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Description 

The  present  invention  relates  to  improvements  in  and  relating  to  magnetic  resonance  imaging  (MRI) 
apparatus  and  methods,  and  in  particular  to  apparatus  and  methods  for  diagnostic  imaging  or  mass 

5  screening. 
MRI  is  a  diagnostic  technique  that  has  become  particularly  attractive  to  physicians  as  it  is  non-invasive 

and  does  not  involve  exposing  the  patient  under  study  to  potentially  harmful  radiation  such  as  the  gamma- 
radiation  or  X-radiation  of  conventional  radiographic  imaging. 

Conventional  MRI  apparatus  however  is  exremely  costly  to  manufacture  and  operate  and  accordingly 
io  the  occurence  of  MRI  apparatus  in  hospitals,  clinics  and  other  medical  or  research  institutions  has  thus  far 

been  relatively  limited. 
The  expense  of  manufacture  and  operation  of  MRI  apparatus  is  closely  associated  with  the  field 

strength  that  the  primary  magnet  in  the  apparatus  is  required  to  generate  in  order  to  produce  images  of 
acceptable  spatial  resolution  within  an  acceptable  image  acquisition  time. 

75  In  general,  primary  magnets  capable  of  generating  field  strengths  of  0.1  to  2  T  have  been  used  and 
image  acquisition  times  have  been  of  the  order  of  10  to  30  minutes. 

For  relatively  low  field  strengths  of  up  to  0.15  T,  resistive  magnets  (generally  adjacent  coaxial  metal 
coils)  have  been  used  but  the  energy  requirement  (and  as  a  result  the  heat  generation)  of  such  resistive 
magnets  is  very  high.  Thus  a  0.1  T  magnet  will  require  about  30kW  electric  power.  For  higher  fields, 

20  superconducting  magnets  are  conventionally  used.  The  selection  of  the  appropriate  magnetic  field  strength 
involves  balancing  various  factors:  thus  higher  field  results  in  a  better  signal/noise  (S/N)  ratio  and  hence 
better  spatial  resolution  at  a  given  S/N  value,  but  also  in  greater  manufacturing  and  operating  expense  and 
in  poorer  tissue  contrast. 

There  is  therefore  a  demand  for  MRI  apparatus  and  techniques  capable  of  achieving  acceptable  or 
25  improved  S/N  ratios  but  using  lower  field  magnets  and  without  undue  loss  in  spatial  resolution. 

The  present  invention  is  based  on  the  concept  of  dispensing  with  the  high  field  strength  primary 
magnets  of  prior  art  imagers  and  using  as  the  constant  field  a  very  low  field  strength  such  as  the  earth's 
own  ambient  magnetic  field.  The  extreme  weakness  of  this  field  is  a  potential  disadvantage  which  has 
deterred  proposals  for  this  approach  until  now  but  the  ESREMRI  technique  which  is  described  in  detail 

30  hereinafter  enables  that  weakness  to  be  overcome. 
The  long  image  acquisition  times  generally  result  from  the  need  to  perform  a  large  number  (e.g.  64- 

1024)  of  pulse  and  detection  sequences  in  order  to  generate  a  single  image  and  the  need  to  allow  the 
sample  under  study  to  reequilibrate  between  each  sequence. 

The  degeneracy  of  the  spin  states  of  nuclei  with  non-zero  spin,  e.g.  1H,  13C,  19  F,  etc.,  is  lost  when  such 
35  nuclei  are  placed  within  a  magnetic  field  and  transitions  between  the  ground  and  excited  spin  states  can  be 

excited  by  the  application  of  radiation  of  the  frequency  (o>0)  corresponding  to  energy  difference  E  of  the 
transition  (i.e.  %a>0  =  E).  This  frequency  is  termed  the  Larmor  frequency  and  is  proportional  to  the  strength 
of  the  field  experienced  by  the  nucleus.  As  there  is  an  energy  difference  between  the  spin  states,  when  the 
spin  system  is  at  equilibrium  the  population  distribution  between  ground  and  excited  spin  states  is  a 

