetic  fie ld

S . U tsuzaw a, C . R yana ,b  and M . D . H ürlim ann, aS ch lum berger-D o ll R esearch, C am bridge, M A  02139,

U S A ; bR aytheon B B N  T echno log ies, C am bridge, M A  02138, U S A .

   N M R  re laxom etry us ing  the  C arr-P urce ll-M e iboom -G ill (C P M G ) sequence or its  varian ts is  w ide ly 

used due to  its  robustness and m odest requ irem ent on m agnetic  fie ld  hom ogeneity.  H owever, varia tions 

of the m agnetic  fie ld during  a  C P M G  m easurem ent in troduces s igna l loss tha t com plica tes the  

quantita tive  eva lua tion  o f sam ple  properties .  T h is e ffect can be  pronounced in  N M R  w ell logg ing  w here  

the  too l typ ica lly m oves  a t a  speed o f up  to  240 m /h or 6 .7 cm /s.  Too l m otion  a long the  m agnetic fie ld  

grad ient in troduces  a  fluc tuating fie ld  fo r the sp ins. C onsequently, the e ffective  ro ta tion  [1 ] fo r each 

C P M G  cycle  of t - (p )v - t w ill change as a  function  o f tim e, bo th  in  the d irection  o f the  axis  and the

ro tation ang le. T here fore , it is  c ruc ia l to  understand the  behavior o f nuc lear sp ins under tim e varying  

m agnetic fie ld  fo r quantita tive C P M G  m easurem ents.

   In  th is  study, we a im  to  characterize  the e ffect o f ne t re lative  d isp lacem ent (i.e . m acroscopic  m otion 

ra ther than d iffus ion) on  a  C P M G -like  m easurem ent in  gross ly inhom ogeneous m agnetic  fie lds.  W e 

show tha t the robustness o f a  g iven sequence is  de term ined by how w e ll the  m agnetiza tion can track  the 

effec tive  ro ta tion  axis in  an  adiabatic  sense.  T he in itia l s igna l decay in troduced by m otion  is  de term ined 

m ostly by the overlap  o f the exc ited  reg ion and the  de tected reg ion  (wh ich  is  typ ica lly 10 ~  20  cm  fo r the  

N M R  well logg ing too ls).  A t certa in critica l off-resonance va lues, the  d irection  o f the  effective  ro ta tion 

axis  sw ings rapid ly. C lose  to  these points , the effective  rota tion  angle  goes to  zero  and the  e igenvalues o f 

the  ro ta tion m atrix are  degenera te . A t these po in ts , ad iabatic  track ing  becom es e ffective ly im possib le, no  

m atte r how  s low the m otion  is  o r how  c lose the echo spacing  is .  T his  p revents the  re focusing  o f the  echo 

afte r exceed ing th is  critica l o ff-resonance va lue (F igure  1). The resu lt o f th is  s tudy prov ides a  guide line  to  

des ign  m agnetic  fie lds fo r g iven opera ting  cond itions.

R eferences: 

[1 ]. M . D . H ürlim ann and D . D . G riffin , JM R  143 (2000), 120-135.

F ig . 1 .  E ffect o f a  linear m otion on  spins in  a s ing le  voxe l.  A ll echo am plitudes wou ld  be  equal to  one in 

the  absence o f m otion  as there is  no  re laxa tion process incorpora ted in the  m odel.  A t the  beg inn ing  o f 

the  C P M G , the  sp ins are  exactly on resonance, and are  op tim a lly exc ited  by the  in itia l 90  degree pu lse .  

D uring subsequent echo fo rm ations, the  sp ins are  exposed to  the  B
0
 fie ld  chang ing a t a ra te  o f 16 G /s.

For sm all enough frequency o ffset Dy
0
, the  echo am plitudes  change in  an orderly, revers ib le m anner.

O nce Dy
0
 exceeds a  certa in  o ffse t tha t is  de term ined by B

1
, the  re focusing pu lses are  no  longer e ffective

and echo am plitudes fluctuate  chaotica lly, and the s ignal is  irrevers ib ly lost.  The e ffect is m ore  

pronounced w ith  a  la rge  t
E
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P r e lim in a r y  s tu d ie s  o n  t h e  s ig n a l  f r o m  w a te r  s p r a y s  u s in g  M  R  I  a n d  u n ila te r a l  N M  R  

S .Iyengar and I. Mastikhin*$, U n iv e rs ity  o f  N e w  B ru n s w ic k .

Magnet ic  resonance exper iments have features that  are amenable to  measur ing sprays:  unl ike opt ica l  
techniques MRI and NMR acqui re in format ion about  the ent i re  spray region,  as opposed to l ight  which 
is  vu lnerable to  ref lect ion of f  the outs ide of  the spray.  We measured the s ignal  f rom a water  spray wi th 
two d i f ferent  exper imenta l  setups to see how NMR s ignal  f rom water  droplets  is  af fected as i t  
t rans i t ions in to a sub-zero envi ronment .  Cold water  was sprayed through resonant  probes a longside 
cold n i t rogen gas f low wi th the in tent ion of  br ing ing the droplets  towards a f rozen state.  By saturat ing 
the magnet isat ion of  s tat ionary water  and the p last ic  tube,  s ignal  f rom the spray was iso lated and 
examined as temperature in  the probe sensi t ive region dropped.  In  the f i rs t  setup a 2.4 Tesla magnet  
was used,  and images were acqui red f rom a 12-cent imeter  region wi th a modi f ied SPI  sequence.  
In tegrated s ignal  f rom the center  of  the probe,  where spray is  located,  was compared to the in tegrated 
s ignal  f rom saturated water  in  the images.  The second setup involved a s imi lar  procedure wi th an 1100 
Gauss uni la tera l  NMR inst rument ,  where the CPMG spray s ignal  was analyzed.  A second,  larger  
magnet  was used to polar ise the water  before enter ing the probe to improve s ignal - to-noise of  the low-
densi ty  sample,  leading to a detectable spray s ignal .  The resul ts  of  these exper iments demonstrate 
that  the f reezing behaviour  of  sprays can be examined v ia MR techniques,  and the uni la tera l  NMR 
measurement  demonstrates that ,  in  pr inc ip le,  spray measurements can be done wi th low-cost ,  mobi le  
NMR inst ruments.
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N on-invasive M agnetic  R esonance Im aging  of O ils  a t U ltra  H igh F ie ld  in  A lgae: C hem ical S h ift 
S elective and D iffus ion  W eighted   Im aging

R . van S chadew ijk , K .B . S ai S ankar G uptra , H .J.M . de G root and A . A lia *$a,b, aLe iden U nivers ity, S o lid -
s ta te  N M R , T he N etherlands; T . van den B erg  and R . C roce, V U  U n iversity A m sterdam , B iophysics of
P hotosynthesis , The N etherlands; bLe ipzig  U n ivers ity, Institu te fo r M ed ical P hysics and B iophys ics,
G erm any; I. R onen, Leiden U n iversity M ed ica l C entre , R ad io logy D epartm ent, The N etherlands .

W e have optim ized M R  im ag ing and spectroscop ic sequences fo r 17.6T  and 22T  to  p rov ide  in-v ivo 
m ethods to  investigate  o il producing  green a lgae (B . 
braun ii) G reen a lgae have in te rested researchers  in  the  
b iofuels  fo r a  long tim e, especia lly o leaginous species 
tha t can conta in  s ign ifican t quantities o f o il, such the 
co lony fo rm ing species B . b raun ii. H owever a  lack  o f 
su itab le  in  v ivo  m ethods  can m ake studying green a lgae 
d ifficu lt. 

To  study these properties in  b io log ica l sam ples in  h igh  
de ta il, severa l im ag ing  sequences inc luding  M S M E   and 
FLA S H  have been op tim ized fo r u ltra -h igh  m agnetic  
fie ld  (17.6T  and 22T ). B irdcage type 5m m  volum e co ils 
and a  so leno id  1000um  m ic roco il were  used and 
advantages and d isadvantages  w ill be  rev iewed. 
S tra tegies  fo r dea ling  w ith  short T 2 and loca l fie ld 
inhom ogeneity caused by m agnetic  susceptib ility w ill be  
d iscussed. D ue to  the increased spectra l separa tion  o f 
o il/fa t and water a t u ltra -h igh-fie ld , sequences 
em ploying fa t suppression  are  less then op tim al. O ur 
find ings ind ica te  bette r resu lts  can be  atta ined w ith  
chem ical sh ift se lective  techn iques when m apping  the  
d is tribu tion  o il and w ater in  live  sam ples.
Techn iques to  be  covered inc lude C hem ica l S h ift 
Im ag ing (C S I), C hem ical S hift S elective im ag ing  
(C H E S S ) and D iffus ion  W eigh ted Im ag ing (D W I and 
D W -C S I) on  U ltra -H igh fie ld  in  re la tion  to  B . b raunii 
co lonies. 
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C apillary Trapping Q uantification in  S andstones using  N M R  R elaxom etry 

P . R . J . C onno lly, S . J . V ogt, E . F . M ay and M . L. Johns *$, S chool o f M echan ical and C hem ical 
E ng ineering  M 050, T he U n ivers ity O f W estern  A ustra lia , 35 S tirling  H ighw ay, C raw ley W A  6009, 
A ustra lia ; S . Ig lauer, D epartm ent o f P etro leum  E ng ineering, C urtin  U n ivers ity, 6151 K ensing ton, W estern  
A ustra lia , A ustra lia .

C ap illa ry trapping  of a non-wetting phase aris ing  from  tw o-phase im m iscib le  flow  in sed im entary rocks is 
critica l to  m any geoscience scenarios , inc lud ing o il and gas  recovery, aquife r recharge and, w ith  
increas ing  in te rest, carbon sequestra tion .  C ritica l to  quantifying cap illa ry trapp ing  during  sequestra tion  is  
the  re la tive ly poorly understood physio -chem ical phenom enon o f w ettability, and how th is  changes in the  
presence o f supercritica l o r liqu id  C O 2.  H ere  w e dep loy N uclear M agnetic  R esonance (N M R ) T 2

re laxom etry to  e luc idate  the  pore occupation  characteristics o f cyc lic  supercritica l C O 2 and N 2 im bib ition
and dra inage processes in  a range o f rock  cores a t reservoir cond itions, and in  the process quantify their 
respec tive  capillary trapp ing.  

In itia lly w e system atica lly con firm  the  re la tionsh ip  be tw een T 2 and pore  s ize  by quantifying in te r-pore
m agnetic fie ld  g rad ien ts due to  m agnetic  susceptib ility contrast, and dem onstra te  tha t our m easurem ents  
at a ll water satura tions are  re la tive ly unaffected.  D iffus ion in  such fie ld  g rad ients can potentia lly severe ly 
d is to rt the T 2-pore  s ize  re lationsh ip , rendering  it unusab le .  Furtherm ore , it was found tha t geochem ica l
reactions induced by the  presence of C O 2 occur on  tim escales  s im ila r to  typ ica l core  flooding
experim ents, w h ich  due to  the  d isso lu tion  o f param agnetic  ions can reduce bulk  flu id  T 2 properties
appreciab ly and hence d is to rt the  T 2-pore  s ize re lationsh ip.  A  m ethod of brine  'ageing ' was deve loped
which  was  able  to  m itiga te  aga inst th is  e ffect.

S am ple water T 2  d is tributions resu lts  are  show n in the  figure be low fo r a  s ing le  d ra inage/im bib ition  cyc le
fo r n itrogen/water and C O 2/brine  respective ly in  a  B erea sandstone rock  core .  In  a ll cases , d ra inage
results  in  p re fe rentia l w ater d isp lacem ent from  la rger pores, consis ten t w ith  a  water-w et system .  
S ubsequently im bib ition  resulted  predom inate ly in  w ater re -in troduction to  the  sm allest pores ava ilab le , 
a lthough th is  e ffect w as m ore  ev ident fo r N 2 than fo r C O 2.  T he am ount of consequently res idua lly
trapped n itrogen and C O 2 observed was com parab le  to  core flood ing  da ta  in  lite ra ture  and could  be
adequate ly described by the Land M odel.   T rapp ing  effic iency was observed to  increase s ligh tly w ith  
repeated im b ib ition /dra inage cyc les .    
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W et Front P enetration  under U nsteady S tate  
W icking and E vaporation in  M ortar by M agnetic  R esonance Im aging (M R I) 

R . E n jile la * and P . C ano-B arrita a,b, aD epartm ent o f P hys ics, M R I C enter, U n iversity o f N ew  B runsw ick ,
Frederic ton , N ew B runsw ick , C anada; b, Institu to  P o litecn ico  N aciona l-C IID IR  U n idad O axaca,O axaca,
M exico , ; A . K om ar and A . J  B oyd, , D epartm ent o f C iv il E ng ineering  and A pp lied  M echan ics, M cG ill
U n iversity, M ontrea l, C anada.

The m ovem ent of water o r w ater carrying  aggress ive  ions is  one o f the  leading  causes o f de terio ration  o f 
concre te  s tructures worldw ide. M oistu re  profiles during  w ater absorp tion  w ere  determ ined by one 
d im ensional C entric  S can S P R IT E  M R I [1 ] in  10 cm  m orta r specim ens under unsteady sta te  w ick ing  and 
evapora tion . B u lk  F ID  and T 2

* m app ing  resu lts  show a b i-exponentia l behavio r o f the M R  s ignal life tim e
T 2

* in  a ll sam ples, ind icating at least two d iffe ren t w ater popu lations [2 ]. T he short T 2
* life tim e, ass igned to

in te rlayer water, and its  associa ted  am plitude are  constan t a long the sam ple . T he long T 2
* life tim e,

re la ted  to  w ater in  the  pore  space, and its  associa ted  am plitude change w ith  local m o istu re  conten t 
(F ig.1 ). T he w et fron t w as d isp laced fas te r in to  sam ples w ith  h igher w /c ra tios. G ravim etric sorp tiv ity 
m easurem ents show  two reg im es o f w ater absorp tion . T he tw o regim es are  thought to  be  re la ted to  
d iffe rences water transport th rough the  pore  spaces. In  re lated sam ples early tim e capillary absorp tion is  
the  dom inant transport m echan ism , w hereas a t la te r tim es ingress of water is  a lso  contro lled  by d iffus ion-
based transport m echan ism s [3 ]. W ater front penetra tion  observed w ith  the S P R IT E  techn ique, and bu lk  
F ID  m easurem ent showed a transition in  behavio r a t a  s im ila r experim enta l tim e to  the  sorp tiv ity 
m easures. Inverse  m ode ling  was conducted to  extract transport p roperties, us ing the  H ydrus program , 
w ith  m oistu re  content p ro files. 
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A C ontinuous W ave M agnetic  R esonance D isruption (C W -M aR D i) Technique for the D etection  of 

M agnetic  N anopartic les

S .T . P ars low, M .I. N ew ton and R .H . M orris *$, N ottingham  T rent U n ivers ity, S chool o f S c ience and 

Techno logy, C lifton  Lane, N ottingham . N G 11 8N S , U K .

M agnetic  N anoP artic les (M N P ), detected  by M agnetic  R esonance have been used a t the  heart o f a  

num ber o f devices w here  the num ber o f M N P s is  p roportiona l to  the  ana lyte  of in te rest1 . T he system s 

typ ically used to  m easure  such surfaces are  bo th  com plex and expensive  wh ich  prov ides  s ign ifican t 

barrie rs  to  m arke t such devices as P oint o f C are  system s. W e present a  genera l m easurem ent techn ique 

to  quantify such assays: M agnetic  R esonance D isrup tion (M aR D i). F rom  prev ious w ork  incorpora ting 

perm anent m agnet system s and pu lsed N M R  e lectronics, it has been show n tha t the presence o f 

im m obilised  M N P  reduces the echo in tegra l o f a  flu id  p laced on  top  o f such im m obilised  partic les 2.

C onceptually s im p ler, bu t used fa r less w ide ly, con tinuous w ave (C W ) N M R  offe rs a cost-e ffective 

approach to  perfo rm ing M aR D i. A lthough C W -N M R  was firs t used to dem onstra te  the  phenom enon o f 

nuc lear m agnetic  resonance it has v irtua lly been consigned to  the  undergraduate  labora tory and 

m agnetom eters as it is  m ore cha llenging  to  re liably determ ine re laxation  param eters com pared to  pu lsed  

N M R . The equ ipm ent requ ired to  perfo rm  C W -N M R  is  however s ign ifican tly less com plex and there fore  

expensive , than that requ ired  fo r pu lsed m easurem ents. In th is  w ork , w e dem onstra te  p roo f of princ ip le  

w ith  a  com m erc ia l C W -N M R  system  produced by Leybo ld -D idactic  (H ürth , G erm any).

2.8µm  d iam eter av id in coated  M N P  (M -280 D ynabeads, T herm o F isher S cientific , W altham , M A , U S A ) 

were  im m obilised  to  the surface  o f b io tin  coated polystyrene we lls  (T herm o F isher S cien tific). A  6µL 

coating o f o il w as app lied  and the  sam ple  p laced ins ide  the com m erc ia l C W -N M R  system . A na lys ing  the  

resultant absorp tion  curves  we dem onstra te  a  46%  change in peak -to-peak  vo ltage from  the  add ition  o f 

10 ,000±1,000 im m obilised M N P  (F ig. 1 ). W e go on  to  dem onstra te  the  sensitiv ity to  M N P  as a  function  of 

b ind ing  area  and concentra tion  and investiga te  the  in fluence o f partic le  type and s ize  on  the  resu lting C W -

N M R  signal. It is  like ly tha t the  properties of M N P  w hich  are  optim ised fo r pu lsed N M R  w ill no t be  

op tim um  for C W -N M R  and thus extensive characterisa tion  is  requ ired be fore  we m ove tow ards the  

developm ent o f an  a ffo rdab le , fu lly au tom ated system  capab le  of rap id  and quantita tive  ana lys is  o f M N P  

concentra tion su itab le fo r P oC  diagnosis. 

(1 ) J. B . H aun, e t. a l. W IR E s N anom edic ine and N anobio techno logy 2 (2010) 291-304. D O I:

10 .1002/w nan.84

(2) S .T .P ars low, e t. a l. A na lytica l M ethods 9  (2017) 1681-1683 D O I: 10 .1039/C 7A Y00039A

Figure  1 : (Le ft) The absorp tion curve  from  6µL o f o il. (R ight) The absorp tion  curve from  6µL o f o il w ith  the  

add ition  o f ~10,000 im m obilised 2 .8um  M N P .
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G P U -optim ized 3D  fast M R I s im ulator for non-C artesian sam pling

R  K ose *, M R T echno logy Inc; A  S eto i and K  K ose $, Institu te  o f A pp lied  P hys ics, U nivers ity o f T sukuba.

Introduction
N on-C artes ian (N C ) sam pling  is  w ide ly used fo r advanced im ag ing  such as u ltrashort echo-tim e im ag ing, 
com pressed sensing , and M R  F ingerprin ting . In  such N C  sam pling  sequences, because the k -space 
tra jectories are  usually com plica ted , e ffects  o f system  im perfections on  the M R  im ages are  d ifficu lt to  
understand and ana lyze . T o  so lve th is  prob lem , it is  ind ispensab le  to  s im ula te  the  im ag ing  process us ing  
the  isochrom ats. In  th is  s tudy, we deve loped a  G P U -optim ized 3D  fast M R I s im ula tor fo r N C -sam pling .

M ateria ls  and M ethods
The M R I s im ula tor w as developed based on B lochS olver [1 ], wh ich  w as deve loped fo r C artes ian  
sam pling . T o  evalua te  the  perform ance and usefu lness of the s im u la tor, we perfo rm ed M R I s im u la tion 
us ing  a num erica l phantom  and 3D  cones tra jecto ry [2 ] as show n in  F igs.1  and 2 . T he 3D  cones 
tra jectories were  designed by com binations  of sp ira l and radia l tra jectories. T he cone ang le  o f the  
tra jectory w as varied  from  0 to  p  by 128 equa lly spaced steps, and one shot scan was used fo r the s igna l 
sam pling . The sam pling  inte rva ls  were  changed from  5  to  20  ls.

R esu lts  and D iscussion
F igures 3(a)-(c) show 2D  cross-sec tions se lected  from  3D  im age datasets acqu ired  w ith  5 , 10 , and 20  ls 
sam pling  inte rvals . B ecause gridd ing  w as  perform ed us ing  nearest ne ighbor po ints , these im ages show  
tha t finer s igna l sam pling  is  be tte r fo r the reconstruction. W hen the  sam pling  in te rva l was 5  s, the  
ca lcu la tion  tim e fo r the  who le  k -space data  w ith  2x2x2 subvoxels  was about 66 s us ing a  s ing le G T X 
1070 board , wh ich are  com parable  to  tha t fo r C artes ian sam pling  (48  s) w ith  1283 k -space data  and 
identica l num ber of subvoxe ls . F igures 3(d) and (e) are  2D  cross-sections se lected  from  3D  im age 
da tasets  acqu ired  w ith  5 ls  sam pling  in te rva ls under fie ld  o ffse t (10  H z) and  inhom ogeneous m agnetic 
fie ld . T hese im ages c learly show usefu lness o f our sim u la tor.

R eferences
[1 ] K ose R , K ose K , JM R  2017; 281 :165 . [2 ] G urney P T  e t a l. M R M  2006; 55 :575582.
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U ltrashort echo-tim e im ag ing at 1 .5  T  using  insertable  gradient coil sets  and  3D  cones tra jectory

A  S eto i and K  K ose, Institu te  o f A pp lied  P hysics, U n ivers ity o f T sukuba.

Introduction
U ltrashort echo tim e (U TE ) im ag ing  is  w ide ly used fo r short T 2 o r T 2* m ateria ls . U T E  im ag ing us ing  3D  
cones  tra jec tory has severa l advantages over 3D  rad ia l im ag ing  such as  da ta  co llection  e ffic iency and 
flexib le tra jectory design . H ow ever it is  d ifficu lt to  contro l g radien t w aveform s and sensitive  to m agnetic  
fie ld  inhom ogene ity. In  th is  s tudy, w e deve loped U T E  im ag ing fo r a sm all-bore  1 .5  T  M R I system  using  
3D  cones tra jecto ry to  dem onstra te  its use fu lness fo r short T 2 m ateria ls .

M ateria l and M ethods
W e used a  hom e-built com pact M R I system  consis ting  o f a  1 .5  T  and 280 m m  d iam eter horizonta l bore  
superconducting  m agnet, a  second-order sh im  co il, an unsh ie lded grad ient co il, an R F coil, and a d ig ita l 
M R I conso le . C ones tra jectory fo r 3D  im age acquis ition  was deve loped by com bin ing  sp ira l and radia l 
tra jectory. T he po la r angle  from  z d irection  w as equa lly d iv ided in to  128. The num ber o f shots per cone 
was 64. T R  and T E  were  200 and 0.15  m s and the flip  ang le  w as 90 ¸ . T he FO V  w as (64 .0  m m )3 and 
im age m atrix w as 128 3. W e used a  so lid  sam ple consis ted  o f LE G O  b locks as show n in  F ig .1 .

R esu lts  and D iscussion
2D  cross-sec tions se lected  from  3D  im age da tasets  o f the  so lid  sam ple  acqu ired  w ith  3D  cones tra jecto ry 
are  shown in  F ig . 2 .  F igure  3 show s M IP  im ages acqu ired  w ith  the cones tra jecto ry w ith  N E X =  16 . A s 
shown in  F igs.2  and 3 , the rubber tires showed h igh  im age in tensity, co lo red LE G O  b locks  showed low  
in tens ity, and transparent LE G O  blocks showed no s ignal. T h is is  because T 2 of the rubber was about 8  
m s, T 2* of the  co lored b locks (supposed to  be  A B S  res in ) w as about 0.6  m s, and T 2 of the  transparent 
b lock  (supposed to  be  acrylic  res in ) w as very short. In  conclus ion , 3D  U T E  im aging  us ing  3D  cones 
tra jectory is  use fu l fo r 3D  M R I o f so lid -like  m ateria ls .
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A portable  M R I scanner for hum an bra in  im ag ing  using an  optim ized rotating H albach m agnet

C .Z . C oo ley*, J .P . S tockm ann, P .C . M cD anie l, M .W . H aske ll, S .F . C auley, C . S appo, C .G . H a, T . W itze l,
C .E . V aughn and L .L . W ald$, A . A . M artinos C enter fo r B iom edical Im ag ing, D ept. o f R ad io logy,
M assachusetts G enera l H osp ita l, C harles town, M A , U S A .

W hile  M R I is  the  go ld -standard  fo r hum an bra in im aging , the  cost, w e igh t, and pow er requirem ents o f 
traditional scanners vastly lim it 
the  accessib ility o f the 
techno logy.  T o address th is , 
we in troduced a  low -cost 
portab le  M R I scanner 
arch itectu re tha t cou ld  fac ilita te  
im aging  in  un traditiona l s ites, 
like  rura l c lin ics, am bulances  
or a  pa tien t's  beds ide  [1]. T o 
enab le  th is , w e designed a 
lightwe igh t, head-on ly, 
perm anent m agnet (fig . 1a). 
The m agnet s ize  and shape 
were  greatly reduced by 
a llow ing  the  fie ld  be  low-fie ld (<  
100m T) and inhom ogeneous.  
Instead o f be ing v iew ed as a  
nu isance, the fie ld  varia tion o f 
the  inhom ogeneous m agnet is  
leveraged as  the M R I spatia l 
encod ing  m agnetic  (S E M ) fie ld  
instead o f added 
elec trom agnetic  g rad ien t coil 
hardware . T h is bu ilt-in  
encod ing  fie ld is  m odulated  by 
m echan ica l ro ta tion  of the 
m agnet, wh ile  genera lized 
pro jections  o f the  ob ject onto  the S E M  are  acquired  in the  fo rm  o f a sp in -echo tra in . T o  reconstruct 
im ages, a  genera l fo rward  m odel approach is  taken, in  w hich  an  encod ing  m atrix is  ca lcu lated tha t 
re la tes  the im age to the data . T he im age is  then estim ated us ing  a con jugate  gradien t m ethod. A lthough, 
arb itra ry non-linear S E M s can be  used to  fo rm  an im age, th is  resu lts in  non-un ifo rm  reso lution in  the  
im age [2 ], [3 ]. In  add ition , spatia l extrem a in  the  S E M  cause zero  grad ient areas or "encod ing  ho les" tha t 
result in  severe  im age artifacts  from  sm all encod ing  m atrix ca libra tion  erro rs . T o address th is , we 
des igned a  H a lbach cylinder m agnet, m ade up  o f an  op tim ized d is tribu tion o f N dFeB  m agnet cubes  tha t 
produces a  S E M  w ith  a rough ly linear fie ld  shape. T he resu lting  hum an head-on ly m agnet w e ighs 122 kg  
w ith  a  29  cm  bore  access (F ig . 1b). F ig. 1c show s the  resu lting axia l fie ld  m ap a t iso-center, w h ich  is  non-
linear but conta ins a  dom inant 1st order te rm . T h is  op tim ized m agnet enab les 2D  im ag ing  w ith  fa irly 
un ifo rm  reso lu tion, as dem onstra ted by the lem on s lice im age in  F ig . 1d .

[1 ]C . Z . C ooley e t a l., M agn. R eson. M ed., 2015.
[2 ]J . H enn ig  e t a l., M agn R eson M ater P hy, 2008.
[3 ]J . P . S tockm ann, e t a l., M agn R eson M ed, 2010.
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B LIP P E D  (B L Ipped P ure P hase E ncoD ing) H igh  R esolution M R I

D . Xiao a,b and B . J . B a lcom , aM R I R esearch  C enter, D epartm ent o f P hysics, U n ivers ity of N ew
B runsw ick , C anada; bD epartm ent of P hysics, U n iversity o f W indsor, C anada.

M R I im age reso lu tion is  p roportiona l to  the m axim um  k -space value , i.e . the tim e in tegra l o f m agnetic  
fie ld  g rad ient. H igh  reso lution im ag ing usua lly requ ires h igh  grad ient am plitudes and/or longer spatia l 
encod ing  tim es. S pecia l g rad ient co ils  a re  o ften  requ ired  fo r h igh  am plitudes and fast sw itching . W e 
propose a  h igh resolu tion  im aging  sequence tha t em p loys  low  am plitude grad ients.
Th is  m ethod was inspired  by the  prev iously proposed P E P I sequence [1 ], w h ich  rep laced the  E P I 
grad ient reversa ls  w ith  m u ltip le  R F re focusing  pu lses. It has been shown tha t w hen the re focusing R F  
pu lse is  o f h igh  qua lity, i.e . suffic ien tly c lose  to  180°, the  phase o f m agnetization  in troduced by the  spatia l 
encod ing  m agnetic fie ld g radien t can  be preserved and transferred  to  the  fo llow ing  echo s ignal w ithout 
phase rew inding  grad ients. T his  phase encod ing schem e requ ires b lipped grad ien ts that a re  identica l fo r 
each echo, w ith  low  and constan t am plitude, prov id ing opportun ities for h igh reso lu tion im aging . W e now 
extend the  sequence to  3D  pure  phase encod ing  w ith  low  grad ien t am plitudes. 
The m ethod was com pared w ith  the hybrid -S E S P I [2 ] technique to  dem onstra te  the  advantages in  te rm s 
of low  grad ient du ty cyc le , neglig ib le  eddy curren t effects  and m inim a l echo spac ing , w h ich  lead to  
superio r im age qua lity and h igh  reso lu tion . T he 3D  im ag ing  m ethod was  then applied  on  a para lle l p la te  
resonator [3 ], ach iev ing  a  spatia l resolu tion  on the  order o f ten m icrons.

[1 ] D . X iao , B . J . B alcom ,  echo-p lanar im ag ing w ith  concom itan t fie ld  com pensation fo r porous m ed ia
M R I. JM R  260, 38-45 (2015)
[2 ] L . L i, H . H an, B . J . B a lcom , S p in  echo S P I m ethods fo r quantita tive  ana lys is  of flu ids in  porous  m ed ia .
JM R  198, 252-260 (2009)
[3 ] J . Zhang, B . J . B a lcom , P ara lle l-p late  R F resonator im ag ing  o f chem ica l sh ift reso lved cap illa ry flow .
M R I 28 , 826-833 (2010)

F igure  1 . 2D  s lices o f 3D  im ages acqu ired  w ith  (a ) B LIP P E D  and (b ) hybrid -S E S P I. T he sam ple w as  a 
section  o f a  red T ha i pepper. T he nom ina l im age reso lu tion  w as 250 lm 3.
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S ystem atic  Im age A lteration  due to  P hase Accum ulation  during R F P ulse E xcita tion  in  P ure P hase 
E ncode M R I

T. M cD ona ld , B . M acM illan , B . N ew ling and B . J . B a lcom *, U N B  M R I C entre , D epartm ent o f P hysics, T he
U niversity o f N ew B runsw ick .

The S P I/S P R IT E  c lass of techniques in  m agnetic resonance im ag ing  are  pure phase encode m ethods 
tha t a re w e ll estab lished fo r system s w ith  short transverse  s ignal life tim es. A pp lying  a broadband 
rad io frequency pu lse  in  the  presence of a m agnetic  fie ld  grad ien t is  unconventiona l in  M R I bu t 
fundam enta l to  these m ethods. O rd inarily it is assum ed that the  exc ita tion  is  instantaneous and any 
possib le phase evolu tion  during  the  R F  pu lse  is  ignored. H igh  qua lity, quantita tive  im ag ing o f a  varie ty o f 
sam ples over m any years suggests tha t the  o ff-resonance effects  of the R F pu lse , w ith  consequent 
phase accum ulation  during  the  pu lse , a re  no t s ign ifican t. H ow ever, a  reconsidera tion of the  R F  pu lse 
behaviour in  re lated work  has show n that phase accum ula tion  during the  pu lse m ay be non-neg lig ib le  in  
som e circum stances.
The e ffect o f phase accum ulation  during  the  R F pulse  is  investiga ted  th rough s im u la tion  o f one-
dim ensional S P I experim ents  and is  show n to  m an ifest as a  system atic  sca ling  o f the  im age fie ld of v iew . 
The fie ld  o f v iew  sca ling  e ffect is  a lso  verified experim enta lly. O ne-d im ens iona l pro files o f a  cylindrica l 
e las tom er sam ple  were  acqu ired em ploying  a  2 .4  T  horizon ta l bore  m agnet. E xperim ents  were  
undertaken w ith  varia tion  o f the experim enta l R F  pulse dura tion . U nder typ ica l experim enta l param eters , 
neg lecting  the phase accum ula tion  during  the  R F pu lse  is  acceptab le . 
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Fast S pectroscopic  Im aging  w ith  R AR E -Type Acceleration

S . B enders * and B . B lüm ich $, Institu t fü r T echnische C hem ie , R W T H  A achen U n ivers ity, 52074 A achen
G erm any.

A part from  re laxa tion  and sp in  density contrast, it is of in terest to  inc lude chem ical in fo rm ation  in  im ages. 
C lass ica l chem ica l-sh ift im ag ing  [1 ] su ffe rs from  long experim enta l tim es as w ell as from  low reso lu tion . 
There  have been approaches to  access chem ica l in fo rm ation w ith  d iffe ren t m ethods no t requiring  fu ll 
phase encoding  [2], bu t these m ethods o ften  com prise  d ifficu lt reconstructions. H ere , a  R A R E -type 
acce le ra tion to  a pure  phase-encoded chem ica l-sh ift im ag ing  sequence is  p resented. A cce le ra tions o f a  
factor up  to  32  are  feasib le  w h ile  m ainta in ing  the possib ility o f identifying m any species due to  the ir 
d iffe rent chem ica l sh ifts . R equ irem ents fo r the  applica tion o f th is  approach are  good fie ld  hom ogeneity, 
su ffic ien t d ispersion  o f the  chem ica l sh ift, and long, ye t s im ila r T 2 tim es o f the com ponents. T he 
sequence has ben both  tested  on  phantom s and app lied to pork  sk in.

[1 ] P .C . Lauterbur, D . M . K ram er, W . V . H ouse, C .-N . C hen, J. A m . C hem . S oc. 97  (1975) 6866-6868.
[2 ] R .V . M u lkern , L . P . P anych, C oncepts M agn. R es., 13 (2001) 213-237.
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U ltra-short E cho (U TE ) Im aging o f T2 in  C alc ified C artilage at M icroscop ic  R esolution

F B adar and Y Xia *$, D epartm ent o f P hysics and , C enter fo r B iom edica l R esearch ,, O ak land U n iversity, , 
R ochester, M I, U n ited  S ta tes; N  W ang, C enter fo r In V ivo M icroscopy, D uke U n ivers ity M ed ica l C enter.

In troduction:  A rticu la r cartilage  (A C ) is  a  heterogeneous and load-bearing  tissue in  jo ints . B ased on the  
co llagen fiber o rienta tion , the  non-ca lc ified cartilage is  com m only subd iv ided in to  th ree  h is to log ica l zones: 
the  superfic ia l zone (S Z) w here  the  fibers a re  para lle l to  surface , the  transitiona l zone (T Z) w here  the 
fibers are  oriented  random ly, and the rad ia l zone (R Z) where  the  fibers  a re  perpend icu la r to  the  surface . 
B etween the  non-calc ified  cartilage  and the subchondra l bone, there  is  a  th in  layer of calc ified  cartilage  
(C C ), wh ich serves as  the  structura l in te rface . C C  can be dam aged in  traum atic  s itua tion  such as sport or 
ba ttle fie ld  in ju ries, w h ich  acce le ra tes the  progress ion  o f cartilage degradation that eventually leads to  
osteoarthritis . S ince  C C  has very short T 2 , it is  com m only inv is ib le  in  M R I re laxom etry m easurem ents (1 ). 
U ltra -short echo tim e (U T E ) im aging  sequence has the  potentia l to  m easure  T 2 as  low  as one or a  
fraction  o f one m s (2).  
M ateria l and  M ethods: C artilage  b locks from  can ine  hum era l head (~3x3x5 m m 3) were  im aged by us ing  
M S M E  and U T E  (2D ) sequences. A  FO V  o f 5m m  and a  m atrix s ize of 256x256 were used, wh ich  yie lded 
approx. 25µm /p ixe l resolu tion . W ith  T R  o f 100m s, average o f 16  scans and a  fixed rece iver gain , 6 U TE  
im ages w ith  echo tim es a t 0.235, 0 .3 , 0 .5 , 0 .6 , and 1 were  used fo r T 2  m easurem ents . In  addition , a  
M S M E  sequence was  used w ith  s im ila r geom etry se ttings except w ith  T R  o f 2000m s and m ultip le  echo 
tim es o f 8 .8 ,17.6 , 26 .4 , 35 .2  and 43 .9m s.    
R esults: T he pro ton  m aps o f cartilage  by M S M E  show  the  T 2 decay o f a rticu lar cartilage , a ffirm ing the 
he terogene ity o f the  tissue. D ue to  the short echo in  U T E  sequence, U T E  im ages o f cartilage have a  
hom ogenous  appearance o f the  tissue w ith  re la tive ly constant in tens ity. A  reg ion o f in te rest (co lo red  
boxes) was se lected in  each o f the  zones inc lud ing  the ca lc ified  cartilage  region . T he signa l decay us ing 
bo th sequences  are p lotted  and fit using  the natura l log  fit. A s  shown on the  p lo ts, the M S M E  sequence 
at the  long echo tim es g ive  a  good exponentia l fit in  the  S Z, T Z and R Z1, w hereas R Z2 and C C  show  
little  change in  the  decay due to  the  strong d ipo la r in te raction . U TE  in  the R Z2 and C C  show s a  good 
decay, w h ich  yie lded a  T 2 o f 1 .37m s. 
C onclusions:  U T E  can m easure the  characteris tic  T2  in  the  ca lcified cartilage  region  o f the  tissue; wh ile  
M S M E  a llow s the m easurem ent o f tissue heterogene ity fo r m ost o f the  non-ca lc ified  tissue. It is  
an tic ipa ted tha t fu rther deve lopm ent and op tim iza tion  o f U T E  can capita lize  its sensitiv ity to  the ca lc ified 
cartilage, p rov id ing  sensitive  in fo rm ation tow ard  severa l specific  degradation  events in  early a rth ritis .  
Acknow ledgem ents: T he authors are  gra te fu l to  the  N ationa l Institu tes of H ea lth  for the  R 01 gran ts  
(A R 052353 and A R 069047). T he au thors thank  D r. D ie te r G ross and S aaussan M ad i (B ruker, G erm any) 
fo r help ing  w ith  the  U T E  sequence. T he authors thank  D r. H ani S abbah (H enry Ford  H osp ita l, D etro it) fo r 
prov id ing  the  can ine  specim ens. 
R eference:  (1 ) M agnetic  R esonance in  M ed ic ine  2002, 48 :460-69  (2 ) O steoarth ritis  and C artilage  2013, 
21 : 77-85

__________________________________ICMRM2017.com____________________________________________________________________________________________________________________________



3���
X -ray l -C T and M R I of m oisture in  treated  and  non-treated w ood - im ag ing  the vis ib le  and invis ib le

N  N estle  and A  S andor, B A S F S E  A dvanced M ateria ls  and S ystem s, D -67056 Ludw igshafen, G erm any; 
M  Z lah tic  Zupanc and M  H um ar, U n ivers ity o f L jub ljana, B io techn ica l Faculty, D ept. o f W ood S cience and 
Techno logy Jam nikarjeva  101, 1000 L jubljana, S lovenia ; I S ersa  and U  M ikac, Jo?ef S te fan Institu te , 
Jam ova 39, 1000 L jubljana, S lovenia .

Intrus ion  o f liqu id  w ater in to  wood is  one of the m ain reasons fo r degradation  o f w ooden constructions. A  
range o f d iffe rent approaches have been developed to  avo id  or reduce water-induced degra ta tion  o f 
wood inc lud ing b ioc ides, sea ling surface  treatm ents  and non-sea ling  treatm ents w ith  hydrophob ic 
substances such as w ax or o il. T he latte r approach avo ids the use o f hazardous substances and o ffe rs a 
be tte r to le rance aga inst loca l de fects . 

Further im proving the  perfo rm ance o f non sealing  w ood treatm ent w ith  hydrophob ic agents requ ires a 
be tte r understand ing  o f the  spatia l and tem poral transport pa tte rns o f wood during  w ater exposure  and 
subsequent d rying . N on-invasive  im aging  techn iques such as M R I and X-ray µC T  are  especia lly help fu l 
too ls  in  th is  context. 

B oth  techniques are  com plem entary in  the  sense tha t M R I is  especia lly sensitive  to  parts  o f the  m ateria l 
conta in ing  m ob ile  pro tons  w h ile  X-ray µC T  is  a lso  sensitive to  rig id parts o f the  w ood structure  and 
com es w ith  a  spatia l resolu tion  about a  fac tor of 10  h igher than tha t achievab le  in  M R I. O n the o ther 
hand, record ing  o f the  fu ll w ood structu re  on th is  length  sca le  resu lts  in  m ore com plica ted  im ages in  
wh ich  a  sim p le  separa tion  be tw een liqu id  and so lid  phases is  less s tra igh t fo rward  than in  M R I. 

In our contribution, w e present data  ob ta ined on  the sam e specim ens o f native , o il- and wax-treated wood 
by bo th  M R I and X-ray µC T  a long w ith  the  experim enta l conditions used fo r water exposure  and drying in  
bo th techn iques. A dvantages and lim ita tions o f both  approaches are  com pared.
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D iffu s io n  a n d  r e la x a tio n  p r o filin g  o f  s k in  la y e r s  in  m  e d ic a l  a n d  s k in  c a r e  a p p lic a tio n s  e m  p lo yin g  
the low -field Fourier-M O U S E

J. Flohr*, C . Rehorn, D .Jaschtschuk , M . K üppers and B . B lüm ich$ , R WTH Aachen University , Institut für 
Techn ische  und  Mak romo leku la re  Chemie ,  Wor r inge rweg  2 ,  52074  Aachen ,Germany ;K .  Borkowsk i, 
Jagie l lon ian Univers i ty ,  Gobia 24,  Kraków, Poland;  K  .  Mom  ot ,  Q  ueensland U  nivers i ty  of  T  echnology, 
S c h o o l  o f  C h e m i s try ,  P h y s ic s  &  M e c h a n ic a l  E n g in e e rin g ,  B r is b a n e ,  A u s tr a lia ;  C  .K u p p e  a n d  J .  F  lo e g e , 
A a c h e n  U n iv  e r s ity  H o s p ita l,  M e d ic a l  C lin ic  II,  A  a c h e n ,  G e rm a n y .

The  sk in  is  no t  on ly  the  b igges t  hum  an  o rgan [1] but  a lso a  very  sens i t ive  organ,  which re f lec ts  the 
hea l th  and l iv ing condi t ions of  a hum  an.  T  he appearance of  the sk in reveals the age,  the physical  but  
a lso the psychological  condi t ions.  Therefore,  a whole industry is  focused on the enhancement of  the 
aesthet ic  appeal  of  the sk in.  In  th is  s tudy a low-f ie ld NMR tool ,  the Four ier-MOUS  E  ® , w as applied to get a 
deeper look into the diffusion and relaxation behavior of the hum an sk in, as it is not yet fully understood. T o show the 
applicability of the Fourier-M O U S E ®  in  c lin ica l tria ls  the s tudy no t on ly  focused on sk in  care 
appl icat ions but  a lso on one speci f ic  medical  topic  -  the sk in propert ies of  d ia lys is  pat ients.