40  Boltzmann  distribution  and  there  is  a  relative  overpopulation  of  the  ground  state  resulting  in  the  spin  system 
as  a  whole  possessing  a  net  magnetic  moment  in  the  field  direction.  This  is  referred  to  as  a  longitudinal 
magnetization.  At  equilibrium  the  components  of  the  magnetic  moments  of  the  individual  non-zero  spin 
nuclei  in  the  plane  perpendicular  to  the  field  direction  are  randomized  and  the  spin  system  as  a  whole  has 
no  net  magnetic  moment  in  this  plane,  i.e.  it  has  no  tranverse  magnetization. 

45  If  the  spin  system  is  then  exposed  to  a  relatively  low  intensity  oscillating  magnetic  field  perpendicular  to 
the  main  field  and  produced  by  radiation  at  the  Larmor  frequency,  transitions  between  ground  and  excited 
spin  states  occur.  If  the  exposure  is  for  a  relatively  short  duration  then  the  resultant  magnitudes  of  the 
longitudinal  and  transverse  magnetizations  of  the  spin  system  are  functions  of  the  exposure  duration  which 
oscillate  about  zero  at  the  Larmor  frequency  and  are  90°  out  of  phase  with  each  other.  Thus,  from 

50  equilibrium,  a  pulse  of  duration  (2n  +  1  )W2co0  (a  so-called  90°  pulse  when  n  is  even  and  a  270°  pulse  when 
n  is  odd)  leaves  the  system  with  maximum  transverse  magnetization  (of  magnitude  proportional  to  the  initial 
longitudinal  magnetization  at  equilibrium)  and  no  longitudinal  magnetization,  a  pulse  of  duration  (2n  +  1)Wco0 
(a  180°  pulse)  leaves  the  system  with  inverted  longitudinal  magnetization  and  inverted  transverse  magnetiz- 
ation  (and  hence  from  equilibrium  no  transverse  magnetization),  etc. 

55  When  the  pulse  is  terminated,  the  oscillating  magnetic  field  produced  by  any  resulting  net  transverse 
magnetization  can  induce  an  oscillating  electrical  signal  (of  angular  frequency  a>0)  in  a  detector  coil  having 
its  axis  arranged  perpendicular  to  the  main  field  direction.  For  this  purpose  the  transmitter  used  to  emit  the 
pulse  can  also  be  used  as  a  detector. 
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Induced  nuclear  magnetic  resonance  signals,  hereinafter  termed  free  induction  decay  (FID)  signals, 
have  an  amplitude  proportional  to  the  transverse  magnetization  (and  hence  generally  to  the  original 
population  difference  between  ground  and  excited  spin  states). 

If  the  nuclei  of  the  spin  system  experienced  an  entirely  uniform  magnetic  field,  the  FID  signal  would 
5  decay  due  to  spin-spin  interactions  at  a  rate  with  a  characteristic  time  of  T2,  the  transverse  or  spin-spin 

relaxation  time.  However,  due  to  local  field  inhomogeneities,  the  nuclei  within  the  spin  system  will  have  a 
spread  of  Larmor  frequencies  and  decay  of  transverse  magnetization  is  more  rapid,  having  a  characteristic 
time  of  J  2  where  1/T2*  =  1/T2  +  1/Tinh,  Tinh  representing  the  contribution  due  to  field  inhomogeneities. 
This  contribution  is  proportional  to  the  uniform  magnetic  field.  T2  itself  can  be  determined  using  spin-echo 

io  imaging  in  which,  after  the  decay  of  the  FID  signal  (usually  following  a  90°  pulse)  the  system  is  exposed  to 
a  180°  pulse  and  an  "echo"  signal  is  generated,  the  decay  in  the  amplitude  of  the  echo  being  governed 
primarily  by  T2  as,  with  the  inversion  of  the  transverse  magnetization  for  the  individual  nuclei,  the  field 
inhomogeneities  referred  to  above  cause  tranverse  magnetization  to  build  up  to  a  maximum  at  time  TE/2 
after  the  180°  pulse  where  the  time  between  the  previous  maximum  transverse  magnetization  and  the  180° 