The  Fou r ie r -MOUSE  ®  (B 0  =  0 .4  T  )  is  an im  proved vers ion o f  the NMR  -MOUS  E  ® , w hich exhibits a higher 
m a gn e tic  fie ld  ho m o g e n  eity  d u e  to  8  a d ditio na l,  m o va ble  m ag n ets,  th e  so  ca lle d  sh im  u n it. [2] 
T he  sensi t ive vo lume encompasses about  10×10 m  m  2 , a penetration depth of 2 m m , and a spatial resolution of  
50 µm is  achieved.  The measurement t ime can be drast ica l ly  reduced due to the fact  that  only one 
s ingle exc i ta t ion is  necessary to  record a 2 m  m depth prof i le  by f requency encoding.  For  exam  ple,  a  T 2-
prof i le  through d i f ferent  sk in layers takes about  45 seconds,  which qual i f ies the Four ier-MOUS  E®  a s a  
tool for clinical trials.[2]

>1@ E�. A�. G�rice , J. A�. S�egre , N�at. R�ev. M�ic robio l. 2011 , 9 , 244-253.
>�@ M�. V�an Landeghem�, E�. D�an ie li, J . P�erlo, B�. B�lüm�ich , F . C�asanova, J. M�agn. R�eson. 2012 , 215, 74-84.
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H ighly effic ient d iffusion exchange spectroscop ic  im aging for b io log ical applications

D  B en jam in i*, M E  K om losh a,b and P J  B asser$, aN ationa l Institu tes o f H ea lth ; bThe H enry M . Jackson 
Foundation  fo r the  A dvancem ent o f M ilita ry M ed ic ine .

S ensitive  to  loca l d iffus ive  properties, d iffus ion  exchange spectroscopy (D E XS Y) is  a  powerfu l tw o-
dim ensional nuclear m agnetic resonance (N M R ) m ethod fo r m easuring  the transport o f w ater d irectly 
from  one m ic roenvironm ent to  another, a llow ing  fo r exchange processes be tween num erous 
com partm ents. D E XS Y is , however, rare ly used, especia lly w hen com bined w ith  m agnetic  resonance 
im aging  (M R I) in  b io log ica l app lica tions, because o f its  exceptiona lly long scan tim e requirem ents. 
U sing  the  m arg ina l d is tributions constra ined optim iza tion  (M A D C O ) fram ew ork 1, we present a  m ethod to  
vastly reduce the  num ber o f requ ired acquis itions, m ak ing  D E XS Y-M R I feasib le  fo r the  firs t tim e. 
E xperim ents a re  perfo rm ed on a  com posite  M R I nerve  tissue phantom  w ith  restric ted  and free  water 
exchang ing  com partm ents. W e show  tha t N =22  acqu is itions were  suffic ien t to accura te ly de term ine the  
exchange spectrum  at th ree  m ixing tim es; th is  num ber o f aqu is itions is  ~276 tim es less than w hat w as  
prev iously thought to  be  needed (N =6075 ). T he presented fram ework  a llows one to  add m ore  m ixing 
tim es a t a low  data  requ irem ent cost (i.e ., four acquis itions per add itiona l m ixing  tim e). C om bined w ith  a  
fast im ag ing  readout, such as echo p lanar im ag ing (E P I), who le  hum an bra in im ag ing us ing 22  D E XS Y 
acqu is itions wou ld  take  about 22 m inu tes, w h ich  is  w ith in  the tim e fram e o f c lin ica l M R I. 
R egard ing  the d iffus ion  exchange spectrum  as a  jo in t probability function  and accord ing ly im posing  
constra in ts  in  the  op tim iza tion  process, p rov ides the  opportun ity to  re liab ly and feasib ly ob ta in  spatia lly 
resolved water exchange, as re flected  by physica l m icroscop ic  env ironm ents. C e ll m em brane 
perm eab ility and active  transport p rocesses  in hea lthy and d iseased tissue are  on ly partia lly understood, 
and currently cannot be  d irectly m easured non invasive ly and in  v ivo , w ithout im posed restricting 
assum ptions. Fast D E XS Y-M R I and N M R  can now be benefic ia l fo r b road applica tion fo r heterogeneous 
m ateria ls  such as b io log ica l tissues, food, p lan ts, and rocks, prov id ing  exc iting  opportun ities fo r 
investiga tors in  a  range o f d isc ip lines .

1B en jam in i D  and B asser P J. U se o f m arg ina l d is tribu tions constra ined op tim iza tion  (M A D C O ) fo r 
acce le ra ted 2D  M R I re laxom etry and d iffusom etry. J  M agn R eson, 271:40-45, 2016.
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Three-dim ensional com pressed sensing using tw o orthogonal readout g radients

D . Tam ada *, U . M otosug i and H . O n ish i$, D epartm ent o f R adio logy, U n ivers ity o f Yam anash i, C huo,
Yam anash i, 409-3898, Japan.

B ackground:
The com pressed sensing (C S ) enables fast M R  im ag ing  us ing the  s igna l spars ity and random ness o f 
sam pling  [1 ]. A  C artes ian  tra jectory a long one phase encoding  (P E ) d irection  (1D  random  tra jectory) is 
genera lly used to  achieve  pseudo-random  sam pling . W hen a  la rge  reduc tion facto r w ith  1D  random  
tra jectory is used, acqu ired M R  im ages su ffe r from  a lias ing  artifacts  a long the  P E  d irection [2]. In  th is  
s tudy, a  th ree-d im ensiona l random  cross sam pling  (3D  c ross tra jectory), wh ich  is  ach ieved by us ing  two 
orthogona l readout g radien ts, w as proposed to  reduce the a lias ing  artifacts  fo r the  com pressed sensing .
M ateria ls  and M ethods:
The 3D  c ross tra jectory consis ts  of two orthogona l 1D  random  tra jectories. T he sam pling  density fo r P E  
was determ ined by us ing  the tw o-d im ensiona l G aussian  function . A  C S  reconstruction a lgorithm  w as 
developed us ing  the to ta l varia tion regu la rized  sp lit B regm an m ethod [3 ]. A  phase d is to rtion correc tion 
a lgorithm  w as used fo r the  reconstruc tion [2 ]. S im u lation  studies were perfo rm ed to  eva lua te  the  quality 
of M R  im ages ob ta ined us ing  proposed m ethod. U ndersam pling  was s im u la ted  by extracting k -space 
da ta from  fu lly sam pled  k -space da tasets. T he fu ll da tase ts w ere  acqu ired  us ing  th ree-dim ensiona l 
S P G R  sequences (T R /T E  =  3 .5 /1.6  m s, FA  =  9, FO V  = 25×25 cm 2, M atrix =  160×160×64) w ith  tw o 
orthogona l 1D  random  tra jecto ries. A  3 .0  T  c lin ica l M R I scanner (M R 750, G E  M ed ica l S ystem s, 
M ilw aukee, W iscons in, U S A ) and an M R I phantom  filled  w ith  N iC l2 w as used. The conventiona l 1D  
random  (R  =  6 .7 ) and the  3D  cross (R  =  6 .7 ) tra jecto ries were  used fo r the  C S  reconstruction. The im age 
qua lity was eva luated us ing  P eak  S igna l to  N oise  R atio  (P S N R ).
R esu lts  and D iscussion :
F igure  (a ) show s the M R  im age reconstructed  w ith  the  fu ll da tasets. F igures (b ) and (c) show  the C S  
recons truc ted M R  im ages acqu ired  w ith  the  1D  random  (P S N R  =  25 .4) and the 3D  cross (P S N R  =  26 .7) 
tra jectories, respective ly. F igure  (d ) and (e ) a re  the subtraction of F igure  (b ) and (c) from  F igure  (a), 
respec tive ly. T he M R  im age obta ined w ith  proposed m ethod yie lds a  h igher P S N R  and less a liasing  
artifac ts  com pared to  the M R  im age acqu ired w ith  the  1D  random  tra jecto ry.
In conclus ion , the  s im ula tion  s tudies dem onstra ted  the  C S  reconstruction  w ith  the  3D  cross tra jecto ry 
enab les fast M R  im aging  w ith  less a liasing  artifacts.
R eference:
[1 ] Lustig , M ., e t a l. (2007).  M agn. R eson. M ed., 58(6), 1182-1195.
[2 ] T am ada, D ., e t a l. (2014).  IE E E  T rans. M ed. Im aging , 33(9), 1905-1912.
[3 ] G o ldste in, T ., e t a l. (2009). S IA M  J. Im aging  S ci., 2 (2), 323-343.
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Im perfections o f U ltra-short E cho  Tim e Im ag ing  S equence at M icroscopic  R esolution

F B adar, R  M ahar, S  B atool and Y  X ia *$, D epartm ent o f P hysics and C enter o f B iom edical R esearch , 
O ak land U n iversity, R ochester, M I, U n ited  S ta tes.

In troduction:  U ltra -short E cho (U T E ) is  a  nove l techn ique that is  capab le  of hav ing  an  echo tim e as 
short as a  fraction o f m s, which  has shown its  im portance in  m any areas o f m ateria l and b iom edical 
research . For exam ple , the calc ified  region  of articu la r cartilage  has very short T 2s w h ich  are com m only 
inv isib le  in  s tandard  im ag ing  sequences (1 ,2). T o  fac ilita te  a  fast readout, the U T E  im ag ing sequence 
com m only acqu ires da ta  during  the  sw itch ing o f im ag ing grad ien ts and u tilizes a  radia l tra jec tory in  k -
space.
M ateria l and M ethods: S evera l phantom s were constructed  by us ing de ion ized w ater and doped 
so lu tions (0 .1%  and 1%  C uS O 4) in  d iffe ren t s ized g lass tubes (W ilm ad, N J) . T hese phantom s w ere  
p laced at the  sym m etrica l cen ter of the  rece iver co il. A  25m m  B ruker vertica l b irdcage coil and a hom e-
m ade 5m m  horizonta l so leno id  co il w ere  used to  com pare  the  im ages on a  B ruker m icro-im ager, wh ich 
has  a  7T /9cm  vertica l bore  m agnet in te rfaced w ith  an  A vance II conso le  runn ing the  P aravis ion  6 .0 .1  
so ftware . A  B ruker U T E  (2D ) sequence was used, w ith  a  T R  o f 100m s, a  shortest echo tim e (235 µs), a 
bandw id th  of 50K hz, and a s lice  th ickness o f 1m m . P rec ise  tra jecto ries w ere  m easured us ing  fo r 2D  U T E  
im aging . The sam e phantom s were  a lso  im aged by the  M S M E  sequence (T R  500m s, TE  8m s, and 
s im ila r m atrix s ize and o ther se ttings).
R esults:  A unifo rm  doped solu tion  (C uS O 4)  in  g lass tubes was im aged us ing  B ruker 25m m  co il (a ,b ,c ,d ) 
and the  5m m  hom em ade co il (e ,f). T he M S M E  im ages fo r the  5m m  (soleno id) co il showed un ifo rm  signa l 
in tens ity w ith  the edges o f the g lass/solu tion  in te rface  show ing a  sharp  edge. H owever, the U T E  im ages 
showed a brigh t ring  on  the ou ts ide  o f the  g lass tubes where  there  is  a  g lass/solution  in te rface . T he line 
pro files  across the center o f the im age (phantom s) c learly show the s igna l variation and the  d ifferences 
be tween the M S M E  and U T E  sequences. T he inhom ogeneity o f the rf co il can  a lso  be  seen be tw een the  
25m m  B ruker co il (b irdcage) and 5m m  hom em ade co il (so leno id ).
C onclusion:  T he brigh t ring  shown around the  ou tside  edge of a ll inner rings im p lies tha t whenever there  
is  a  sudden drop o f im age in tensity, the edge becom es brigh ter. T he question  is  p resented in the U TE  
im aging  w hen an unknown sam ple  is im aged, w hether we can trust the in tensity varia tions on the im ages 
as the artifact or true  fea tures of the  sam ple . A dd itiona l w ork  is  in  p rogress to  investiga te  the source  o f 
these artifacts  and potentia l im provem ent in  the  qua lity o f the U T E  im ages.
Acknow ledgem ent:  T he authors are  gra te fu l to  the N ationa l Institu tes o f H ea lth  fo r the  R 01 grants 
(A R 052353 and A R 069047). T he au thors thank  D r. D ie te r G ross and S aaussan M ad i (B ruker, G erm any) 
fo r he lp ing w ith  the U T E  sequence.
R eference: (1 ) O steoarth ritis  and C artilage  2011, 19 :84-88 (2 ) C lin ica l R ad io logy 2004, 59 : 720726
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D iffusion and relaxation tim e m apping of m ice/rats  w ith  m agnetic  resonance fingerprin ting

Y T erada*$, Institu te  o f A pp lied  P hysics, U n iversity o f T sukuba; T  H a ish i, M R T echno logy Inc.

M ice  and ra ts have been w ide ly used as d isease m ode ls. M any effo rts have been m ade to estab lish  
quantita tive  M R I assessm ents as b iom arkers fo r de tection  and progress ion o f the d isease m ode ls, 
inc luding  quantita tive  im aging  o f re laxa tion  tim es, p ro ton density, perfusion , and d iffus ion . H owever, the 
s tandard  quantifica tion  M R I m ethods m ostly need a  long scan tim e, and are  sub ject to  m ultip le  sources 
of e rro r, inc lud ing  m otion  artifacts , fie ld inhom ogene ity, and physio log ica l changes due to  extended 
periods o f sm all an im a l's  gas anesthes ia. T here fore , new  quantifica tion  m ethods for practica l im ag ing 
app lica tion  are  needed that a re  im m une to  these erro r sources. A  new  M R  fingerprin ting  (M R F) 
m ethodo logy [1 ,2 ] is a  p rom is ing  cand ida te . M R F em ploys a unique acqu is ition  and post-p rocessing  
stra tegy that enab les m ulti-param etric im ag ing in  a short m easurem ent tim e. H ere  we deve loped an 
appropria te  M R F acqu is ition  and ana lys is  m ethods fo r m app ing  re laxa tion  tim es and d iffus ion  coeffic ien t 
of an  anesthe tized  m ouse and ra t.

M R F w ith  dua l-echo steady sta tes (M R F-D E S S ) w ith  varying  repetition  tim e and flip  angle  was  optim a lly 
im p lem ented on a 1 .5  T /280 m m  horizonta l bore  S C M  system . In  v ivo  M R F im ages were  acqu ired  from  
the  bra ins of an  anesthe tized  m ouse (C 57B L/6JJcl, 4w , M ) and ra t (F344/Jcl, 4w , M ). E ach sm all an im al 
was anesthe tized and positioned in  a b irdcage volum e coil (inner d iam eter, 25  m m ) th roughout im ag ing . 
S ing le -s lice axia l M R F im ages w ere  acqu ired  (fie ld  o f v iew  =  3 .2  cm  x 3.2  cm , s lice  th ickness =  2  m m , 
m easurem ent tim e =  26  m in). T he M R F s igna l evo lu tion  was  m atched w ith  the  pre-determ ined d ic tionary 
to  estim ate  T1, T 2, proton density, and d iffus ion coeffic ien t va lues on  a  per-p ixel bas is. N o resp ira to ry 
triggering w as  app lied .

F igure  1 show s M R F-based m aps o f T 1, T 2, pro ton dens ity, and d iffus ion coeffic ien t o f the m ouse and ra t 
bra ins. T he re laxation tim es in  cerebrosp inal flu id  were  longer than the o ther reg ions. T he estim ated 
va lues agreed w ith  those obta ined from  the  standard  m ethods. T he in itia l M R F resu lts  presented here  
show great prom ise  fo r quantifying re laxa tion  tim es and d iffus ion fo r a  m ouse and ra t in  the very short 
exam ination tim e.

R eferences: [1 ] D an M a e t a l., M agnetic  resonance fingerprin ting, N ature  2013; 495: 187-193. [2] Y . G ao 
et a l., P rec lin ica l M R  fingerprin ting  (M R F) a t 7T : e ffective quantita tive im ag ing fo r rodent d isease m ode ls, 
N M R  B iom ed. 2015; 28 : 384-394.
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M R I of W ater-C ontent C hanges in  U nconsolidated N atural P orous M edia  w ith  S hort T 2

A  G örges*, S  H aber-P ohlm eier$ and B  B lüm ich, Institu t fü r T echn ische and M ak rom oleku la re  C hem ie , 
R W TH  A achen U nivers ity, W orringer W eg 2, 52078 A achen, G erm any; A  P oh lm eier, IB G -3, 
Forschungzentrum  Jülich , 52425 Jü lich , G erm any.

O ne im portant m ethodo logy o f unders tand ing  w ater flow  processes in  the  vadose zone, the  unsaturated 
upper zone o f the  earth  crust, is  the re liab le  im ag ing  and quantifica tion  by non-invasive  m ethods. M R I is  
a su itab le technique, s ince  it v isua lizes water d irectly and perm its  non-invas ive  investiga tions o f 
continuous sam ple  changes  like  drying. H owever, m ost na tura l so ils  exh ib it very short re laxa tion  tim es. In  
order to  overcom e th is  obstac le  and to  be  able to  ob ta in w e ll resolved im ages from  these sam ples, 
specia l pulse  sequences have to  be  u tilized . E stablished im ag ing  pulse  sequences like  U TE  [1 ], ZT E  [2 ], 
and S P R IT E  [3 ] have been successfu lly app lied  in  the  past on  rocks or b io log ica l sam ples w ith  
com parable  short T 2 re laxa tion . H ow ever, na tura l so il sam ples are  even m ore com plex due to  
he terogeneous com position  and partia l w ater satura tion. T hey are , in  fact th ree-phase system s. T his  
causes susceptib ility a rtefacts , as we ll as im age b lurring due to  very short T 2* and T 2 va lues .  
The s tra tegy in  th is  work  is  firs t to  de term ine a ll re laxa tion  properties of the  princ ipa l so il com ponents  like  
sand, s ilt, and c lay as we ll as those o f exem plary so il m ateria ls : a  sandy loam , a  s ilt loam  and a  soil 
conditioner. S ince im ages are  acqu ired  w ith  conventiona l h igh  fie ld  scanners, the  re laxa tion  experim ents 
cover fie ld  s trengths from  13 M H z over 24  M H z up to  200 M H z.  F irs t im ages m easured w ith  U T E  and 
ZT E  w ill be  shown fo r the  soil sam ples under sa tura ted  conditions ind ica ting  tha t these m ethods are  
app licab le  in  p rinc ip le , bu t param eters contro lling  the  m in im um  detection tim e need to  be op tim ized to  
enab le  fu rther investiga tions  o f the  unsatura ted  sta te . T h is is  the  m ore  inte resting  sta te , s ince  the  vadose 
zone is  m ostly unsatura ted. W e antic ipa te  tha t w ith  m ethodolog ica l im provem ents one w ill be  able to  
investiga te  w ater-content changes during  m ulti-s tep  ou tflow  experim ents, the  basis  fo r the  ca lcula tion  o f 
the  unsaturated  hydrau lic conductiv ity param eter, one of the  m ost im portan t quantities  fo r the  m odelling  
of w ater flow  in  na tura l so ils . 

R eferences

[1 ]R obson, M .D ., M agnetic  resonance: an  in troduction to  u ltrashort T E  (U T E ) im ag ing, J .  C om put.
A ssis t. T om o., 27(2003) 825-846.
[2 ]W eiger, M ., P ruessm ann, K ., M R I w ith  zero  echo tim e, eM agR es, 311 (2012) 311-321.
[3 ]K ennedy, C B , B a lcom , B J, M astikh in , IV , T hree-dim ensiona l m agnetic resonance im aging  o f rig id
po lym eric  m ateria ls  us ing  s ingle-po in t ram ped im ag ing  w ith  T 1  enhancem ent (S P R IT E ), C an. J . C hem .,
76  (1998) 1753-1765.
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U s in g  M o le c u la r  Im  a g in g  to  E  v a lu a te  a  V a c c in e  Im m  u n o th e r a p y  in  a n  O  v a r ia n  C a n c e r  M  o d e l

M .-L . T rem b laya ,b , V . G onzaleza ,b ,c, C . D a v is a ,b  a n d  K .D . B re w e r*$a,b,c, aB io m  e d ic a l  T ra n s la tio n a l  Im 
a g in g  C e n tre  (B IO T IC  ),  H  a lifa x ,  N  S ;  bIW K H ea lth C entre , H alifax, N S ; cD a lh o u s ie  U n iv e rs ity,  
H a lifa x ,  N S ;  A .  M a c k a y ,  A  .  W  e s t ,  M .  M .  S tan fo rd  a n d  G  .  W e ir ,  Im m u n o v a c c in e  In c .,  H a lifa x ,  N  S  .

In troduction: O varian  cancer  is  one  o f  the  m  ost  aggress ive  cancers  am  ong  w om  en 1. It frequently recurs 
afte r  chem  otherapy or  radiation trea tm  ent,  
m ak ing  it  an  im  portan t  ta rge t  fo r  
im m unotherapy2. P re -clin ica l P E T /M R I 
prov ides va luab le in fo rm  ation w hen 
characterizing im  m  unotherap ies,  particu la rly  
in hard to de tect cancers like ovarian cancer.  
U sing s im u ltaneous P E T/M R I, we can 
m onito r o rthotop ic ovarian cancer tum or 
grow th  and S P IO -labe led  im m une ce ll 
m igra tion  v ia  M R I and tum or m etabo lism  v ia  
P E T  in  response to  an  im m unotherapy 
vaccine . 