is  pulse  is  also  TE/2. 
To  generate  different  images,  different  pulse  and  FID  detection  sequences  are  used.  Perhaps  the 

simplest  is  saturation  recovery  (SR)  where  the  FID  signal  is  determined  after  a  single  90°  initiating  pulse. 
The  signal  strength  is  dependent  upon  the  magnitude  of  the  longitudinal  magnetization  before  the  pulse, 
and  hence  on  the  nuclear  density  and  the  extent  to  which  the  system  reequilibrates  in  the  time  (TR) 

20  between  successive  initiating  pulses.  In  spin-echo  imaging,  for  example  multiple-echo  imaging,  the  pulse 
and  detection  sequence  may  be:  initiating  90°  pulse  (at  time  0),  FID  detection  (following  the  initiating 
pulse),  180°  pulse  (at  time  TE/2),  detection  of  1st  echo  (at  time  TE),  180°  pulse  (at  time  3TE/2),  detection 
of  2nd  echo  (at  time  2TE)...,  initiating  pulse  for  the  next  sequence  (at  time  TR),  etc.  In  this  technique,  a  TR 
is  selected  which  is  sufficient  for  a  reasonable  reequilibration  to  occur  in  the  period  between  successive 

25  initiating  pulses. 
As  is  explained  further  below  in  connection  with  the  example  of  two  dimensional  Fourier  transformation 

(2DFT)  image  generation,  in  order  to  generate  a  single  image  with  adequate  spatial  resolution,  it  is 
necessary  to  perform  a  large  number  (e.g.  64-1024)  of  separate  pulse  and  detection  sequences.  Since  TR 
has  in  principle  to  be  large  with  respect  to  Ti  ,  the  characteristic  time  for  relaxation  of  the  excited  system 

30  towards  the  equilibrium  Boltzmann  distribution  between  ground  and  excited  spin  states,  to  permit  longitudi- 
nal  magnetization  to  build  up  between  successive  pulse  sequences  so  as  to  avoid  the  FID  signal  strength 
decaying  in  successive  pulse  sequences,  the  total  image  acquistion  time  is  generally  relatively  large.  Thus, 
for  example,  TR  may  conventionally  be  of  the  order  of  seconds  and  the  image  acquisition  time  may  be  of 
the  order  of  10-30  minutes. 

35  Certain  so-called  fast  imaging  (Fl)  techniques  may  be  used  to  accelerate  reequilibration  and  so  reduce 
image  acquisition  time;  however  they  inherently  result  in  a  reduction  in  the  S/N  ratio  and/or  contrast  and 
hence  in  poorer  image  quality.  The  Fl  technique  involves  for  example  exciting  the  spin  system  with  a  less 
than  90  °  pulse  and  thus  the  difference  between  ground  and  excited  spin  state  populations  is  only  reduced 
rather  than  eliminated  (as  with  a  90°  pulse)  or  inverted  and  so  reattainment  of  equilibrium  is  more  rapid. 

40  Nevertheless,  the  transverse  magnetization  generated  by  the  less  than  90  °  pulse  is  less  than  that  for  a  90  ° 
pulse  and  so  FID  signal  strength  and  thus  S/N  ratio  and  the  spatial  resolution  in  the  final  image  are  reduced. 

The  long  image  acquisition  time  in  conventional  MRI  thus  significantly  detracts  from  the  attractiveness 
of  MRI  for  mass  or  routine  diagnostics  screening  and  for  all  forms  of  diagnostic  imaging  where  it  is 
necessary  to  build  up  a  three-dimensional  image  by  imaging  successive  adjacent  sections  through  the 

45  patient. 
A  further  problem  in  MRI,  that  of  achieving  adequate  image  contrast  between  different  tissue  types 

having  the  same  or  closely  similar  image  parameters,  e.g.  to  cause  a  tissue  abnormality  to  show  up  clearly 
in  the  magnetic  resonance  (MR)  images,  has  been  addressed  in  a  variety  of  ways.  Using  different  pulse  and 
detection  sequences  and  by  manipulation  of  the  acquired  data,  MRI  can  be  used  to  generate  a  variety  of 

50  different  images,  for  example  saturation  recovery  (SR),  inversion  recovery  (IR),  spin  echo  (SE),  nuclear 
(usually  proton)  density,  longitudinal  relaxation  time  (Ti)  and  transverse  relaxation  time  (T2)  images.  Tissues 
or  tissue  abnormalities  that  have  poor  contrast  in  one  such  image  often  have  improved  contrast  in  another. 
Alternatively,  imaging  parameters  (nuclear  density,  Ti  and  T2)  for  tissues  of  interest  may  be  altered  by 
administration  of  a  contrast  agent.  Thus  many  proposals  have  been  made  for  the  administration  of 

55  magnetically  responsive  materials  to  patients  under  study  (see  for  example  EP-A-71564  (Schering),  US-A- 
4615879  (Runge),  WO-A-85/02772  (Schroder)  and  WO-A-85/04330  (Jacobsen)).  Where  such  materials, 
generally  referred  to  as  MRI  contrast  agents,  are  paramagnetic  (for  example  gadolinium  oxalate  as 
suggested  by  Runge)  they  produce  a  significant  reduction  in  the  Ti  of  the  water  protons  in  the  zones  into 
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which  they  are  administered  or  at  which  they  congregate,  and  where  the  materials  are  ferromagnetic  or 
superparamagnetic  (e.g.  as  suggested  by  Schroder  and  Jacobsen)  they  produce  a  significant  reduction  in 
the  T2  of  the  water  protons,  in  either  case  resulting  in  enhanced  (positive  or  negative)  contrast  in  the 
magnetic  resonance  images  of  such  zones. 

5  The  contrast  enhancement  achievable  by  such  agents  is  limited  by  a  number  of  factors.  Thus  such 
contrast  agents  cannot  move  the  MRI  signal  intensity  (ls)  for  any  tissue  beyond  the  maximum  (li)  and 
minimum  (l0)  intensities  achievable  for  that  tissue  using  the  same  imaging  technique  (e.g.  IR,  SR,  SE,  etc.) 
in  the  absence  of  the  contrast  agent;  thus  if  "contrast  effect"  is  defined  as  (ls-l0)/(li  -l0)>  contrast  agents  can 
serve  to  alter  the  "contrast  effect"  of  a  tissue  within  the  range  of  0  -  1.  However  to  achieve  contrast 

io  improvement  an  adequate  quantity  of  the  contrast  agent  must  be  administered  to  the  subject,  either  directly 
to  the  body  site  of  interest  or  in  such  a  way  that  the  natural  operation  of  the  body  will  bring  the  contrast 
agent  to  that  body  site. 

Utilisation  of  the  spin  transition  coupling  phenomenon  known  in  conventional  nmr  spectroscopy  as  the 
Overhauser  effect  to  amplify  the  population  difference  between  ground  and  excited  nuclear  spin  states  of 

is  the  nuclear  spin  system  producing  the  MR  image  by  exciting  a  coupled  esr  transition  in  a  paramagnetic 
species  in  the  sample  being  imaged,  generally  a  human  or  animal  subject,  has  been  proposed  by  us  in  EP- 
A-296833. 

This  technique  for  generating  a  magnetic  resonance  image  of  a  sample,  hereinafter  termed  Electron 
Spin  Resonance  Enhanced  Magnetic  Resonance  Imaging  or  ESREMRI  comprises  exposing  the  sample  to 

20  pulses  of  a  first  radiation  of  a  frequency  selected  to  excite  nuclear  spin  transitions  in  selected  nuclei  in  the 
sample  and  detecting  free  induction  decay  signals  from  the  sample  and  is  characterised  in  that  it  further 
comprises  exposing  the  sample  to  a  second  radiation  of  a  frequency  selected  to  excite  electron  spin 
transitions  coupled  to  nuclear  spin  transitions  of  at  least  some  of  the  said  nuclei.  Other  proposals  for 
electron  spin  resonance  enhancement  of  magnetic  resonance  investigations  of  paramagnetic  material 