M ethods: In  vivo  da ta were  ob ta ined in a  
hum anized m ouse m ode l of ovarian  cancer in  
H LA -A 2.1-/H LA -D R 1-transgenic  (H H D ) H -2  
c lass I-/c lass-II knockout m ice . O varian  surface  ep ithe lia l cancer ce lls  w ere  im p lan ted (e ither 0.1 , 0 .5 , 1 , 
or 5x105 cells , n=5/group) in  the le ft ovary in trabursa lly. T um or grow th  k ine tics w ere  m on ito red  us ing 
s im u ltaneous M R I/P E T  scans every other w eek  beg inn ing  28  days post im p lanta tion . A natom ical de ta ils  
and tum or vo lum etric  changes w ere  v isua lized  us ing  a  bS S FP  pu lse  sequence (T R /T E  =  8 /4  m s, a =  30°, 
4 phase cyc les, 4 averages, 256x136x136, FO V  =  51 .2m m  x 27 .2m m  x 27.2m m , t =  41m in). T um or 
m etabo lic  activ ity w as m on ito red w ith  a  30  m in P E T  scan beg inn ing 50 m in a fte r in jection  w ith  ~600 µC i 
of 18F-FD G .  

R esults:  O varian cancer tum ors  w ere  de tectab le  on bo th  P E T  and M R I, w ith  uterine  horn  swe lling  a lso  
v is ib le  on  M R  im ages. T um or progression  and spread cou ld  be  m on ito red  us ing  sim u ltaneous P E T /M R I  
and w as com pared to  necropsies done a t endpo in t fo r valida tion (F ig).   

C onclusion/Future  W ork: S im ultaneous P E T /M R I is  an  exce llent tool fo r m on ito ring tum or grow th  o f 
hard  to  de tect cancer a t per-c lin ica l s tages. A fte r establish ing  tum or k ine tics, we w ill use  P E T /M R I to 
m onito r tum or m etabo lism  and track  S P IO -labe led  im m une ce ll subsets to  understand potentia l dynam ics 
of recru itm ent and m igra tion  in  response to  a  cancer vacc ine im m unotherapy. 

R eferences: 1. C anad ian  C ancer S ocie ty e t a l. (2015). "C anad ian  C ancer S ta tistics  2014."  2 . S yrios J ., 
e t a l. (2014). A nticancer R es 34(5):2069-2077. 

Figure:  Le ft : N ecropsy o f an  un treated m ouse a t day 49 . R ight: C orresponding  P E T /M R I.  G reen arrows 
indica te  the  tum or.  R  =  righ t and L  =  le ft.
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Im aging o f 23N a accum ulation in  the soil-roo t region due to  root w ater uptake

A . P oh lm eier* and J. V anderborght$, Institu te  fo r B io - and G eosciences 3 , R esearch  C enter Jü lich,
G erm any; A . P ere lm an and N . Lazarov ich , Jacob B laus te in Institu te  fo r D esert R esearch, B en-G urion
U niversity o f the  N egev , S ede B oqer, Israe l; S . H aber-P oh lm eier, Institu te  fo r Techn ica l and
M acrom olecular C hem istry, R W T H  A achen U n ivers ity, G erm any.

   R oot w ater uptake m ay lead to  sa lt accum ula tion  a t the  root-so il in te rface , resulting in local sa lt 
concentra tions m uch h igher than in the  bu lk  so il. T h is salt accum ula tion  is  caused by m ass flow  th rough 
the  so il, fo llow ed by pre feren tia l absorption  o f specific  nutrients  by ac tive  uptake, thereby exc lud ing  m ost 
other salts  a t the root-so il in te rface  or in  the  roo t apop last. The sa lin ity bu ild -up  can lead to  la rge  osm otic 
pressure  grad ients across the roots, thus effec tive ly reducing  roo t w ater up take  and crop  production . 
There fore , an understand ing  and a  descrip tion  o f the  processes  tak ing  p lace are  requ ired , in  te rm s o f 
param etriz ing  so il phys ica l m odels. T o s ta rt w ith , re liable  3D  im ag ing m easurem ents  o f the  salt 
accum ula tion  in  the so il and the  roo ts a re  needed. 

   W hile  com m on in  m edica l research , 23N a-M R I is  not very w e ll deve loped fo r unsatura ted  porous 
m edia  such as so ils  [1]. T herfo re  we firs t de term ined in  th is  s tudy T 1 and T 2 re laxa tion  tim es o f 23N a in  
na tura l sands and a typical so il m ateria l as  basis  fo r se tting  up  param eters  fo r conven ien t 3D  im ag ing  
pu lse sequences. S ince the  typ ica l concentra tion range of N aC l in  so ils  is  w ith  20  m m ol/L  to  500 m m ol/L  
re la tive ly low , the  next s tep  is  check ing  the  linearity be tween M R I s igna l in tensity and N a concentra tion. 
W e decided to  use  a  R A R E  sequence w ith  on ly a  few  num ber o f echos to  op tim ize  the re la tion  between 
m easurem ent tim e, num ber o f scans and s igna l decay due to  T 2 re laxa tion . W ith  th is  se tup  we cou ld  
re liab ly de term ine concentra tions o f few  10s  m m ol/L  in  unsatura ted sand w ith  m m  reso lution . F ina lly w e 
were  ab le  to  investiga te  the  N aC l enrichm ent in  the  root system  of tom atos by a com bination  o f 1H -M R I 
fo r the  root system  architecture  [2 ] and 23N a M R I. For low  transpira tion  ra tes the  enrichm ent ra te  is  low  
and the  d is tribu tion pa tte rn  is  w ide , w hereas fo r h igh  transp ira tion  ra tes a  loca lized h igh enrichm ent near 
the  roo ts  was observed. W e cou ld  a lso  im age a considerable  uptake o f N a in to the  roo ts  and even 
transport and fu rther enrichm ent in  the  leaves. Th is  w ill a llow  conclus ions on  the  p lan t´s  s tra tegy to  dea l 
w ith  the  salin ity.

[1 ] R ijners e t a l. JM R  167 25-30 (2004)
[2 ] P oh lm eier e t a l. S S S A  S pec ia l P ub l. 61 135-153 (2013), doi:10.2136/sssaspecpub61.c7
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C opper-b inding  polym er coatings fo r enhanced  M R I contrast of prostate  tum or radiotherapy 
seeds

N H  W illiam son, A A  C ava lla ro , M  Larssona,b and M  N ydén $a,b, aFu ture  Industries  Institu te , U n iversity of 
S outh A ustra lia , M awson Lakes, S A  5095, A ustra lia ; bU nivers ity C o llege London, U C L – A ustra lia , 220 
V ic to ria  S quare , A de la ide , S A  5000, A ustra lia .

In the com m only used prosta te  cancer trea tm ent perm anent low  dose brachy therapy , rad ioactive  seeds 
are  inserted in  the  close v ic in ity o f the  tum or to  ach ieve  loca l rad ia tion  therapy. The position ing  o f the  
seeds  is  critica l fo r trea tm ent outcom es and a curren t p rob lem  is  to  re liab ly de term ine the loca tion  of the 
seeds  in  re la tion  to  the prosta te . S eeds w ith m agnetic  resonance im ag ing (M R I) contrast w ou ld  be  h igh ly 
benefic ia l as M R I w ould  then enable  h igh  qua lity s im u ltaneous  im ag ing  o f the  prosta te  and the seeds. 
H ere  brachytherapy seeds  have been m odified  fo r M R I contrast w ith  a  copper-b ind ing  po lym eric  coating  
wh ich  reduces the  T 1 re laxa tion tim e o f nearby water. The enhanced contrast in  M R  im ages m ay help  to  
identify and loca te  seeds during  in itia l p lacem ent, as w e ll as during  the  fo llow ing  m onths  o f radiotherapy, 
thus lead ing  to  m ore  in fo rm ed rad io therapy trea tm ent p lans and im proved patien t ou tcom es. 

Th is  poster de ta ils  our in itia l work  and find ings, inc lud ing  the coating  o f m ode l titan ium  and (non-
therapeutic) nylon  seeds  w ith  crosslinked P o lyethylen im ine po lym er, C opper up take, toxico logy s tudy, 
and in  particu la r M R I m ic ro im ag ing  o f the seeds ex-v ivo  as a  function  o f copper load ing . W ith  titanium  
seeds , e ffects o f susceptib ility g radien ts  overpowered the e ffects  o f the surface coating , indica ting that 
the  coating cannot be used for a ll seed m ateria ls . W ith  nylon  seeds, increasing contrast a t the  surface  
was observed w ith  increasing  copper loading , ind icating  that the  po lym eric surface  coating  can be used 
to  inc rease contrast in  M R I.
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Tow ards T 1q  Im aging  of P orcine In tervertebra l D iscs U nder Loading

J.H . W alton*, N M R  Facility, U nivers ity o f C alifo rn ia  D avis , D avis , C A , 95616, U S A ; J . Zhou and F . 
Fa thallah $, D epartm ent o f B io log ica l and A gricu ltu ra l E ng ineering, U n iversity o f C a lifo rn ia D avis, D avis , 
C A , 95616, U S A .

Inte rvertebra l d isc (IV D ) is  a  loc i o f Lower B ack  P a in  (LB P ). T he hea lth  and functions of the  IV D  are  
de term ined by the  inherent b iom echan ica l p roperties  and their in te raction w ith  bo th  the  m agn itude and 
tim e-d is tribution o f load ing . R ecently advances in  quantita tive  M agnetic  R esonance Im ag ing  (M R I) 
techn iques have the po tentia l in  de tecting  load ing  induced m echan ica l property changes  in  the  IV D . M R I 
param eters such as T 2, A D C , T 1, T 1q , and M T R  are  sensitive  to  loading  and thus have the  po ten tia l to
detect changes in  the m echanica l p roperties of the IV D  due to  externa l load ing  cond itions  tha t m ay 
increase the  risk  o f in jury to  IV D . H ere  w e present p re lim inary T 1q  m easurem ents on  porc ine  cerv ica l
sp ine IV D s in  response to  d iffe ren t com pressive load ing  schem es.
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E stim ate  of physical param eters  o f C O 2/ hydrocarbon m ixture  
based on N M R  re lax ivity

Yuechao Zhao *$, D a lian  U n ivers ity of T echno logy; Jun lin  C hen, Ins titu te  o f E ng ineering  T herm ophysics, 
C h inese A cadem y o f S ciences; M ing jun  Yang, D a lian  U nivers ity o f T echnology; Yongchen S ong, D a lian  
U n iversity o f T echno logy.

A ccura te  es tim ate  o f the  physica l param eters o f C O 2/hydrocarbon m ixtu re  in reservo ir, such as so lu tion 
concentra tion, density, d iffus iv ity, M M P  (M inim um  M isc ib le  P ressure), a re  necessary fo r re liab le  reservoir 
s im u la tions and sequestra tion  eng ineering design in  C O 2 enhanced o il recovery (E O R ) pro ject. T hese 
param eters a re  m anifested  in  nuclear m agnetic resonance (N M R ) re laxiv ity. N M R  re laxiv ity is  of critica l 
im portance in  core  ana lys is  and we ll logg ing . In  th is  s tudy, the re lationsh ip  between N M R  re laxation 
s ignal, C O 2 so lub ility, density, M M P  of C O 2/n-hexadecane m ixture , and the  d iffus iv ity in  hexadecane-
sa turated porous m ed ia  w as investigated experim enta lly. The 1H  longitudina l re laxa tion  tim e (T1) and 
transverse re laxa tion tim e (T2) o f C O 2 in  liqu id hexadecane w ere  m easured. A n exponentia l re la tion was 
found between the  re laxiv ity and the pressure  o f the C O 2/n-hexadecane system , m oreover the M M P  
cou ld be predic ted  by th is  re la tion . T he experim ental results  show ed tha t the T 1 w as lengthened by the  
d isso lu tion  o f C O 2 wh ile  the  T 2 w as shortened. T he solub ility and dens ity o f C O 2 in  liqu id  hydrocarbon  
were  fitted as a function o f 1 /T 1 and 1 /T 2. T he re laxiv ity o f 1 /T 1 and 1 /T2 had a  linear re la tion  w ith  
e levated so lubility and density. M oreover, th rough the  m easurem ent of re laxiv ity, synchronous  
m easurem ent o f so lub ility and density and M M P  can be realized. T he C O 2 d iffus iv ity and the re laxiv ity 
1/T 1 w ere  found to  be  re la ted exponentia lly. T he experim ental find ings have a s ign ificant im pact on  
develop ing po ten tia l N M R  logging  techn iques to  m on ito r C O 2 m igra tion , s tab ility and capacity in  
reservo irs, and to  p rov ide  param eters such as density, M M P  and d iffus iv ity fo r p ro jects  o f C O 2 enhanced 
o il recovery (C O 2-E O R ) and geo log ica l sequestra tion.
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Flow  V elocity M aps M easured by N uclear M agnetic  R esonance in  M edical N eedle less C atheter 
C onnectors

E . N ybo* and J. D . S eym oura,b, aD epartm ent o f C hem ica l and B io log ica l E ng ineering , M ontana S ta te
U niversity, B ozem an, M T , U S A ; J . E . M aneval, D epartm ent o f C hem ica l E ng ineering, B ucknell
U n iversity, Lew isburg , P A , U S A ; S . L. C odd, D epartm ent of M echan ical E ng ineering , M ontana S ta te
U niversity, B ozem an, M T , U S A ; M . A . R yder, R yder S cience, Inc., B rentw ood, T N , U S A ; G . A . Jam es,
bC enter fo r B io film  E ng ineering, M ontana S tate  U n ivers ity, B ozem an, M T , U S A ; J . W oodbury, IC U
M edica l, Inc., S an C lem ente, C A , U S A .

M app ing flu id  flow  patte rns in com plica ted geom etries is  o f in te rest fo r d iverse  b iom edica l, 
pharm aceutica l and engineering  applica tions.  N eedle less connectors (N C s) a re  b road ly used m ed ical 
dev ices w ith  com plica ted  inte rna l design .  S tructura l features such as  com plica ted  geom etric  surfaces  
wh ich  genera te  to rtuous flu id  flow  paths lead to  flow  com plexity tha t m ay cause undesirab le  b lood reflux 
[1 ], bac teria l deposition and b iofilm  fo rm ation  [2 ], fo llow ed by an increased risk  o f b lood stream  infections 
in  pa tien ts  [3 ].  M agnetic  resonance im ag ing (M R I) is  applied  as a  non-invasive and non-destruc tive  
techn ique to  eva lua te  the flu id  dynam ics associa ted w ith  various in te rnal des igns of the N C . S patia l 
ve loc ity m aps o f flu id  flow  a t various positions o f the  devices  are  acquired.  A  series  o f M R I long itud ina l 
and cross-sectiona l ve locity im ages show ing the  ve loc ity m agn itude v= (v2

x+v2
y+v2

z ) and vx, v y , v z ve loc ity 
com ponents fo r 6  N C s are  ob ta ined.  V e loc ity d is tributions o f v x and vy com ponents quantify the 
secondary flows caused by the structure  o f the  N C s. M R I ve loc im etry is  dem onstra ted as an  e ffective  
m ethod to  quantify flow  patte rns and flu id  dynam ic dependence on s truc tura l features o f N C s.  T he data 
prov ides a  basis  fo r g round truth ing com putationa l flu id dynam ics (C FD ) m ethods tha t cou ld im pac t 
des ign  o f N C s.

R eferences:
1.H adaway, L., N eed le less C onnectors fo r IV  C athe ters. A m erican Journal o f N urs ing, 2012. 112(11): p .
32-44.
2.Yazd i, S . and A .M . A rdekan i, B ac teria l aggregation and b io film  fo rm ation  in  a vortica l flow .
B iom icro flu id ics, 2012. 6 (4).
3.D on lan, R .M ., B iofilm s and device-assoc iated  infections. E m erg ing  In fectious D iseases, 2001. 7(2): p .
277-281.

F ig .1 : V e loc ity am plitude m aps us ing  M R I.  Im ages show ve loc ities o f water flow ing  from  righ t to  le ft in  
the  long itud inal s lice o f 0.3  m m  th ickness, th rough (a) M axP lus  (C areFusion Inc.), (b ) B D  Q -S yte  (B ecton  
D ick inson), (c) N eutron  (IC U  M edica l Inc.), (d ) M icroC lave N eutra l (IC U  M edica l Inc.), (e ) S m artS ite  
(C areFusion  Inc.), (f) O neL ink  (B axter H ea lthcare  C orp .).
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3���
In  situ  observation  of fou ling layer fo rm ation  in  ceram ic hollow  fiber m em branes using 
com pressed sensing R A R E  M R I

S . S chuhm ann, F . A rnd t, N . S chork , H . N irsch l and G . G uthausen a,b, aInstitu te  fo r M echan ica l P rocess
E ng ineering  and M echan ics, P rocess M ach ines, K IT , 76131 K arlsruhe, G erm any; bE ng ler-B unte-Institu te ,
C ha ir o f W ater C hem istry and W ater T echno logy, K IT , 76131 K arlsruhe, G erm any.

C eram ic ho llow  fiber m em branes are  used in  severa l industria l app lica tions. T he m ain  prob lem  o f the  
filtra tion process is  the  m em brane fou ling , w h ich  is  due to  the  accum ula tion  o f m a in ly co llo idal 
substances on the  m em brane surface and wh ich  is  investiga ted  by M R I. E spec ia lly the  in itia l fou ling  
process is  ra ther fast on the  usua lly availab le  tim e sca le  o f M R I in  the  order o f severa l m inutes. A  R A R E  
2D  pu lse sequence w ith  a com pressed sensing  schem e was used to  reduce the  m easurem ent tim e w h ile 
keeping  the  im age qua lity constan t. In  the present study the fo rm ation  o f the  fouling  layer was detected  
during the  filtra tion  w ith  a  tim e reso lu tion o f 32s. To  overcom e the lack  o f con tras t be tween a lg ina te  and 
surrounding  water, specific  m agnetic  iron  oxide  nanocrys ta llites (M IO N s) were app lied  as param agnetic  
contras t agents. The geom etric param eters of the  fou ling were extracted  quantita tive ly from  the  im ages 
and the fouling  m echan ism s w ere  stud ied in  de ta il as a  func tion o f filtra tion tim e.
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3���
The H igh-fie ld  F ie ld-C ycler: A  h igh-resolution  h igh-sensitivity N M R  field-cycling device  for fu ll 
range T1 re laxation  m easurem ents

C -Y. C hou, A . G u iga and D . S ake llariou *$a ,b, aC E A  S aclay, France; M . C hu and T -H . H uang, A cadem ia
S in ica , T aiwan; bC enter fo r S urface  C hem istry and C ata lys is , Facu lty o f B iosc ience E ng ineering , K U
Leuven, B e lg ium ; M . A bdesse lem , C . B ouzigues, T . G aco in and A . A lexandrou, E co le  P o lytechn ique,
France.

T 1 re laxa tion  can be a  m ajor contrast m echan ism  in  M agnetic  R esonance Im ag ing . T oday the T 1-
we igh ted  im ages are aquired  a t the center o f superconducting  m agnets and there fore  benefit from  high-
po la riza tion  and h igh-de tec tion sensitiv ity. The ir con trast can be how ever no t op tim al. The reason is  that 
T 1-contras t increases w ith  decreasing  m agnetic  m agnetic  fie lds, wh ich  is  contrac ic to ry to  the  trend o f 
g iong to  ever h igher m agnetic  fie lds.

H ere  w e present a  fast fie ld  cyc ling  sam ple  shuttling  device tha t is  coup led  to  a h igh-fie ld  
superconducting  m icro-M R I de tection  probe and a llows  us to  aquire  h igh-reso lu tion , h igh-sensitv ity 
im ages w ith  contrast com m ing from  a  varie ty o f m agnetic  fie lds.  
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3��1
Longitudinal flow  m easurem ent for a  living  tree  using an outdoor M R I

A  N agata , K  K ose and Y  Terada*$, Institu te  o f A pplied  P hys ics, U n iversity o f T sukuba.

The w ater dynam ics o f p lants  is im portan t fo r understand ing  p lant physio logy, and flow  im ag ing  o f an 
in tact tree  us ing  M R I has a ttracted  great a ttention . O utdoor M R I has  potentia l to  v isua lize physio logica l 
processes o f p lan ts  g row ing  in their na tura l env ironm ent, bu t it still rem ains  a  cha llenge because of the  
d ifficu lty in  se ttling  the M R I system  outs ide  fo r a long tim e. W e recently developed an outdoor M R I 
system  tha t is  robust enough fo r long-te rm  m easurem ents and a llow s q-space im ag ing  (Q S I) of an in tac t 
tree [1 ]. In  th is  s tudy, flow  m easurem ents w ere  perfo rm ed fo r severa l consecutive days in  sum m er and 
au tum n, and the d iu rna l and seasona l changes in  xylem  and phloem  flow  w ere  observed.
F ig . 1 (a) show s a tree and the  M R I system  w ith  a 0 .2 T /16 cm -gap perm anent m agnet (N E O M A X 
E ng ineering , 520 kg). T he m agnet, g rad ient co il set, R F  probe, and o ther e lectron ics were  w aterproo fed  
by a  box m ade o f acrylic  p la tes. T he trunk  o f the  Ze lkova serra te  a t 40 cm  above ground w as m easured. 
The xylem  flow  was m eaured us ing  a  pulsed fie ld gradien t-sp in  echo (P FG -S E ) sequences fo r xylem  flow  
(T E /T R  = 40 /800 m s, s lice  =  4  cm , M atrix =  256 ×  64 , FO V  =  25 .6  cm   ×  12 .8  cm ,  d  =  8 m s, D  =  20  m s, 
qm ax =  2.27x104 m -1 and D q =  360 m -1), and ph loem  flow  w as m easured us ing P FG -stim u lated echo
(S T E ) (d  =  10  m s, D  =  200 m s, q m ax =  2 .70x10 4 m -1, and D q =  1800 m -1). The flow  veloc ity was ca lcula ted
as described in  R ef. [2 ].
The anatom ical s tructures in  the  trunk  were  v isua lized  in the  T 1 im age (F ig . 1 (b ,c)). The xylem  and 
ph loem  w ere  d is tingu ished. T he flow  m aps (F ig. 1 (d-g)) show ed upward-flow ing xylem  sap and 
downw ard-flow ing ph loem . T he d iu rna l and seasona l changes in  xylem  and phloem  flow  were  observed. 
The xylem  flow  w as greatest at m idday, low est a t n ight and was  proportiona l to  vapor p ressure  de fic it in  
the  a ir. The xylem  flow  ve loc ity and flow -conducting  area  in  sum m er w ere  grea test in  the  pore  zone o f the  
curren t-year annua l ring where  la rge vessels  a re  func tiona l. T he xylem  flow -conducting  area increased as 
the  season progressed from  sum m er to  au tum n. T he dow nward  phloem  flow  m easured in  sum m er w as 
a lm ost constan t th roughout the day. P hloem  flow  becam e neg lig ib le  in  the autum n.

R eferences: 1 . A . N agata , K . K ose, and Y . T erada, D eve lopm ent o f an  ou tdoor M R I system  for 
m easuring ow in  a liv ing  tree , J . M agn. R eson. 265 (2016) 129-138.
2. T . W . J . S cheenen, F . J . V ergeld t, C . W . W indt, P . A . de  Jager, and H . V an A s, M icroscopic  Im ag ing
of S low F low  and D iffus ion : A  P ulsed F ie ld  G rad ient S tim u la ted  E cho S equence C om bined w ith  T urbo
S p in  E cho Im ag ing : J . M agn. R eson. 151 (2001) 94.
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3���
M R I contrast m echan ism s and  fouling layer fo rm ation  during skim  m ilk filtra tion  

N . S chork , F . A rnd t, S . S chuhm ann, G . G uthausen a,b and H . N irsch l, aInstitu te  o f M echan ical P rocess
E ng ineering  and M echan ics, K IT , K arlsruhe, G erm any; bE B I, W ater C hem is try and Techno logy, K IT ,
K arlsruhe, G erm any.

A n im portant app lication  o f m em brane filtra tion is  the  separa tion  of case in  m icelles and w hey pro te ins 
from  sk im  m ilk  w ith  m icro- o r u ltrafiltra tion. T hese pro te in  fractions have d iffe rent nutritive  and techno-
functiona l properties and are  there fore  added in  a  variety o f food products. A n advantage of applying a  
filtra tion process instead of conventiona lly used ac id  or a lka li prec ip ita tion  is  tha t the filtra ted  p ro te ins 
rem ain  in  the ir native  s ta te . T he co llo ida l ca lc ium  phosphate  concentra tion  rem ains constant w h ich  is  
em bedded in the  case in  m ice lle . B ecause o f the  s ize o f the casein  m ice lles (ca. 200 nm ) w h ich  are o f a  
m agn itude b igger than the pore  s ize of the  used ho llow  fiber m em brane (dm ean =  40 nm ), a deposit layer 
is  fo rm ed on the  m em brane surface. A  steep decrease in perm eate  flux is  observed w ith  filtra tion  tim e. 
A dd itiona lly, the  sm all whey pro te in fraction  w h ich  shou ld  perm eate  the m em brane is  re ta ined by the  
case in  deposit layer resu lting a  poor yie ld o f whey pro te ins in  the  perm eate .
In o rder to  gain de ta iled ins igh t to the filtra tion process, the phenom ena and m echan ism s w h ich  are  
responsib le  fo r deposit layer fo rm ation , a  filtra tion process is  observed in-s itu by M R I. T im e and spatia lly 
resolved m easurem ents o f the fractionation o f m icellar case ins revea l the  com plex deposit layer 
fo rm ation during the filtra tion . A n in -depth  understand ing  o f the physica l p rinc ip les, i.e . the im age 
contras t, is  essentia l fo r the  in te rpreta tion o f the  M R I resu lts . T he d iffe ren t com ponents o f sk im  m ilk  d iffe r 
in  their phys ica l and re laxa tion  properties. M R I filtra tion resu lts  were ana lyzed in te rm s o f these 
properties, lead ing  to  a  deta iled  descrip tion  o f the  sk im  m ilk  filtra tion  process. 
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3���
Im aging o f a  G as-Liquid  R eaction in  a  B ubb le  Tail

S . B enders *, B . Fenger, M . K üppers$ and B . B lüm ich , Institu t fü r T echn ische und M ak rom oleku la re
C hem ie, R W T H  A achen U n ivers ity, 52074 A achen G erm any; F . S trass l and S . H erres-P aw lis, Ins titu t fü r
A norgan ische C hem ie , R W T H  A achen U n ivers ity, 52074 A achen G erm any.

B ubb le-co lum n reactors a re  one of the m ost com m only used reactor types fo r gas-liquid  reactions [1 ]. 
A lthough be ing  w ide ly utilized  in the  production  o f ba tch  chem ica ls , the  underlying  physics, especia lly at 
the  in te rface , tha t lead to  their advantageous properties, are  not w ell understood [2 ]. In  th is  s tudy, 
M agnetic  R esonance Im ag ing  (M R I) is  app lied  to  investiga te  these processes. The reaction  system  is  
ta ilo red to  fit the  needs o f M R I. C ontrast is ach ieved by the  reaction system , wh ich  transform s from  a  
d iam agnetic  to  a  param agnetic  s ta te  w ith in  seconds on contact w ith  oxygen [3 ]. T he d ifferen t m agnetic  
properties induce s ign ifican t changes on  the  re laxation  ra tes. In a  first s tep, the ingress o f oxygen in to  a  
s ta tic  so lu tion  w as investigated. V ortices can be observed wh ile  the  reaction  proceeds from  top  to  
bo ttom .

S ince the approach enab les easy v isua liza tion o f gas-liquid  reactions, the  flu id dynam ics in the  bubb le  ta il 
was probed in  a  further s tep . D ue to  the  h igh ve loc ity o f the bubble  ris ing  in  a  s tandard  solvent, the 
v iscosity is  increased by add ition  o f po lye thylene g lyco l. T he im ages show  the  ris ing  bubb les (F igure  1). 
In  the ta il o f the bubble  the  s ignal in tens ity increases due to  the  change from  the d iam agnetic  to  the  
param agnetic  s ta te . A dd itiona lly, the  consum ption  of the  oxygen w ith in  the  bubb le  can be  observed by its  
shrink ing .

>1@ A�. B�ehr, D�. A�gar, J . Jörissen, "E�in führung in d ie T�echn ische C�hem�ie ", 2010, S�pek trum
>�@ P�. R�o llbusch, M�. B�other, M�. B�ecker, M�. Ludw ig , M�. G�rünwald , M�. S�ch lüter, R�. F ranke, C�hem�. E�ng.�S�
ci., 126 (2015) 660-678
>�@ D�. S�churr, F . S�trass l, P�. L iebhäuser, G�. R�inke , R�. D�ittm�eyer, S�. H�erres-P�awlis , R�eac t. C�hem�. E�ng., 1�
(2016) 485-493.

7KH ZRUN ZDV ILQDQFHG E\ 7KH 1DWLRQDO &HQWUH IRU 5HVHDUFK DQG 'HYHORSPHQW LQ 3RODQG 
�FRQWUDFW 1R� 675$7(*0('������������1&%5������� 
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3���
Analysis  o f D iffusion E ffects on T1-T2 E xperim ents  in  M ulti-phase S ystem s

J M aneval, D epartm ent of C hem ica l E ngineering , B uckne ll U n ivers ity; M  N elson, D epartm ent of P hysics, 
M ontana S ta te U n ivers ity; A  M ailh io t, L  T hrane and S  C odd, D epartm ent o f M echanica l E ng ineering, 
M ontana S ta te  U n ivers ity; J  S eym our, D epartm ent o f C hem ica l and B io log ical E ng ineering , M ontana 
S ta te  U n ivers ity.

M ulti-d im ensiona l N M R  re laxation  experim ents such as T 1T 2 and T 2T2 (aka R E XS Y) are  w e ll known 
m ethods fo r investiga ting  the structure  and dynam ics o f com plex system s and m ateria ls .  A  com plete  
theory fo r exp la in ing  the  resu lts  o f these m ethods is  ava ilable  in  te rm s o f m ulti-s ite  exchange m ode ls  
(D ortch , et a l. 2009; van Landeghem , et a l., 2010) so  long as the dynam ics o f the underlying  system  
conform s to  the condition of "fast d iffus ion".  W hen th is  condition  is  no t m et, an  approach based on the 
d iffus ion  equation, the so-ca lled  B row nste in-T arr (B T ) fo rm ula tion, is  a m ore  appropria te  s ta rting p lace  
(B row nste in  and Tarr, 1979; S ong, e t a l., 2008).  S ince  the  d iffus ion-based approach to  m odeling  these  
sequences has the  po tentia l to  p rov ide  a  predic tive theory fo r the m easurem ents com pared to  the  m ulti-
s ite  approach, there  is  fu rther m otiva tion  to pursue deve lopm ent in  th is  d irection .

In th is  s tudy, w e app ly the  B T  approach to  address observa tions o f unexpected  increases in the  invers ion-
recovery s igna l a t short va lues o f the  C P M G -tim e in  som e T 1T2 experim ents.  F irs t reported  fo r a  
m acropore-m icropore system  in  porous m ed ia (S ong e t a l. (2014)), th is  phenom enon is  a lso  observed in  
a w ide range o f o ther se ttings, inc lud ing  hydrates, cartilage , and pharm aceutica l com pounds.

The work  presented here  develops an extension  o f the  B T  fo rm ula tion  to  m ode ling  the  T 1T2 sequence 
a long the  lines of tha t p roposed by B ytchenkoff and  R odts (2011).  T he approach explic itly considers tw o 
(o r m ore) physica l phases and a llow s fo r the  inte raction  o f the  phases th rough in te r-phase m ass trans fer 
processes and phase-equ ilibrium  re la tions a t the in te rfaces.  T he approach has the  po tentia l to  g ive rise 
to  a  w ide  range of in teractions  be tw een in te racting  reg ions in  a  m ateria l that could be  m easureab le by 
m ulti-d im ensional N M R  m ethods.

In sum m ary, by accounting fo r a  w ider range o f dynam ics and by exp lic itly considering in te racting  
physica l regions, we hope to  deve lop a  m ore  com plete  and flexib le  fram ework  for in terpre ting  resu lts  o f 
these m ulti-d im ensional sequences  in  com plex m ateria ls .
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3���
N M R  investigation of the m icrophysical s tructure o f ice-regolith  m ixtures

S .L . C odd and L .W . Thrane, M echan ica l and Industria l E ng ineering , M ontana S ta te  U n ivers ity; P . Lei,
J .R . B row n and J.D . S eym our, C hem ica l and B io log ica l E ng ineering , M ontana S tate  U n ivers ity; D .E .
S tillm an, S outhw est R esearch  Institu te , B ou lder.

Ice-rego lith  is  found on  M ars and is  com posed o f fine  rock  and dust particu la tes m ixed in  b riny ice . T he 
exac t cause o f the ice  s tructu res found on  M ars are  unknow n but som e m echanism s have been 
proposed (S tillm an e t a l, 2014).  A  like ly m echan ism  is  cryosuction, a  p rocess in  w hich horizonta lly 
segregated ice  fo rm s v ia  m igration  o f un frozen water (S izem ore  e t a l., 2014).   H owever, quantita tive  
cryosuction  m ode ling is  d ifficu lt because m odels estim ating unfrozen water content and perm eab ility o f 
M ars-like  brines w ith in  ice-rego lith  m ixtures as a  function o f tem pera ture  are  in  early s tages o f 
developm ent and lack  labora tory verifica tion . H ydraulic  m odeling  o f these system s is  there fore  d ifficu lt 
s ince  water ice  fo rm s as tem pera ture  decreases, s ign ifican tly reducing subsurface perm eab ility. T h is  
pro ject a im s to  p rov ide  the d irect m easurem ents o f perm eab ility o f b riny liqu id  w ith in  ice-regolith  m ixtures 
to  im prove m ode ling . T he prim ary ob jective is  to  m easure  un frozen w ater content and perm eab ility of 
briny ice-rego lith  m ixtu res as a func tion o f tem pera ture  to  de term ine if m artian excess ice could  have 
been fo rm ed via  cryosuction. A  fu rther goal is  to  determ ine if liqu id  ne tw orks w ith in  the m artian  
subsurface can be detected v ia  o rb ita l and surface rem ote  m easurem ents. For the firs t tim e, m agnetic  
resonance (M R ) techniques and d ie lectric spectroscopy (D S ) a re  be ing  used together to  s tudy the  
hydraulic , m icrostructura l and e lectrica l p roperties crea ted  by liqu id  ne tworks  w ith in ice-rego lith  m ixtu res. 
S pecifica lly N M R  is used to m easure  tem pera ture-dependent un frozen water content, surface area-to -
vo lum e ra tio , and to rtuosity o f liqu id  ne tw orks in  ice-rego lith  m ixtu res w ith  varying sa lt type , and sa lt and 
rego lith  concentra tions.  R esu lts  w ere  obta ined us ing  the  m ethods prev iously reported  fo r bacteria l 
im pact on  ice  s tructure  (B row n e t a l, 2012; B rown e t a l, 2014, B rox e t a l, 2015).

R eferences
B row n, J . R ., T .I. B rox, S .J. V ogt, J .D . S eym our, M .L . S k idm ore , S .L . C odd (2012), Journal of M agnetic 
R esonance, 225, 17-24.
B row n, J .R ., J .D . S eym our, T .I. B rox, M .L . S k idm ore, C . W ang, B .C . C hris tner, B . Luo, S .L . C odd (2014), 
B io technology R eports , 3 : p . 60-64. 
B rox, T .I., M .L . S k idm ore  and J.R . B row n (2015), Journa l o f G lac io logy 61:225.
S izem ore, H .G ., A .P . Zent, and A .W . R em pel (2014), Icarus, 51 , 191210
S tillm an, D .E ., T .I. M ichae ls , R .E . G rim m , and K .P . H arrison (2014), Icarus, 233, 328-341. 
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3���
H yperpo larized and Inert G as M R I P hysics and M edical Applications 

M S  A lbert$a,b ,c, aD epartm ent of C hem istry, Lakehead U nivers ity, T hunder B ay, O N , C anada; bT hunder 
B ay R egional H ea lth  R esearch  Institu te , Thunder B ay, O N , C anada; cN orthern  O ntario  S choo l o f 
M ed ic ine , T hunder B ay, O N , C anada.

H yperpolarized gas and inert gas M R I prov ide  specia l opportunities fo r im aging  the  body than do o ther 
curren ty ava ilab le  techno log ies. A s a  co-inventor o f hyperpolarized gas technology, w e have grow n w ith  
the  fie ld  and have expanded our research program  to  inc lude lung im aging , b ra in im ag ing , and the  use of 
b iom arkers to  de tect pa tholog ica l m o lecu les in  the  body. 

Lung Im ag ing  - C onventiona l M R I techno logy re lies on hydrogen m olecu les in  the body (i.e . water 
m olecu les), w h ich are  scarce  in  the  lungs. T his  c rea tes a  s ign ifican t lim ia tion  fo r de term in ing structura l 
and func tiona l in fo rm ation w ithout the  use of ion izing  radia tion . H yperpo la rized gas and inert fluorina ted  
gas  can be  sa fe ly inhaled  by hum ans, p rov ide  structu ra l and func tiona l in fo rm ation , and genera te  s igna l 
enhancem ent o f up  to  100,000 tim es over conventiona lly therm ally pola rized  M R I. 

B ra in  Im ag ing - H yperpo la rized  xenon-129 (H P  129Xe) has the  ability to  c ross the b lood-bra in barrie r and 
is  curren tly be ing  used in  our lab  to  s tudy A lzhe im er's  d isease. For the  first tim e, functiona l M R  im ages 
(fM R I) have been ob ta ined us ing th is  techno logy in  bo th  hea lthy vo lunteers and partic ipants w ith  
A lzhe im er's  d isease. T he pre lim inary resu lts  have been prom is ing  fo r use o f th is  technology fo r early 
de tection  and d isease stag ing. 

B iosensors  - H P  129Xe b iosensors are  use fu l fo r identifica tion  o f d isease s ites in  the  body. T h is  
techno logy works th rough use of a  m olecu lar system  tha t encapsu la tes the  xenon gas, a  b io log ica l 
receptor, and an  M R  techn ique know n as H yperpo la rized  C hem ica l E xchange S aturation  T ransfer 
(H yperC E S T ). O ur lab  has successfu lly ob ta ined the  first in  v ivo  im ages o f a  H P  129Xe M R I b iosensor, 
cucurb it[6 ]u ril. Fu ture  w ork  w ill look  a t the functiona liza tion  o f various m olecules and their po ten tia l to  
ta rget d isease s ites in  the body. 

H yperpolarized and inert gas M R I o ffers unique advantages fo r im aging  the  body tha t m ay lead to  
im proved hea lth outcom es. 
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M O IS TU R E  C O N TE N T M E AS U R E M E N T O F B LA C K  S P R U C E  S A P W O O D  AN D  H E AR TW O O D  W ITH  
LO W  F IE LD  M AG N E TIC  R E S O N AN C E  

 C levan Lam ason,  B ryce  M acM illan  and B ruce B a lcom , M agnetic  R esonance Im ag ing  C enter, 
 B rig itte  Leb lon , Facu lty o f Forestry and 
Zarin P irouz, FP Innovations, V ancouver, 

U n iversity of N ew B runsw ick (U N B ), N B , C A N A D A ; 
E nvironm enta l M anagem ent, U N B , N B , C A N A D A ; C 
C A N A D A .

In  th is  s tudy, a  low  fie ld  m agnetic  resonance (M R ) m ethod w as em ployed to  m easure  m oistu re content 
(M C ) in  b lack  spruce (P icea m ariana M ill.) sapw ood and heartw ood p lugs. T he techn ique em ployed
distingu ished s igna l from  both  the  solid  w ood m atrix and liqu id  w ater. W e propose a  new  approach to
m easure  M C  by u tilizing  the  liqu id  to  so lid  1H  M R  ra tio  w ithout the  use o f a re fe rence sam ple  o f know n
M C . R esu lts  show  that the  re la tionsh ip between pred icted and grav im etric  M C  is  linear w ith  a  s lope that
is  c lose  to  un ity. W hile  the  m ethod has been developed based on b lack  spruce it shou ld  have genera l
app licab ility to  a  w ide range o f w ood species.
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Localized propagator m easurem ents  o f m etabolites by S TE A M -P FG

H  V an A s*$, S  van K es teren  and FJ V ergeld t, Lab of B iophys ics, W agen ingen U nivers ity, S tippeneng 4, 
6708 W E  W agen ingen, N L.

M R I flow m etry is  the  go ld  s tandard  to  m easure  flow  in  p lants, bo th  xylem  (transpira tion  stream  from  root 
to  leaves) and ph loem  (transport o f photosynthe tic  p roducts from  source  leaves to  sink  tissues)1. U p till 
now m ethods have been used tha t do  no t d iscrim ina te  on  chem ica l sh ift in form ation  and there fore  the  
da ta re flects  m ain ly water transport. M etabo lite  transport (such as sugars, the  m ain  photosynthe tic  
products) in  the  phloem  is  o f great in te rest, s ince  ph loem  transport is  s till not w ell understood and 
cha lleng ing. H ere  w e present a  N M R  approach to  quantify the  flow  of sucrose in  the  phloem  o f a  p lan t 
and at the  sam e tim e d is tingu ish be tw een the flow ing sucrose in  the  ph loem  e lem ents and sta tionary 
sucrose in  the  surrounding  tissue. The techn ique com bines flowm etry based on the fu ll p ropagator 
m easurem ent by P FG  w ith  the  loca lized spectroscopy sequence S T E A M : S T E A M -P FG . T he sequence 
results  in  chem ica l sh ift reso lved d isplacem ent o r p ropagator d is tribu tions. T he techn ique is  
dem onstra ted on  phantom s, wh ich  show  that the  technique is  capab le o f accura te ly m easuring  the 
d iffus ion  coeffic ien ts o f sucrose and water and can d is tingu ish  be tween sucrose and w ater in  a  flow ing 
so lu tion, m easuring  the  predic ted  flow -pro file  and ve loc ities. In  v ivo  app lica tion o f S T E A M -P FG  in  the  
ge l/seed region  of a tom ato  fru it shows that even in  a  m ore com plex system  the d iffus ion  of water, 
carbohydra tes and lip ids can be determ ined (see figure).
F irst resu lts  ob ta ined in  a live  tom ato  p lan t a t our 3T  in tact p lan t M R I system  are  prom ising . T he 
ve loc ities  o f water in  bo th  ph loem  and xylem  m easured w ith  S T E A M -P FG  correspond we ll to  flow-
ve loc ities  as observed by P FG -S E -T S E  im ag ing 1. In  addition, S T E A M -P FG  was successfu l to  m easure  
sucrose flow . T he ve loc ity o f the  sucrose transport in  the  ph loem  was very com parable  to  tha t o f water. 
W e now  can sta rt to  s tudy the  d iurna l behaviour.

1. V an A s, H . (2007) J. E xp B ot. 58 , 743-756.
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E xperim enta l E vidence of B oth  Fast and S low  D iffusion  R egim es in  a  S andstone C ore P lug by 2D  
N M R  R elaxom etry and D iffusom etry C orre lation

A  A frough, L  R om ero-Zerón and B  J B a lcom *$, U n iversity o f N ew B runsw ick .