25  containing  samples  are  made  in  US-A-4719425  and  EP-A-302742. 
The  MRI  apparatus  for  use  in  the  ESREMRI  technique  requires  a  second  radiation  source  for  generating 

the  radiation  capable  of  stimulating  such  an  esr  transition  as  well  as  the  first  radiation  source  for  generating 
the  radiation  used  to  stimulate  the  nuclear  spin  transition. 

Thus  in  EP-A-296833  it  was  explained  that,  using  ESREMRI,  MR  images  having  adequate  signal  to 
30  noise  ratios,  adequate  spatial  resolution  and  adequate  image  acquisition  times  could  be  produced  using 

MRI  apparatus  provided  with  primary  magnets  generating  primary  fields  of  strengths  around  200  G  (20  mT), 
well  below  those  required  for  conventional  MRI  apparatus,  that  is  primary  magnets  which  would  be 
significantly  cheaper  to  construct  and  operate  than  those  of  conventional  MRI  apparatus. 

Although  EP-A-296833  refers  to  fields  preferably  in  the  range  20-1000  G  (2-100  mT)  and  even  the  use 
35  of  magnets  to  generate  fields  as  low  as  the  ambient  field,  about  0.5  G  (50  M.T),  it  is  not  suggested  that  the 

ambient  field  itself  could  be  used  nor  indeed  is  it  explained  how  very  low  fields  could  give  adequate  FID 
signal  strengths  with  an  adequate  signal/noise  ratio,  nor  is  it  recommended,  in  fact,  that  fields  below  20  G  (2 
mT)  would  have  an  advantage. 

We  have  now  realised  that  with  appropriate  choice  of  the  material  whose  esr  transition  is  stimulated  by 
40  the  second  radiation  the  need  for  any  primary  magnet  in  ESREMRI  apparatus  may  be  avoided,  the  primary 

field  of  the  apparatus  being  provided  by  the  earth's  ambient  magnetic  field.  Alternatively,  very  low  primary 
fields  of  up  to  20  gauss  (2mT)  may  be  used  with  the  earth's  magnet  field  being  magnetically  balanced  out. 
EP-A-296833  while  allowing  the  fields  below  20  G  (2mT)  did  not  disclose  the  concept  of  balancing  out  the 
earth's  field.  It  will  be  appreciated  that  the  earth's  field  is  at  an  angle  of  declination  which  is  inconvenient  for 

45  use  as  the  uniform  field  in  ESREMRI  and  this  angle  and  the  ambient  field  strength  vary  from  place  to  place, 
thus  requiring  means  for  varying  the  RF  and  MW  frequencies  used  and  tomographically  slicing  the  body 
under  examination  at  an  inconvenient  angle  to  the  horizontal. 

The  theoretical  maximum  image  intensity  enhancement,  i.e.  contrast  effect,  achievable  using  ESREMRI 
appeared  to  be  approximately  proportional  to  the  ratio  of  the  gyromagnetic  constants  for  the  electron  and 

50  the  resonating  nuclei,  e.g.  about  330  for  1H  MRI  and  indeed  measured  contrast  effects  of  up  to  about  140 
are  quoted  in  EP-A-296833  for  experiments  performed  using  a  primary  magnetic  field  of  200  G  (20mT). 
However,  using  fields  not  greater  than  20  G  (2mT),  such  as  the  ambient  magnetic  field,  as  explained  below, 
still  further  enhancement  is  possible  which  partly  offsets  the  reduction  in  signal  strength  due  to  the  low  field. 