B row nste in  and Tarr (P hys. R ev. A , 19, 2446; 1979) showed that the  to ta l nuclear m agnetiza tion  decay in  
m edia  w ith  surface re laxa tion centers can be described as a  m ultiexponentia l decay. The ir approach is  
based on norm al m ode analys is  and is  va lid  fo r both  T 1  and T 2 re laxa tion. In  the  fast d iffus ion  reg im e, 
app licab le  to  sed im entary rocks, the 0 th m ode o f the m ultiexponentia l decay dom inates. L iu  e t a l. (J . M ag. 
R es., 246, 110; 2014), em ploying  the  m ethod deve loped by S ong (P hys. R ev. Lett., 85 , 3878; 2000), 
rem oved the  effect of the 0 th m ode of T 1 decay and corre la ted the  resu lts  w ith  a  C P M G  m easurem ent. 
The ir experim ents were  perfo rm ed on a  2  M H z instrum ent on  sandstone and lim estone core  p lugs . T he 
results  a re  shown in  F ig . A  and B , where  T 1  d is tribu tion is  resca led  to  pore  s ize . L iu  e t a l. ascribed 
chang ing  s lopes  in  d iffe rent pore  reg im es to  he terogeneous surface properties. W e dem onstra te  tha t th is  
anom aly is because of the  0 th m ode in  the s low  d iffus ion  reg im e fo r the  sandstone sam ple.
The 0 th m ode o f the fas t d iffus ion  regim e is  T 2,0=a/a q 2 , w here  a  is  the pore  size , a  is  a  pore  geom etry
constant, and q 2 is transverse re laxa tion surface  re laxiv ity. O ther m odes, bo th  in  the  fast and s low
diffus ion  regim es, a re  in  the  fo rm  o f T 2,n=a 2/D  f2(n ), where  D  is  the  pore  flu id  d iffusiv ity, and f(n ) is  a  
constan t func tion o f m ode num ber. In  a  log-log  p lot of pore size  versus T 2 , the  0 th m ode o f the  fast
d iffus ion  regim e aligns w ith  a  stra igh t line  o f unity s lope and a ll o ther m odes a lign  w ith  a  s tra ight line  o f 
s lope ½ . S tra igh t lines o f s lope un ity on the  dom inant part o f the corre lation  function dem onstra te the  fast 
d iffus ion  reg im e. T he portions of the  corre la tion functions a ligned w ith  ½  s lope lines can po ten tia lly 
represent e ither the 0 th m ode o f s low  d iffus ion or the 1 st m ode o f fast d iffus ion . H ow ever, if they w ere  the  
1st m ode o f fast d iffus ion , their contribu tion  to the  ne t m agnetiza tion  w ould  be  approxim ate ly 10%  of the  
0 th m ode o f fast d iffus ion 's . A ccord ing  to  the T 2  d is tribution on  top o f F ig. A , the  contribu tions of bo th  
m odes are  com parab le  in  m agn itude. In  F ig. A , based on the  in tercept, the  d iffus iv ity o f w ater in  the  s low 
diffus ion  reg im e is  expected  to  be  on  the  order o f 10 -10 m 2/s. T he exac t value  o f d iffus iv ity can  be  
ca lcu la ted  based on a  m ore  rigorous ana lys is of raw  data. In  sum m ary, th is  work  dem onstra tes that the  
0 th o rder o f bo th  the  fast and slow d iffus ion  reg im es are  observed in  a  sands tone rock  sam ple . T h is 
observation can be because o f e ither a  d iffe ren t w ater d iffus iv ity in  sm all pores, o r the  bound layer 
covering pore  surfaces . In  the  case o f lim estone, the  sm all contribu tion  of the  ½  s lope section  leaves the 
question open whether it is the  1 st m ode o f fast d iffus ion  or the  0 th m ode o f s low  d iffus ion .
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M R I m easurem ent o f flow ing and stationary w ater in  a  spray setup

S . A hm adi, D epartm ent o f P hysics,,  U n ivers ity o f N ew B runsw ick ,  F rederic ton ,N B  E 3B 5A 3 C anada; I.V .
M astikh in, D epartm ent o f P hysics,,  U n ivers ity o f N ew B runsw ick ,  Frederic ton ,N B  E 3B 5A 3 C anada.

M R I m easurem ent o f flow ing and sta tionary water in  a  spray se tup

M R I is  a new  prom is ing  techn ique to  s tudy sprays. Its  non-invasive  na ture  does not in te rfe re  w ith  the  gas-
liqu id  in te rface . It is  inherently a  3D  im ag ing  m ethod, and the  data  com es d irectly from  the bu lk  o f the  
sam ple. Low  sp in  dens ity o f sprays m eans low  S igna l-to -N o ise , resulting in  a  long acquis ition  tim e. 
R eduction  o f the geom etry o f the  system  from  3D  to  2D  w ould  considerably reduce acquis ition  tim e. B ut 
be fore  reduction , it is  necessary to  find out the  ra tio  o f s ignal from  the  spray zone and the  s igna l from  the  
sta tionary water accum ula ted on the  wa lls o f the  experim enta l se tup .
W e perfo rm ed a  series o f m easurem ents w ith  3D  C on ica l-S P R IT E  to  quantify the  am ount of w ater on  the  
wa lls . T he 3D  data  w ere  in tegra ted in  longitud inal (spray) and axia l d irections. A fte r analyzing  the da ta , it 
was found that the s igna l in tensity from  the w a lls  w as com parab le  to  the one from  spray zone. T here fore , 
non-slice  se lective 2D  im ages of sprays w ou ld  be contam inated w ith  s igna l from  sta tionary w ater 
accum ula ted  on  the  wa lls .
H owever, fo r an  R F probe length  o f L  and the  average spray speed V , if T R  >  L /V , then we can use 90 
flip  ang les as water in  spray w ill leave com ple te ly the  R F  region  be fore  the next R F  pu lse  so  w e w ill 
a lways exc ite the  unsatura ted m agnetiza tion. A t the sam e tim e, the  s ta tionary water w ill be  inside  the  
probe a ll the tim e and its  m agnetiza tion  w ill becom e sa tura ted  fo llow ing  the  steady-s ta te  equation: 
M _z/M _0 =(1-exp(T _R /T _1 )).
To  m easure  the range o f ve loc ities V , the  m otion-sensitized  3D  C on ica l-S P R IT E  experim ent w as used 
fo r ve loc ity m app ing o f w ater in  the  spray and on  the  w alls . A verage veloc ity va lues w ere  then em ployed 
to  estim ate  op tim al param eters (T R  and T 1) fo r 2D  m easurem ents  of sprays w ith  good S N R  and 
sa turated sta tionary water m agnetiza tion.  
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3��1
C om parison  of the  G as and  L iqu id  P hase F low  of Foam  using  P FG -R eadout V elocity M apping

A . A da ir and B . N ew ling*, U n ivers ity of N ew  B runsw ick , F rederic ton , C anada.

The focus o f th is  study is  the  behaviour of foam  flow , 
in  particu la r, the  flow  fie ld  o f bo th  the  gas and liqu id  
phases  o f a  foam . Foam s have a  w ide range o f 
com m erica l app lica tions (o il recovery, food products, 
and cosm etics, fo r exam ple). A n advantage o f 
m agnetic resonance im ag ing  to  the  s tudy o f foam  
flow  over o ther com m on flow  m easurem ent 
techn iques is  its  non-optica l and non-invasive  na tu re  
-- foam s are  o ften  bo th  op tica lly opaque and 
physica lly de lica te . M otion-sensitised  M R I can be  
used to  s tudy the flow  fie ld  of the  foam  th rough 
ve loc ity m app ing . V eloc ity m apping  m easurem ents 
can be perfo rm ed wh ile  separa te ly analys ing  the  gas 
and liqu id  phase s ignal from  the  foam . C om paring  
the  flow  fie lds o f the two phases can yie ld in te resting  
in fo rm ation  about the  re la tive  behav iour o f the  
phases .

M easurem ents were  perfo rm ed us ing a  4 .7  T  vertica l 
bore  superconducting  m agnet. A  g lass p ipe  w ith  an  
inner d iam eter o f 17.3  m m  w as p laced w ith in the  m agnet such tha t a  constriction in  the p ipe  (inner 
d iam eter o f 5 .7  m m ) was w ith in  the reg ion  o f s tudy. Foam  w as genera ted  be low  the m agnet and flow ed 
vertica lly upward  th rough the  p ipe  (F ig .1). T he foam ing liqu id  used w as a  m ixture  o f w ater, g lycero l, and a  
surfactan t [1 ]. Foam  w as crea ted by bubb ling  sulfu r hexafluoride through the  liqu id, w ith  typ ica l bu lk  foam  
flow  ra tes on  the  order o f cm /s.

V e loc ity m app ing  was  perfo rm ed by us ing  a  prepara tion-readout s tyle  o f m easurem ent. T he prepara tion 
was accom plished us ing  pulsed fie ld grad ien ts (P FG ) and readout w as v ia a m odified  S P R IT E  sequence. 
M easurem ents at d iffe rent P FG  am plitudes were  used to  create  ve locity m aps o f the flow  [2 ]. V e loc ity 
m app ing  of the  two phases of the  foam  m ay be carried  ou t by consecutive  m easurem ents on  the  sam e 
foam  flow  using  separa te  1H  and 19F  R F probes. T he probe m ountings were  m odified to  a llow  fo r e ither 
probe to  be  used w ithout d isrupting the flow  o f the  foam  sam ple (F ig.1 ).

The ve loc ity m aps tha t were  acqu ired show  the  behaviour o f the  foam  as it flow ed th rough the p ipe  
constric tion . In  add ition, the  veloc ity m aps  w ere  ana lysed in  con junction  w ith  each other to  s tudy the 
re la tive  behaviour o f the  two phases and look  for d iffe rences in  the  flow  fie lds.

[1 ] K . B os, K .G . W ilson, B . N ew ling , D iffus. Fund. 18 5  (2013) 1 -4 .
[2 ] K . R om anenko, D . Xiao , B .J . B a lcom , J . M agn. R eson. 223 (2012) 120-128.
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3���
Assessing  the feasib ility o f m easuring the d iffusion exchange o f w ater in  nerve tissue using 
diffusion  exchange spectrocopy (D E X S Y)

J.O . B reen-N orris *a,b, B . S iow a,b,c, T .A . R oberts , A . Ianus and S . W alker-S am uel$, aC entre  fo r A dvanced 
B iom edica l Im ag ing, U C L, London, U .K ; B . H ipwe ll, I. H ill, M .F . Lythgoe and D . A lexander, 
bM icrostructure  Im ag ing G roup, C entre  fo r M edica l Im ag ing C om puting, U C L, London, U .K ; cT he Francis  
C rick  Institu te , London, U .K .

In troduction:  W e present num erica l s im ula tions  dem onstra ting  the feasib ility o f m easuring  the d iffus ion  
exchange o f water in  nerve  tissue us ing  D E XS Y[1]. P erm eab ility varies in  bo th  hea lth and d isease, in  
particu la r onco logy and neuro logy[2]. M easurem ent o f d iffus ion  exchange, us ing  apparent exchange ra te  
(A XR ), has been linked to  gene expression [3 ][4 ]. D E XS Y m ay be  m ore  effective  as, un like  A XR , it is  a 
m ode l-free  approach. D E XS Y M R I has  prev iously been used to  m easure  exchange in  b io log ical 
contexts [5 ][6 ][7 ], but the  underlying  physica l m echan ism  has not been va lida ted .
M ethods:  W e s im ulate  a  w ide  range o f perm eab ilities in  a  nerve  tissue m odel[8 ] us ing  the  C A M IN O  
diffus ion  too l-k it[9 ]. Tissue m odel:  100 cylinders w ith  gam m a d is tribu tion o f radii, shape and sca le  
param eters o f 5.3316 and 1 .0242x10-7 respective ly, la ttice  s ize  o f 1 .65x10 -5m , and 23 perm eab ilities p=0-
0.1 . D E X S Y:  d=15 m s, D =17 m s, tm =100 m s, G 1& G 2=0-900m T /m  in  16x16 steps. 2D  Inverse  Lap lace 
transform [10 ] so ftware, k ind ly p rov ided by P etrik  G a lvosas , was used to  g ive  d iffus ion-d iffus ion (D -D ) 
exchange p lo ts .
R esults:  F igure  1(le ft): A  representa tive D -D  exchange p lo t fo r p=0.00025. D iagona l peaks  represent 
d iffus ion  w ith in d iffe ren t com partm ents (here , in trace llu lar and extrace llu la r) and cross-peaks represent 
d iffus ion  exchange be tween com partm ents. D iagona l peaks and cross-peaks can on ly be  observed over 
p=0.0001 to  0 .00055. A t p=0.1  on ly one com partm ent can be  seen. F igure  1(righ t): T he ra tio  o f c ross 
peaks to  d iagona l peaks increases m onotonica lly w ith  perm eability.
C onclusion:  T h is  suggests  tha t D E XS Y is  an  appropria te  techn ique fo r s tudying nerve ce ll m em brane 
perm eab ility in -v ivo . Further s tudies w ill investiga te  D E XS Y in -vitro  and in -v ivo experim ents.
R eferences:  [1 ] P . T . C a llaghan, I Furo , J . C hem . P hys., 120(8):4032-4038, (2004), [2 ] S . Las ic  et a l, 
M agn. R eson. M ed, 66 :356-365 (2011), [3 ] A . M ukherjee  e t a l,  N at.  C om m un. 7, 13891 (2016), [4 ] F . 
S ch illing  e t a l. N ature B io techno l. 35 , 7580 (2017), [5 ] B  S iow  e t a l., P roc. IC M R M  12, C am bridge, U K  
(2013), P 43, [6 ] B . S iow a t a l., P roc. M R P M  12, W elling ton, N Z , (2014), P 06, [7 ] D . B en jam in i e t a l., 
P hys. R ev. Le tt. 118, 158003 (2017), [8 ] A lexander e t a l, M agnetic  R esonance in M ed ic ine 52 (4 ), 1374-
1389, (2010), [9 ] M . H a ll e t a l, IE E E  T rans.,  28(9):1354, (2009), [10] Y .-Q .-S ong et a l, M agn. R eson, 
M ed. 154:261-268 (2002).
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3���
M agnetic  resonance im aging w ith  variable  field  m agnet, V ariation of B 0 to  control sensitivity and 
susceptib ility m ism atch  effects

R azieh E n jile la *, B ryce  M acM illan , S arah V ashaee and B ruce.J B alcom , D epartm ent of P hys ics, M R I 
C enter, U nivers ity o f N ew B runsw ick , Frederic ton, N ew  B runsw ick , C anada.

F lu id  sa tura ted porous m ateria ls  in  p resence o f exte rnal un iform  m agnetic  fie ld crea tes a  so  ca lled  
"in te rnal m agnetic  fie ld g radien t" ins ide  the pore  space due to  m agnetic  susceptib ility m ism atch  (D w ) 
d iffe rence be tween filled  pores and so lid  m atrix [1 ]. It is  im portant to  know  what is  the best fie ld  fo r rock  
core sam ples  stud ies to trade-o ff g rea ter sensitiv ity at h igh  fie ld  versus  T 2

* life tim e decreases due to 
susceptib ility effects . W e have recently insta lled a  new  cryogen free  superconducting variable  fie ld  
m agnet. T his  m agnet prov ides an opportun ity to  undertake M R /M R I m easurem ents fo r sa tura ted rock  
cores w ith  h igh  sensitiv ity wh ile  contro lling  T 2

* transverse  life tim e decreases due to  susceptib ility 
m ism atch . B u lk  F ree Induction D ecay (F ID ) and 3D  M R I C entric  S can S P R IT E  [2 ] have been undertaken 
over a w ide range of rock  core  sam ples sa tura ted w ith  2%  brine  so lution  to  show the sensitiv ity and T 2

* 
life tim e varia tion  at th ree d iffe rent fie lds (0 .79 , 1 .5 , and 3T ). A  s ing le exponentia l T 2

* decay w as observed 
fo r a ll rock  sam ples as expected  by theory [1 ]. R esu lts  showed T 2

* life tim e is  genera lly shorte r a t h igher 
fie ld  fo r a ll sam ples. F igure  1  shows the  linew id th  (1 /p T 2

*) m easured a t d iffe ren t m agnetic  fie ld s trength
(B 0) fo r five  rock  core  sam ples sa tura ted  w ith  brine. The s lope is  de term ined by susceptib ility m ism atch 
(D w ) o f so lid  m atrix and flu id  and B 0 fie ld .

The s ing le exponentia l T 2
* behavior o f flu id  sa tura ted rock  cores is  im portan t fo r successfu l p ro ton  density 

we igh ted  C entric  S can S P R IT E  im aging  s ince  the  loca l im age in tensity has s im p le  T 2
* con trast. 

S ensitiv ity varia tion  results  showed S N R  is h igher fo r the  sam ples w h ich  have a  longer T 2
*. 
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 3���
A M agnetic  R esonance S tudy o f Low  S alin ity W aterflooding for E nhanced  O il R ecovery

M  L i$a,b, S  V ashaee, F  M arica  and B  B a lcom *, aM R I R esearch  C entre , D epartm ent o f P hysics, U nivers ity 
of N ew B runsw ick , Frederic ton , C anada; L  R om ero-Zerón, bD epartm ent of C hem ical E ng ineering, 
U n iversity o f N ew B runsw ick , F redericton, C anada.

Low sa lin ity waterflood ing  (LS F) has been proposed to  im prove o il recovery, w ith  m a jor p ro jects  in  
progress w orldw ide . T here  is  however no  consensus on  the  m echan ism s of LS F fo r enhanced o il 
recovery (E O R ). W ettability change is  the m ost w ide ly accepted m echan ism . In th is  work , m agnetic  
resonance (M R ) and m agnetic  resonance im ag ing  (M R I) were  em ployed to  m on ito r o il d isp lacem ent 
processes during  m ode l labora tory sca le  LS F experim ents. T he M R  and M R I m easurem ents  perm it 
eva luation o f puta tive  LS F m echan ism s.

Tw o clay-coated sand packs , one w ith  non-swelling  kao lin ite , the o ther w ith  swe lling  m ontm orillon ite , 
were  prepared as m ode l porous m ed ia fo r LS F. The in te ractions be tw een pore  flu ids (o il and w ater) and 
the  c lay-coated pore  surfaces  w ere  evalua ted  w ith  re laxa tion tim e m easurem ents. A  M R I m ethodo logy, 
S E -S P I, was em ployed to  spatia lly reso lve  the T 2 d is tribution a long the  sand pack . T he o il satura tion
pro files  were de term ined from  S E -S P I m easurem ents. A  new  d iffe rentia l re laxa tion  tim e d istribution  
m ethod was proposed in  th is  work  fo r o il sa tura tion estim ation . T he pore  flu id se lf-d iffus ion  coeffic ients 
were  m easured. T he m echanism  o f wettability change fo r LS F is  suggested based on the  o il d iffus ion  
coeffic ient varia tions w ith  LS F . T he s im ila rities  and d iffe rences betw een the  kao lin ite  and m ontm orillon ite  
behavio rs a re  d iscussed.

Th is  w ork  dem onstra tes that M R  and M R I are  robust too ls to  m onito r o il d isp lacem ent p rocesses, w ith  
the  po ten tia l to  revea l the  m echanism s o f LS F and o ther p rocedures  fo r enhanced o il recovery.
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D evelopm ent o f a  fie ld  cam era system  for a 1.5T/280 m m  superconducting m agnet system

Y. K obayash i, K . K ose and Y . T erada*, Institu te  o f A pp lied  P hysics, U nivers ity o f T sukuba, Japan.

 In  m any M R I applica tions , it is  cruc ia l to  reduce acqu is ition  tim es and there  is  an  increasing  dem and fo r 
fast im ag ing  m ethods, such as E P I and spira l acqu is itions. H ow ever, these m ethods  requ ire  h igh  fide lity 
of hardware , and o ften  su ffe r from  im age dis to rtion, b lurring, o r o ther im ag ing  artifacts due to  the  in fide lity 
of im aging  gradien t and other hardw are  im perfections. T here fore , the  im p lem enta tion  of the  fast im aging  
m ethods is  p ractica lly lim ited  to  advanced system s w ith  im proved hardw are . In  th is  s tudy, w e developed 
a fie ld  cam era  system  [1 ,2 ] tha t m onito rs the  k -space tra jecto ry and fie ld inhom ogene ity fo r a 
1.5T /280m m  superconducting  m agnet system . W e dem onstra ted  tha t the fie ld  cam era  enables  to  
recover a rtifact-free im ages, even in  the  presence of la rge hardw are  im perfections.
 A s a  fie ld  cam era  system , 4  1H -N M R  probes w ere  bu ilt and m ounted on a  b irdcage R F co il (60  m m  in  
d iam eter) (F igs. 1 (a) and (b )). T he s ize  o f each probe was 51  m m  (length) ×  41  m m  (w id th ) ×  23 m m  
(he ight). E ach probe consis ted  o f a  capilla ry g lass (inner d iam eter =  0 .5 m m ) filled w ith  C uS O 4-doped 
water and a  3-tu rn  soleno id co il. T he probe life tim e w as 30 m s and m axim um  reso lu tion  w as (500 m )-1. 
The F ID  s igna l o f the  4  probes were  used to  ana lyze the  k -tra jectory and fie ld  d rift us ing  a  firs t-o rder 
spherica l-harm onic m ode l w ith  four bas is  function [1 ]. A  spira l scan (32  in te rleaves and acqu is ition  tim e =  
9 m s) fo r a s tructu red cylindrica l phantom  w as m on ito red by the fie ld  cam era .
 F igures 1(c) and (d ) show the  nom inal and m on ito red  k -space tra jectories, respective ly. T he m on ito red  
tra jectory was s ignifican tly d is to rted  because o f the  la rge res idua l eddy-curren t fie lds. T he phantom  
im age reconstructed  w ith  the  nom inal tra jectory (F ig. 1 (f)) w as  a lso d isto rted , com pared w ith  the sp in  
echo im age (F ig. 1(e)). T he artifact w as successfu lly rem oved in  the  im age reconstructed  w ith  the 
m onito red tra jectory (F ig. 1 (g)). These results  show ed the  valid ity o f the  m ethod.
 R eferences: [1 ] C . B arm et e t a l., M R M  60 (2008) 187.
[2] C . B arm et e t a l., M R M  62 (2009) 269.
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An O pen P X Ie  P latform  for M R I Instrum entation  D evelopm ent

R  D ykstra *$, A  A ng, M  B ourne and S  O bruchkov, S choo l o f E ng ineering and C om puter S cience, V ic to ria  
U n iversity o f W elling ton , N ew Zea land.