Thus  viewed  from  one  aspect  the  present  invention  provides  an  ESREMRI  apparatus  having  a  first 
55  radiation  source  capable  of  emitting  a  first  radiation  of  a  frequency  selected  to  excite  nuclear  spin 

transitions  in  selected  nuclei  in  a  sample  being  imaged,  a  second  radiation  source  capable  of  emitting  a 
second  radiation  of  a  frequency  selected  to  excite  electron  spin  transitions  coupled  to  the  nuclear  spin 
transitions  of  at  least  some  of  said  selected  nuclei,  means  for  exposing  said  sample  to  a  magnetic  field 
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gradient  imposed  on  a  uniform  magnetic  field  and  means  for  detecting  free  induction  decay  signals  from 
said  selected  nuclei  during  the  imposition  of  a  said  magnetic  field  gradient,  characterised  in  that  said  first 
and  second  radiation  sources  are  arranged  to  emit  radiations  of  frequencies  selected  to  excite  said 
transitions  using  as  the  uniform  magnetic  field  the  ambient  magnetic  field  or  a  magnetic  field  being  a 

5  uniform  field  not  greater  than  20  G  (2mT)  combined  with  a  field  exactly  balancing  the  earth's  magnetic  field. 
Thus  the  ESREMRI  apparatus  of  the  invention  conveniently  comprises  either  no  uniform  field  generating 

magnet  means  or  means  for  generating  a  uniform  magnetic  field  of  not  greater  than  20  G  (2mT)  together 
with  means  for  balancing  the  earth's  field. 

In  the  apparatus  of  the  invention  where  the  earth's  magnetic  field  at  the  sample  is  to  be  cancelled  out, 
io  the  magnetic  field  generating  means  are  preferably  arranged  to  provide  the  uniform  field  with  its  field 

direction  in  a  vertical  or,  more  preferably,  substantially  horizontal  plane. 
Viewed  from  a  further  aspect  the  invention  also  provides  a  method  of  electron  spin  resonance  enhanced 

magnetic  resonance  imaging  of  a  sample,  conveniently  a  human  or  non-  human  animal  body,  exposed  to  a 
uniform  magnetic  field  which  has  superimposed  thereon  a  series  of  magnetic  field  gradients,  which  method 

is  comprises  exposing  said  sample  to  a  first  radiation  of  a  frequency  selected  to  excite  nuclear  spin  transitions 
in  selected  nuclei  in  said  sample  and  to  a  second  radiation  of  a  frequency  selected  to  excite  electron  spin 
transitions  coupled  to  nuclear  spin  transitions  of  at  least  some  of  said  nuclei,  detecting  free  induction  decay 
signals  from  said  sample  and  generating  therefrom  an  image  of  said  sample,  characterised  in  that  said 
uniform  field  is  the  earth's  ambient  magnetic  field  or  is  an  imposed  magnetic  field  of  not  greater  than  20 

20  Gauss  (2  mT)  combined  with  a  magnetic  field  arranged  to  cancel  out  the  earth's  ambient  field  at  the 
sample. 

In  the  method  of  the  invention,  the  sample  is  exposed  to  the  second  radiation  for  at  least  part  of  each 
RF  pulse  sequence,  e.g.  during  at  least  part  of  the  period  between  the  initial  pulses  of  adjacent  said 
sequences.  Preferably  exposure  to  the  second  radiation  will  be  for  some,  the  major  part  or  all  of  the  period 

25  during  which  no  magnetic  field  gradient  is  imposed  on  the  sample.  Conveniently  therefore  the  second 
radiation  may  be  applied  following  FID  signal  determination  in  each  pulse  sequence. 

A  major  factor  in  the  concept  of  using  the  earth's  magnetic  field  as  the  constant  magnetic  field  required 
by  the  magnetic  resonance  imaging  technique  is  that  the  enhancement  using  ESREMRI  can  be  increased 
over  the  above  theoretical  limit  of  330  if  the  magnetic  field  induced  locally  by  hyperfine  splitting  in  the  esr 