The entry barrie r fo r M R I system  deve lopm ent is  o ften  h igh  due to  the  system  com plexity and the  h igh  
speed inte rconnect requ irem ents . O ften, a  m odu lar approach is  taken e ither us ing  a  h igh  cost s tandard  
com m erc ia l backp lane or deve lop ing  a  s im p le  custom  backp lane [1,2 ]. P XIe [3 ] is  a  good backp lane 
op tion as the da ta  rate  o f the  P C Ie  seria l bus is  beyond any N M R  rece iver requ irem ents and being  a  
s tandard  a llow s one to  m ake use o f m odu les prov ided  by m any vendors. H ow ever, until now, P XIe  
p latfo rm s and m odu les are  usua lly expensive  and con ta in  p roprie ta ry In te llectua l P roperty (IP ) so  sys tem  
developers  have no  choice  bu t to  purchase a com plete  vendor p la tform  or if deve loping  ow n hardware  
still have to  pay fo r IP . T his , as we ll as the system  com plexity, is  a  poten tia l barrie r to  a lo t un iversity 
based researchers w ho want to  deve lop the ir own M R I system  hardware .

W ith  the  re lease o f h igh  perfo rm ance in tegra ted processor/FP G A  devices  from  vendors such as X ilinx [4 ] 
and the  ava ilab ility o f open source  L inux opera ting  system s has m ade it s ign ifican tly easie r to deve lop  
com plex system s. T he Xilinx ZYN Q  series are  a s ing le  ch ip  device  that conta ins a  dua l core  A R M  
processor, FP G A  fabric  and dedica ted P C Ie  periphera l un its . T h is  device  com bined w ith  L inux is an  
e legant so lu tion  fo r im p lem enting  a  P XIe  system  contro ller. T he ZYN Q  device , o r just one o f the  new er 
FP G A  devices w ith  P C Ie  peripheral un its  can be used as the  basis  fo r the  required  R F  transceiver o r 
grad ient con tro lle r m odu les. N ow to  im plem ent a  P XIe  so lu tion  one s till needs to  develop  the P C Ie  
com m unications hardw are  fo r the  m odu les as w e ll as a  dev ice  driver fo r the operating  system . T here  are  
severa l vendors o ffe ring  FP G A  IP  and dev ice drivers  bu t at a  s ign ifican t cos t. T he focus o f th is  work  was 
to  develop  free ly ava ilab le  IP , a device driver and exam ple  designs so tha t o ther researchers  can easily 
bu ild  their ow n M R I o r o ther instrum enta tion  system s.

To m ake it even easie r to  deve lop  system s, som e com ponent d istribu tors such as A vnet [5 ] have 
developed p lug  in  S ystem  O n M odu le  (S O M ) so lu tions tha t a re  basica lly a  sm all board  tha t con ta ins  
e ither a  ZYN Q  device  or just a  FP G A , som e m em ory, com m unica tions in te rfaces  as well as a  connector 
to  in te rface  w ith  a  carrie r board . In  our case, th is  carrie r board  is e ither a  system  contro lle r or periphera l 
m odu le  and p lugs d irec tly in to  a  s tandard  P XIe  chassis  such as those prov ided by N ationa l Instrum ents 
[6 ]. T h is  there fore  a llow s the  rapid  deve lopm ent o f Instrum enta tion  system s.

P XIe  system  contro ller and peripheral boards have been deve loped inc lud ing  IP  fo r the  periphera l board 
and an  associa ted  L inux dev ice  driver fo r the system  contro lle r. T he device  driver can support m ultip le 
periphera l m odu les and it m anages com m unica tions  in  bo th  d irections us ing  e ither sing le  w ord  or D M A  
transfers w ith  a  m axim um  b lock  size  o f 8M B . T he device  driver, FP G A  IP  and P C B  schem atics a re  
ava ilable  v ia  G itH ub. A lso  to  be  deve loped in  the  near fu tu re  a re , backp lanes, a system  tim ing  board  and 
a fu ll M R I im p lem enta tion .

[1 ] ww w .m agritek .com /products/kea/ [2 ] m rs rl.stan ford .edu/~m edusa/hardw are / [3 ]
www .pxisa .org /D efau lt.aspx [4 ] w ww .xilinx.com  [5 ] w ww .avnet.com /en-us/P ages/defau lt.aspx [6 ]
www .n i.com
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An M R I S ystem  for C erebra l S troke M onitoring

Y. H e, W . H e, Z . Xu, J . W u and L . Zhang, S ta te  K ey Labora tory o f P ower T ransm iss ion  E qu ipm ent &
S ystem  S ecurity and N ew T echno logy, C hongq ing  U n ivers ity, C hongq ing  400044, C h ina.

The research  da ta  w h ich  w as reported  in  the Lancet by the  N ationa l center fo r chron ic  and 
N oncom m unicab le  D isease C ontro l and prevention  o f C h ina  ind ica ted  tha t the  cerebrobascular d isease 
was the  firs t m ost com m on cause o f death  in  ch ina . T he C T  and M R I are  effective  m ethod to  d iagnose 
the  condition  of s troke  pa tien ts . C T  has rad ioac tiv ity, and trad itiona l M R I device  w as pre tty heavy 
(we igh ting dozens  o f ton) and expens ive  (1  m illion  per 1  T esla ). S o they cou ldn 't be used to  m on ito ring . 
N ow, there  have no e ffective im age m onito ring  system  in  the  c lin ica l to  m onito ring the changes o f s troke  
pa tient. 
S ince  the  advantage o f non invasive  and resolu tion  of im age, a  light-we igh t M R I system (50m T ) was se t 
up  to  ach ieve  the m on ito ring  o f cerebral s troke . T he m agnet is  consis ted  by perm anent m agnet (to ta l 
we igh t: 220kg, un ifo rm ity: 50ppm  in  D S V  200m m ). It can  be  push in  the  N -IC U  (N euro log ic  In tensive 
C are  U n it).  
In  o rder to  ach ieve  the  purpose of m onito ring , the ha lf-open head R F (R ad io  Frequency) co ils  w as 
des igned. The P S O  (partic le  sw arm  optim ization) w as used to  op tim ize  ha lf-open head R F coil. Its 
op tim ized ob ject is  the  d is tance o f c ircu lar curren t loop . T he real co il was shown in  F ig .1 (b).
O n the basis  o f th is  system , the  rhesus m onkey was used to m ake the  an im al cerebra l hem orrhage 
m ode l. T he m ode l w as used to  research  the u ltra -low  fie ld  im ag ing techno logies fo r cerebra l stroke  
m onito ring. T he experim enta l p ic tu re  and M R I im age were  shown in  F ig .1(a) and F ig.1(c ). 
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M agnetic  R esonance Im aging w ith  a  V ariable  F ie ld  S uperconducting M agnet that can be rotated 
fo r V ertica l or H orizonta l O peration

S  V ashaee$, B  M acM illan , M  L i, F  M arica * and B J B alcom , U N B  M R I R esearch C entre , D epartm ent o f 
P hysics, U n iversity o f N ew B runsw ick , E 3B  5A 3, C anada; D P  G reen, G reen Im ag ing  T echno logies, Inc., 
520 B rookside  D rive, S u ite  B  Frederic ton , N B , E 3A  8V 2, C anada.

M agnetic  R esonance (M R ) is  em ployed in  the pe tro leum  industry fo r down-hole  logg ing and fo r labora tory 
core ana lys is . S ensitiv ity o f M R  experim ent to  flu id type and flu id  environm ent m akes  it we ll su ited  to  
these applica tions. T he sam e advantages shou ld  accrue to  M agnetic  R esonance Im ag ing  (M R I) 
m easurem ents o f core  flood ing  experim ents. 

B u lk  1H  re laxa tion  tim e m easurem ents are  undertaken a t low  m agnetic  fie ld  to  reduce m agnetic  
susceptib ility m ism atch  effects . T hese fie lds, typ ica lly 0 .05  T , a re  too low  fo r M R I s tudies. H igher 
m agnetic fie lds (2 .4  T  and above) a re  com m only em ployed fo r b iom edical M R I s tud ies w ith  
superconducting  m agnets . S usceptib ility m ism atch  e ffects  at these fie ld  s trengths can be severe  fo r 
m any core  p lugs. T he best fie ld  fo r core  p lug  M R I s tudies is  sam ple  dependent as  one seeks to  ba lance 
grea ter sensitiv ity a t h igh  fie ld w ith  susceptib ility effects  wh ich decrease the  transverse s igna l life tim es 
(T 2 and T 2

*) as fie ld  increases.

N ew genera tion  superconducting  m agnets, ac tive ly coo led ra ther than passive ly cooled , are perm anently 
connected to  the  m agnet pow er supply and thus have the possib ility o f variab le fie ld  opera tion . W e have 
recently insta lled such a m agnet. It perm its  opera tion  in  the fie ld  range 0 .01  T  to 3  T . O ne can m axim ize  
the  sam ple  m agnetiza tion fo r h igh sensitiv ity core  flooding  M R I m easurem ents , wh ile  contro lling  the  
effec t o f susceptib ility m ism atch  on  the s igna l life tim e. B ecause o f the  e lim ina tion o f liqu id cryogens the  
new m agnet is a  fraction  o f the s ize  and w e igh t o f conventiona l superconducting  m agnets. T he m agnet 
can eas ily be  ro ta ted , from  horizonta l to  vertica l, by one person.

V ariab le  fie ld opera tion  perm its  M R I m easurem ent o f other nucle i o f im portance in  core  flooding  stud ies. 
The gyrom agnetic  ra tio  o f sod ium  23N a and fluorine  19F  are each less than tha t o f hydrogen 1H . O ne can 
increase the  s ta tic fie ld  s trength  to  com pensate  for the decrease in  gyrom agnetic  ra tio  such that the  R F 
probe em ployed to  exc ite  and de tect the s igna l has an  unchanged frequency. T his  prov ides the  
experim enta lis t a  new way to  undertake  m ulti-nuc lear M R I stud ies o f core  p lug  system s.
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E nhancem ents  for Low -fie ld  N M R  system s

J.Z . Zhen, P .L . S tanw ix, M .W . Legg, K .T . O 'N eill, E .O . Frid jonsson and M .L . Johns , S choo l o f M echan ica l 
and C hem ical E ngineering , U n ivers ity o f W estern  A ustra lia , A U S T R A LIA .

A lthough low -fie ld  N M R  is an  a ttractive p la tfo rm  fo r the  deve lopm ent o f sensors from  the perspective  o f 
cost, s ize , and portab ility, it is we ll known that po ten tia l app lica tions are lim ited  by low  s igna l-to -no ise 
ra tio  (S N R ). T his  low  S N R  is  the resu lt of poor spin  po la risa tion , re la tive ly long sequence delays, and 
increased sensitiv ity to  changes  in the am bient fie ld as the  opera ting fie ld -s trength  is  reduced. T he first o f 
these has rece ived s ign ifican t attention , w ith  im provem ents to  sp in  po la risa tion genera lly achieved 
th rough the  use o f pre-po la ris ing  fie lds or dynam ic nuclear po la risa tion . In  th is  work  w e focus  on  the  la tte r 
two system atic  lim ita tions and present the  resu lts  of two m odular so lutions that have been deve loped fo r 
an  E arth 's  fie ld N M R  system  [1 ] to  m in im ise dead-tim e and com pensate  fo r changes in the am bien t fie ld. 

The h igh-Q  probes  used in  typ ica l low -fie ld  N M R  system s resu lt in  long ring-down tim es, requ iring  a  long 
wa it tim e (up to  25  m s) be fore  s ignal acqu is ition  can be in itia ted . T h is  exc ludes applica tions w ith  
re laxa tion processes tha t occur over shorte r tim esca les, fo r exam ple h igh-veloc ity flow  m easurem ents 
[2 ]. W e have deve loped a  res is tive  Q -sw itch  tha t reduces probe ring-dow n tim e, shorten ing  the s igna l 
acqu is ition  de lay from  25 m s to  9  m s on  an E arth 's  m agnetic  fie ld system . T he system  works  by sw itch ing 
on  a  res is tive  load to  the  probe im m edia te ly a fte r the  exc itation  radio  frequency (R F) pu lse  is  te rm inated. 
Th is  dam ping process w orks by lowering  the  Q  and hence speeds up the  d iss ipa tion  o f res idual s to red 
energy in  the probe, resu lting  in  a  shorte r ring-down tim e.

M agnetic-fie ld  inhom ogene ity (aris ing  from  the in troduction  o f a  sam ple  and a lso  the surround ing  
env ironm ent) s trong ly a ffects  the  signa l am plitude o f N M R  system s. T here fore , it is  typ ica lly 
com pensated fo r p rio r to  m easurem ent th rough sh im m ing. For exam ple , in  the  E arth 's  fie ld  system  used 
in  th is  w ork , sh im m ing is  perfo rm ed by app lying  sm all o ffse t curren ts  to  a 3-axis  g radien t se t, w here  the  
op tim isa tion o f the  sh im  is ach ieved th rough a  ite ra tive  g rad ient-ascent a lgorithm  that can  take  up to  10  
m inutes to  com ple te . W hils t sm all changes to  the  am bient fie ld have a  m in im al effec t on  h igh-fie ld  
spectrom eters , they can have a  re la tive ly s trong in fluence on hom ogene ity in  such low -fie ld system s. 
C hanges m ay be caused by s im p ly m oving  fe rro -m agnetic  ob jects w ith in  the  im m edia te  v ic in ity, requ iring  
the  sh im  optim isation  to  be  repeated. W e have deve loped a passive  m agnetom eter a rray based on 
s im p le  3-axis  sensors tha t m on ito rs changes in the  am bient fie ld  and ad justs the  sh im m ing curren ts 
accord ing ly. T h is sh im -feedback  can be  perfo rm ed w ith in seconds, m ak ing  it su itab le  to  app ly during  long 
m easurem ents, be tw een acqu is itions, w here  the area surround ing the low-fie ld  N M R  system  cannot be  
contro lled .

R eferences
[1 ] T erranova-M R I: E arth 's  F ie ld  M R I T eaching  S ystem , h ttp ://www .m agritek .com /products/te rranova/
[2 ] K .T . O 'N e ill, E .O . F rid jonsson, P .L . S tanw ix, M .L . Johns, Q uantita tive veloc ity d is tributions v ia  nuc lear
m agnetic resonance flow  m etering , Journa l o f M agnetic  R esonance, 269 (2016) 179-185.
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P attern R ecogn ition for C om parison o f N M R D epth P ro files of M ortar from W all-P aintings

C�.�R�ehorn *, W�. Z ia  and B�. B�lüm�ich $, Institu t fü r Techn ische und M�ak rom�olekulare  C�hem�ie  (ITM C�),�
R W�TH  A�achen U�n ivers ity, A�achen, G�erm�any; C�. K�eh le t and E�. D�el Federico, D�epartm�ent o f�
M�athem�atics and S�cience, P�ra tt Institu te , B�rook lyn , U�S�A�; T . M�eldrum�, T�he C�ollege o f W�illiam  &  M�ary,�
In tegra ted S�cience C�enter, W�illiam�sburg , U�S�A�.

R�ecently, bo th  com�m�erc ia l and sc ien tific  in te rest in  a rtific ia l in te lligence is on a  s teady rise. T�he 
algorithm�s deve loped today cou ld  soon be used to  redefine w�hat is  considered a  repetitive  task  tha t can 
be  perfo rm�ed by the  com�puter. O�ne of the  m�ost im�portan t aspects in  hum�an and m�ach ine  learning  is  the  
ab ility to  recogn ize  pa tte rns in  data  and describe them  in a way tha t is  s im�p le  and in tu itive  to  understand.  

In our w�ork , we present a recently deve loped M�A�T�LA�B too lk it tha t is op tim�ized to com�pare N�M R depth 
pro files , i.e . one-d im�ensional im�ag ing da ta acquired w�ith un ila te ra l N�M�R sensors such as the M O�U�S�E 
[1 ,2 ]. It is app lied to com�pare m�orta r s tra tig raphy of w�a ll pa in tings acqu ired in a varie ty o f houses in the 
ru ins o f H�ercu laneum�. L ike P�om�pe ii, the town o f H�erculaneum was s ituated in im�m�edia te proxim�ity o f 
M�ount V�esuv ius and w�as engulfed in ashes and lava shortly a fte r its in fam�ous eruption in the year 79 A�D�. 
To th is day, the preserved ru ins are s tud ied w ith g reat in te rest in the pain ting and prepara tion techn iques 
of the ancien t rom�an cra ftsm�en [3 ]. T�he stra tig raphy is thought to be corre la ted w ith the function o f the 
room and the soc ia l stand ing o f the esta te ow�ners [4 ]. 
In th is work , we used th ree d is tinct m�ethods to ca lcu la te and d isp lay the pa ttern recogn ition. P�rinc ipa l 
C�om�ponent A�na lys is serves as an unsuperv ised a lgorithm�, wh ile L inear D�iscrim�inan t A�na lys is can be 
em�p loyed w�hen info rm�ation on the c lass s tructure is a lready availab le and in te r-c lass sca tte r needs to be 
observed. T�o inc lude the possib ility o f varying layer th icknesses in the stra tig raphy, D�ynam�ic T�im�e 
W�arp ing is inc luded into the too lk it. T�he app lica tion o f these m�ethods to a co llection o f m�ore than 60 
depth profiles s im�plifies the eva luation by increas ing the in form�ation density. S�epara tion and overlap o f 
houses and bu ild ing com�p lexes are recogn ized. B�y m�anua lly group ing the pro files regard ing to the ir 
p lace o f o rig in, between-c lass and w�ith in -c lass sca tte r a re exam�ined .

7KH�ZRUN�ZDV�ILQDQFHG�E\�7KH�1DWLRQDO�&HQWUH�IRU�5HVHDUFK�DQG�'HYHORSPHQW�LQ�3RODQG��FRQWUDFW�1R��
675$7(*0('�������1�1��1&%5���1���
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D evelopm ent o f portable  M R I for early detection of baseball e lbow

K . T anabe, K . K atsum i and Y . T erada *, Institu te o f A pp lied  P hysics, U n iversity of T sukuba, Japan; Y .

O kam oto , Ins titu te  o f C lin ica l M ed ic ine  D epartm ent o f D iagnostic  and In te rventiona l R ad io logy, U n ivers ity

of T sukuba, Japan.

 O kam oto  e t a l. have reported  that a  low-fie ld  M R I system  dedicated fo r sm all jo ints  is  usefu l fo r early 

de tection  o f baseba ll e lbow  [1 ]. H ow ever, the  scanner used w as no t portab le , and the  sub jects  w ere  

lim ited  to  nearby p layers. H aving  a  po tab le  e lbow  M R I w ould a llow  M R I screen ing  a t a  rem ote  baseba ll 

ground and expand the ava ilab ility of the  screen ing . In th is  s tudy, w e deve loped a portable  M R I system  

fo r early detection o f baseba ll e lbow .

 W e used a  0 .2  T  perm anent m agnet (N E O M A X E ngineering , Japan; 200 kg ; 16  cm  gap; 44  cm  x 50 cm  

x 36 cm , 10 ppm  over 10 cm  diam eter of spherica l vo lum e) (F ig. 1 (a)), a  hom e-bu ilt R F coil, g rad ient, and 

sh im  co ils , wh ich  are  portab le  using  a  hand lift. A n  M R I conso le  consis ted  of a d ig ita l transce iver 

(D TR X4, M R T echno logy, Japan), a  g rad ient driver (20  V , 10  A , D S T  Inc., Japan), and a  transm itter (150 

W , D S T  Inc., Japan), w h ich  w ere  insta lled  in a 19-inch  rack  (56  cm  x 77  cm  x 60  cm , 80  kg) (F ig . 1 (b)) 

and portab le  m anua lly. A ll the dev ices can be  m ounted on  the  car (to ta l space is  on ly approx. 160 cm  x 

220 cm ). A  m ultis lice  gradien t echo was used (corona l p lane, FO V  =  256 m m  x 128 m m , 11 s lices, s lice  

th ickness =  3m m , T R  = 1200 m s, TE  =  16m s, scan tim e =  2 m in  4 s , m atrix s ize =  256 x 128). F ig. 1 (c) 

shows an M R I e lbow  im age o f a 22-year-o ld  m ale  (F ig . 1 (d)). T he anatom ical structures are  v is ib le . W e 

developed a  loca l sh ie ld  (bo th  on  the shou lder and w ris t s ides) and reduced externa l no ise  (F ig . 1(e)), 

wh ich  led to  the  im proved im age qua lity. W e w ill a lso  perform  the  e lbow im aging  to  verify the  va lid ity o f 

the  e lbow  exam ination  w ith  the portable  M R I.

[1 ] Y . O kam oto  e t a l., Inc idence o f e lbow  in ju ries in  ado lescent baseba ll p layers: screen ing  by a low  fie ld

m agnetic resonance im ag ing  system  specia lized  fo r sm all jo in ts , Jpn. J. R adio l. 34 (2016) 300-6 .
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ILT analysis of porous soft m atter

D�.�Jaschtschuk *, C�. R�ehorn and B�. B�lüm�ich$, Institu t fü r T�echn iche und M�akrom�o lekulare C�hem�ie ,,�
R W�TH A�achen U�n ivers ity, 52074 A�achen.

S�ing le -s ided N�M R sensors, such as the N�M R�-M�O�U�S�E�®�, a re a pow�erfu l too l fo r non-invasive investiga tion 
of severa l porous b io log ica l and syn the tized soft m�atte r m�ateria ls . D�epth pro files o f v io lins and tire 
sam�p les were acqu ired by m�ounting the N�M R�-M�O�U�S�E�® to a s tep-m�otor driven lift and re tracting the 
sensor in decrem�ents o f 100 µm to 150 µm aw�ay from the sam�p le . E�ffective ly, the d is tribu tion o f T�2 tim�es 
can be em�ployed to ga in add itiona l contrast. T�his can be rea lized through a we igh t function , wh ich 
ass igns a va lue derived from a m�u lti-echo sequence to each depth inc rem�ent by d iv id ing the am�p litude 
sum o f the firs t few echoes by that of a ll the rest. T�h is param�eter is in trins ica lly unstable as it depends on 
the choice o f bo th d iv isors. A c leaner m�ethod is p resented here , where Inverse Lap lace T�ransform (ILT�) 
da ta are ana lyzed at each depth . B�y ca lcu la ting and us ing the in tegra ls o f peaks in chosen T�2 ranges to 
ca lcu la te the we ight param�eter, we obta in a m�ore stab le contrast tha t a lso has physica l instead o f 
arb itra ry m�eaning (F ig . 1 a). T�he m�ethod is very sensitive to changes in the ra tio of shorte r and longer T�2 
tim�es, w�hich m�akes it poss ib le to detect short re laxa tion tim�e com�ponents even though their am�plitude 
m�ay be sm�all, wh ich m�akes it a fo rm�idab le too l to observe th in layers such as varn ish or just to observe 
effec ts o f b rittle surfaces . 
It is a lso possib le to create T�2 d is tribu tion pro files to ga in ins igh t in to the variation o f d iffe rent m�o lecu lar 
com�ponents ind ica ted by the ir transverse re laxa tion tim�es (F ig. 1 b ). O�ne can d is tingu ish be tween 
diffe rent com�ponents, even w ith in one layer. Furtherm�ore , changings in the m�olecula r p roperties w�ith in the 
transition zone o f layers can be observed due to changes in the re laxa tion behavio r.  

7KH�ZRUN�ZDV�ILQDQFHG�E\�7KH�1DWLRQDO�&HQWUH�IRU�5HVHDUFK�DQG�'HYHORSPHQW�LQ�3RODQG��FRQWUDFW�1R��
675$7(*0('�������1�1��1&%5���1���
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D eveloping m agnetic  resonance im ag ing  (M R I) by studying  batteries

Y. A lZahran i, J . B ray and M . B ritton , S choo l o f C hem istry,  U n iversity of B irm ingham ,  B irm ingham  B 15
2T T , U K .

There  is  s ign ifican t in te rest in  the  deve lopm ent o f im proved energy sto rage devices, in  particu la r, the 
developm ent o f h igh perfo rm ance advanced ba tte ries. In o rder to  im prove such energy sto rage devices, 
a fu ll understand ing o f the  d is tribution  o f chem ical species , ion transport, s ide  reactions and structu ra l 
changes o f the  e lectrodes, in  operando , is  requ ired.

M agnetic  resonance im ag ing (M R I) is  a  prom is ing  too l to  v isua lize and understand the  e lectrochem ical 
processes ins ide  ba tte ries and it can  prov ide  s ign ificant ins igh t in  a  non-invasive way1. T here  have been 
7L i M R I s tud ies of lith ium -ion ba tteries 2-4. P otentia l replacem ents fo r L i-ion  ba tte ries  are  zinc and 
a lum in ium  based ba tte ries 5. H ow ever, in  o rder to  s tudy zinc and a lum inium  batte ries, an  a lte rna tive  
m ethod shou ld  be  developed to  s tudy the e lectroactive  species using  1H  N M R  s ignal from  the 
e lec tro lyte 6.

Th is  p ro ject focuses on  using  M R I techniques to determ ine the  specia tion  and d is tribution of e lectroac tive  
zinc species in  nove l e lectro lytes, such as room  tem pera ture  ion ic  liqu ids (R T ILs) and deep eutectic  
so lvents (D E S s). S tudying  the  e ffect o f Zn 2+ on  the  N M R  param eters, such as T 1 and  T 2 re laxa tion  tim es, 
of the  e lectro lyte  w ill fac ilita te  v isua liza tion o f the  d is tribution o f zinc species in  R T ILs or D E S s based 
ba tte ries. 
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3 ODVP D 9 LVFRVLW\ P HDVXUHP HQWV LQ 6 LFN OH & HOO ' LVHDVH DQG 0 XOWLS OH 0 \HORP D HP SOR\LQJ 1 0 5

M�.�A �. Lores G�uevara , J . C�. G�arcía  N�aran jo  and Y . M�. T�orres, C�entro  de B�io fís ica  M�éd ica , U�n iversidad de�
O�rien te , P�atric io Lum�um�ba S�/N�. C�P�: 90500. S�antiago de  C�uba. C�uba; N  R�odríguez S�uárez, C�hem�is try�
D�epartm�ent. N�atura l S�ciences Facu lty. U�n ivers idad de O�rien te , P�atric io  Lum�um�ba S�/N�. C�P�: 90500.�
S�antiago de C�uba. C�uba; L . C�. S�uárez B�eyrio , M�. A �. M�aricha l Fe lue , T  S�im�ón B�rada and I. C�. R�odríguez�
R�eyes, G�enera l H�osp ita l &�#8220;D�r. Juan B�runo Zayas A �lfonso&�#8221;, C�arre tera  de l C�aney S�/N�.�
S�antiago de  C�uba. C�uba; J . P�hilippé, D�epartm�ent of C�lin ica l C�hem�is try, Im�m�unology and M�ic rob io logy,�
G�hent U�n iversity, G�hent, B�elg ium�.

M�easuring  v iscosity is  an  im�portant tool for d iagnosis  in  m�ed ica l app lica tions . N�M�R  m�ethods can be  
app lied  fo r m�easuring  th is  param�eter p rov ided som�e considera tion  are  assum�ed. In th is  work  a  N�M R  
based experim�enta l procedure  to  de term�ine the  dynam�ic  v iscosity (g ) in  p lasm�a solu tions is  p resented.�
A �n equation  re la ting   and the transversa l pro ton m�agnetic   re laxa tion  tim�e (T�2) is ob ta ined a fte r�
considering  a  fast exchange between the  free and associa ted  w�ater inside  the p lasm�a so lu tion, the  
dom�inan t ro le  o f the associa ted water in  p roton  m�agnetic  re laxa tion , the  characteris tic  m�ob ility o f the  
p lasm�a pro te ins and the m�agnetic  fie ld  em�p loyed. C�arr-P�urcell-M�e iboon-G�ill pu lse  sequence was 
em�p loyed fo r m�easuring  T�2 in  a  m�agnetic  resonance conso le  coup led to  a  hom�ogeneous m�agnetic�
system  (0 ,095 T�). A �n g  va lue  o f 1 .66±0.05m�P�as w�as obta ined in  27  contro l ind iv idua ls , wh ich sta tis tica lly�
m�atch  w ith  the  va lue  ob ta ined in  the  sam�e sam�p les us ing  the  O�sw�ald  v iscom�eter (1 .62±0.03m�P�as). g
was determ�ined in  166 patien ts w�ith  M�u ltip le  M�ye lom�a (2 .24  ±  0.07  m�P�as) and 54 w ith  S�ick le  C�e ll 
D�isease (1 .92  ±  0 .05m�P�as) show ing a  s ta tis tica lly s ign ifican t increase over the contro l ind iv idua ls . T�he 
results  show the  u tility o f th is  N�M R  m�ethod to  estim�ate  dynam�ic  v iscosity in  P�lasm�a w�ith  m�ed ica l 
purpose.
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(2008)
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M ulti-Tem perature In  S itu  M agnetic  R esonance Im aging of P olarization  and  S alt P recip ita tion  in  L i-
Ion  B attery E lectro lytes

J. D avid B azak , S . A . K rachkovsk iy and G . R . G oward *, D epartm ent o f C hem is try, M cM aster U n ivers ity,
H am ilton, O ntario , C anada.

The param eteriza tion  and valida tion o f accura te  e lectrochem ical m odels fo r lith ium -ion  ba tte ries in  
au tom otive  applica tions is  an  im portan t m ilestone in 
the ir w idespread dep loym ent. M uch e ffo rt has been 
focused on the  m ass transport characteris tics o f the 
e lec trode dom ains, bu t a  s ign ifican t fraction  o f overa ll 
po la riza tion  stem s from  concentra tion grad ients tha t 
fo rm  in  the  e lectro lyte  dom ain and the ir a ttendant e ffect 
on  the m ass transport param eters, wh ich  have recently 
been show n by in  s itu  M R I to  be  qu ite  s ignifican t.1 T he 
effec t o f tem pera ture  on these concentra tion  grad ients 
rem ains to  be  exp lo red by in  situ  M R I.

A  com parison o f the salt concentra tion pro files a t a  
series  o f tem pera tures w as there fore  conducted us ing  
19F  chem ical sh ift im ag ing  (C S I) o f the  P F 6

- an ions in  the
elec tro lyte , to  assess how the  m agn itudes o f the  
grad ients varied  w ith  tem pera ture  and to  confirm  
agreem ent w ith  m agn itudes pred ic ted  from  ex situ  
transport m easurem ents. In  o rder to  quantita tive ly m ake 
th is  com parison, a  robust m eans of im aging  is  requ ired  
to  ca lib ra te  the active  vo lum e s izing  fo r C S I, wh ich  exh ib its  'dead space ' near the conductive  parts  o f the 
in  s itu  ce ll.2 Th is  was ach ieved w ith  the pure-phase-encoding , low -tip -ang le centric scan S P R IT E  im ag ing 
techn ique.3 C onventiona l frequency-encod ing techniques are  ill-su ited to  the s ign ifican t susceptib ility 
variations across the ce ll, rapid  acqu is ition  tim es  notw ithstand ing . C S I, w h ich  is  phase-encod ing , yie lds 
m uch sharper im ages than frequency-encod ing techn iques, even w ith  on ly two scans per g rad ien t step , 
and m uch bette r S N R  than S P R IT E , bu t still exh ib its  a rtifacts  from  fie ld  inhom ogene ity to  w h ich  only 
S P R ITE  is  im m une. W ith in  3s  confidence in te rva ls , agreem ent w as  found between the  concentra tion 
grad ients m easured by in  s itu  M R I and the ex s itu  m ethods , d irectly dem onstra ting  tha t in  s itu  M R I can 
genera te transport param eters  re levant to  rea l batte ry m ode lling  effo rts . 

A  surpris ing  ou tcom e of these studies w as tha t a t 10¸C , a  conventiona l e lec tro lyte  m ixtu re  exh ib ited  
anom alous concentra tion  gradien t fo rm ation  w ith  a  m odest current density, w hereas the sam e m ixtu re  
cou ld be  po larized w ithout d ifficu lty at room  tem pera ture . O n com paring raw  C S  im ages from  before  the  
po la riza tion  and afte r the  re laxa tion o f the  d isrup ted concentra tion  gradien t, it is  c lear tha t the  overa ll 
s ignal in tensity is  low er wh ilst the  shape o f the  p rofile  is re ta ined, wh ich  is a  d irect ind ica tor that salt 
prec ip ita tion has occurred  and a  resu lt tha t wou ld  be  d ifficu lt to  confirm  w ithout the  use  of in  s itu  M R I.

(1 ) K rachkovsk iy, S . A .; B azak , J . D .; W erhun, P .; B alcom , B . J .; H a la lay, I. C .; G oward , G . R .. J . A m .
C hem . S oc. 2016, 138 (25), 79927999.
(2 ) S ethura jan , A . K .; K rachkovsk iy, S . A .; H ala lay, I. C .; G ow ard , G . R .; P ro tas, B . J . P hys. C hem . B
2015, 119 (37), 1223812248.
(3 ) H alse , M .; G oodyear, D . J .; M acM illan , B .; S zom olanyi, P .; M atheson, D .; B a lcom , B . J . J . M agn.
R eson. 2003, 165 (2), 219229.
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C arbonation front in  cem ent paste  and  m ortar detected by low -fie ld  unila tera l N M R

F. D iaz-D iaz and P . F . de  C ano-B arrita *, C IID IR  U n idad O axaca/Institu to  P o litecn ico N acional, C alle
H ornos  N o. 1003, S ta . C ruz Xoxocotlan , O axaca, M exico; B . J . B a lcom $, D epartm ent o f P hys ics, M R I
C enter, U nivers ity o f N ew B runsw ick , Frederic ton, N ew  B runsw ick , E 3B  5A 3, C anada.

C arbonation  is  one o f the  m ain  causes o f s teel corros ion  in  re in fo rced concre te  s tructures [1 ]. T he a im  o f 
the  present work  w as to  use low-fie ld  un ila te ra l N M R  to  observe  the carbonation  front in  cem ent pastes 
and m orta rs  subjec t to  acce le ra ted  carbonation  and to  com pare the resu lts  w ith  the pheno lphthale in  test. 
C em ent paste  (6  cm  long) and m ortar (5  cm  long) sam ples at water-to -cem ent ra tios of 0 .60, 0 .50 , and 
0.40 w ere  prepared and m oist cured  fo r 60  days. A fte r m o ist curing and cond ition ing  at 75%  R H  and 30 
oC , the sam ples were  sub jected  to  acce lera ted  carbonation  w ith  4%  by vo lum e C O 2 a t 75%  R H  and 30 
oC . A  th ree-m agnet a rray [2 ] w ith  a  4.5  cm  d iam eter and 0.25 cm  long so leno id coil were  used to  obta in  
the  C P M G  decay a t d iffe ren t pos itions a long the sam ples. T he sam ples  w ere  d isplaced inside  the  
so leno id  in  0 .5  cm  steps. T he results  show tha t carbonation increases the  T 2 life tim e and reduces the 
s ignal in tensity, com pared w ith  the  noncarbonated region /contro l sam ples  (F ig . 1 ). A  reduction  in to ta l 
poros ity and changes  in  the  pore  s tructu re /surface  chem istry a re  caused by carbonation [3 ]. T he position  
w ith  the h ighes t ra te  o f T 2 change w as in agreem ent w ith  the  fu lly carbonated fron t de term ined by the 
phenolph tha le in test.
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Local D iffusion  and D iffus ion-T 2 D istribution  M easurem ents in  P orous M ed ia  

S  V ashaee, B  N ewling, B  M acM illan , F  M arica , M  L i and B J B a lcom , U N B  M R I C entre, D epartm ent of 
P hysics, U n ivers ity o f N ew  B runsw ick , Frederic ton , N ew  B runsw ick , E 3B  5A 3, C anada.

S lice-se lective  pu lsed fie ld gradien t (P FG ) and P FG -T 2 m easurem ents a re  deve loped to  m easure  
spatia lly-reso lved m olecu lar d iffusion  and d iffus ion-T 2 d is tributions. A  spatia lly se lective  ad iabatic 
invers ion  pu lse  w as em ployed fo r s lice-se lection. The slice-selective  pu lse  is  ab le  to  se lect a  coarse  
s lice , on  the  order o f 1  cm , a t an arb itra ry position  in  the  sam ple . 

The new m ethod can be em ployed to  characterize  o il-w ater m ixtu res in  porous m edia . T he new 
techn ique has an  inherent sensitiv ity advantage over phase encod ing  im aging  based m ethods due to  
s ignal be ing  loca lized from  a  th ick  s lice . T he m ethod w ill be  advantageous fo r m agnetic  resonance o f 
porous m ed ia  a t low  fie ld  where  sensitiv ity is  p rob lem atic .

E xperim ental C P M G  data , fo llow ing  P FG  d iffus ion  m easurem ent, were  com prom ised by a  transien t 
D B 0(t) fie ld  o ffse t. T he off resonance effects  o f D B 0(t) were  exam ined by s im u la tion . T he D B 0(t) o ffse t
artifac t in  D -T 2 d is tribu tion m easurem ents m ay be avo ided by em ploying rea l da ta , ins tead o f m agnitude 
da ta.
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O ptim ization o f a  P ara llel P late  R esonator for H igh  R eso lu tion  Th in  F ilm  Im ag ing  in  L ith ium  Ion  
B atteries .

A . R am irez A gu ilera *a ,b, B . M acM illan  and B . J  B a lcom , aU N B  M R I C entre , , D epartm ent o f P hysics, ,
U n iversity o f N ew  B runsw ick , , F rederic ton, N ew  B runsw ick , , C anada E 3B  5A 3; bC entro  de B io fís ica
M édica , , U nivers idad de O rien te , , P atric io  Lum um ba s/n , , S antiago de C uba, , C uba 90500; G . R .
G oward , D epartm ent o f C hem istry, , M cM aster U nivers ity, , H am ilton, O ntario , , C anada L8S  4L8.

C hoosing the  right N M R  probe w ith  the correct d im ensions p lays an  im portan t ro le  in  m agnetic  resonance 
im aging , especia lly fo r h igh  reso lu tion  th in film  im ag ing . In  th is  w ork  a para lle l p la te  resonator, tha t is 
in tended to  work  as part o f a  lith ium  ion  ba tte ry, has  been optim ized in o rder to  do  h igh  reso lu tion  
im aging  in the  e lectrochem ical device . T he design  of the  probe and the op tim iza tion process w as 
perfo rm ed us ing C S T  M icro  W ave S tud io .  A  cap illa ry tube o f 400 lm , filled  w ith  doped water was used 
fo r testing  the  op tim ized probe in  a 2 .4  T  m agnet. It is  show n tha t increasing  the w id th  o f the connections 
of the  p la te  p roduce an  increase o f up  to  75  %  in  the  hom ogene ity of the  B 1 fie ld . T he best approach was 
to  keep the  d im ensions constan t and use additional capac ito rs  a t the  device  corners to  d is tribu te  the 
curren t.  T his  approach produce a  B 1fie ld  s tronger a t the  centre  o f the p la te  and increases the  area  o f 
hom ogene ity in  the  p la te up  to  80% . T he experim enta l resu lt show tha t it is  possib le to  ach ieve  10  lm  
depth  reso lu tion  us ing the  op tim ized probe.  T he para lle l p la te  resonator w ill be  tested  as  part of a  
work ing  lith ium  ion batte ry.
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C haracterizing heterogeneous w ater populations by O verhauser D N P enhanced re laxom etry and 
diffusom etry

T. Ü�berrück  and B�. B�lüm�ich $, R W�T�H  A�achen U�nivers ity, Institu t fü r T�echn ische und M�ak rom�o leku la re�C
hem�ie , W�orringerweg 1 , 52074 A�achen, G�erm�any; O�. N�eudert* and S�. S�tap f, T�echn ica l U�n iversity�Ilm
enau, Institu t fü r P�hysik , U�nterpörlitzer S� traße 38, 98693 Ilm�enau, G�erm�any; J . G�ranwehr,
Forschungszentrum  Jü lich, Institu t fü r E�nerg ie- und K�lim�aforschung, O�string  O�10, 52425 Jü lich ,�G
erm�any; S�. H�an, U�n ivers ity o f C�a lifo rn ia  S�anta  B�arbara , D�epartm�ent o f C�hem�is try and B�iochem�is try,�S�anta
B�arbara, C�A  93106, U�S�A

There are m�any m�ateria ls system�s fo r w�h ich the in te raction be tween the m�ateria l and the so lvent w�ater is 
essentia l to their func tion. A stra tegic use o f n itroxide rad ica l based sp in p robes coup led w�ith O�verhauser 
dynam�ic nuclear po la riza tion (O�D�N�P�) p rov ides an opportun ity to se lective ly enhance the re laxa tion or 
d iffus ion properties o f the solvent in d irect contact w�ith the sp in probe tha t is associa ted w ith the m�ateria l. 
The use o f O�D�N�P is a com�m�on m�ethod in B�iochem�is try, bu t there are other aqueous non-b io log ica l 
system�s th is techn ique can be app lied to . O�ne fie ld of specia l in te rest a re m�em�brane m�ateria ls tha t a re 
app lied in e .g . fue l ce lls . A be tte r insigh t in to the w�ater conduction properties of those m�em�brane m�
ateria ls wou ld enable new perspectives in im�proving the ir e ffic ienc ies. A prev ious pub lished s tudy has 
shown that 4 -A�m�ino-T�E�M P�O�, 4 -H�ydroxy-T�E M�P�O and T�E M�P�O disp lay s ign ifican tly d iffe rent partition ing 
w ith in a water-soaked N�afion m�em�brane system�. B�ased on the d iffe rentia l partition ing o f 4 -A�m�ino-
TE M�P�O to the su lfonated N�afion surface and 4-H�ydroxy T�E�M P�O to the so lvent channe l, d iffe ren tia l 
so lvent dynam�ic p roperties in d irect contac t w�ith the N�afion surface vs channe l have been derived. H�
owever, th is in te rpre ta tion has been questioned in the light o f whether these sp in probes a lte r the 
properties o f N�afion .
H�ere , we present a p roo f o f p rinc ip le , as w�e ll as critica l s tudy on the exam�ple of water-soaked N�afion m�
em�branes in to w�hich various m�ono n itroxide rad ica l p robes are im�b ibed to show�case the benefit and 
de trim�ent o f O�D�N�P�-enhanced re laxom�etry and d iffu�som�etry fo r p rov id ing ins igh t in to the m�ateria l-so lven t-
sp in p robe in te raction that is o therw�ise d ifficu lt to ga in .
In short, we find tha t (i) the sp in probes even a t re la tive ly m�odest concentra tion dram�atica lly a lte r the 
function-re levant p roperties o f N�afion , wh ile (ii) specific sp in p robes are h igh ly surface-active and 
dehydra te N�afion 's surface water, wh ile the structu ra l p roperties of N�afion rem�a in una lte red as seen by S�A�
XS�.
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