30  electron  transition,  namely  the  hyperfine  splitting  constant  expressed  in  Gauss,  is  much  larger  than  the 
constant  magnetic  field.  In  fact,  hyperfine  splitting  constants  equivalent  to  100-1000  G  (10-100mT)  are 
known  in  some  paramagnetic  MRI  contrast  agents  but  these  often  have  undesirable  line  widths.  In  a 
particularly  preferred  type  of  MRI  contrast  agent,  namely  the  nitroxide  stable  free  radicals,  the  electron 
transition  is  limited  to  a  triplet  which,  in  preferred  contrast  agents  is  relatively  free  from  superhyperfine 

35  splitting  and  has  a  hyperfine  splitting  constant  of  about  20  G  (2mT). 
It  can  be  shown  that  the  contrast  enhancement  of  the  FID  signal  in  ESREMRI  is 

330(HSC  +  B0)/B0 

40  where  B0  is  the  field  strength  of  the  uniform  magnetic  field  (in  Tesla)  and  HSC  is  the  hyperfine  splitting 
constant  (also  in  Tesla). 

The  earth's  magnetic  field,  while  being  locally  extremely  uniform,  varies  from  place  to  place.  However  it 
is  generally  around  0.5  G  (50  M.T).  Using  the  above  triplet  with  a  hyperfine  splitting  constant  at  20  G  (2mT) 
the  theoretical  maximum  contrast  enhancement  is  thus  about 

330  x  2 0 . 5   x  10  
.  =  1 3 5 3 0  

0 .5   x  10 
50 

Thus,  while  the  strength  of  the  FID  signal  is  related  to  the  constant  magnetic  field  strength  and  using 
the  earth's  field  of  0.5  G  (50  uT)  instead  of  the  200  G  (20mT)  normally  used  in  ESREMRI,  the  signal 
strength  can  be  expected  to  fall  by  a  factor  of  about  400,  the  increased  effect  due  to  hyperfine  splitting  can 

55  reduce  this  fall  by  20.5/0.5  to  a  factor  of  about  10.  As  explained  below,  other  factors  make  such  a  reduction 
acceptable.  If,  in  fact,  a  paramagnetic  contrast  agent  is  selected  which  has  a  suitable  doublet  or  triplet  with 
a  coupling  constant  of  200  G  (20mT)  or  more,  reduction  in  FID  strength  can  even  be  avoided. 

5 
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In  general,  the  hyperfine  splitting  constant  of  the  selected  esr  transition  is  preferably  between  10  and 
1000  G  (1  and  100mT).  While  high  values  will  give  greater  contrast  enhancement,  they  are  commonly 
associated  with  excessive  line  widths,  thereby  leading  to  excessive  heating  by  the  microwave  radiation 
used. 

5  Where  the  uniform  magnetic  field  is  generated  by  a  magnet,  this  will  still  give  substantial  enhancement. 
Thus,  for  example,  at  a  field  strength  of  5  G  (0.5mT),  using  a  paramagnetic  substance  with  a  hyperfine 
splitting  constant  of  about  20  G  (2mT),  the  maximum  theoretical  contrast  enhancement  will  be  increased  by 
25/5,  i.e.  5  times,  while  the  field  strength  has  only  been  reduced  40  times  as  compared  with  a  200  G 
(20mT)  magnet. 

io  Although  there  are  great  advantages  in  many  circumstances  in  using  the  earth's  field  and  dispensing 
completely  with  the  magnetic  means  (e.g.  a  principal  DC  magnet)  which  generates  the  instrument's  primary 
magnetic  field,  as  indicated  above  the  angle  of  declination  of  the  earth's  field  may  give  difficulties  in 
tomographic  'slicing'  of  the  subject.  Furthermore,  from  the  manufacturer's  point  of  view,  it  is  preferable  to 
provide  apparatus  tuned  to  a  fixed  DC  field;  the  variation  in  the  earth's  field  from  place  to  place  requires 

is  each  apparatus  to  be  adjustable  in  respect  of  the  frequencies  of  the  radiation  and  the  receiving  devices;  the 
expense  of  this  may  well  outweigh  the  cost  of  the  very  low  field  magnet  which  is  contemplated.  Where  such 
a  magnet  is  used,  the  earth's  field  will  be  cancelled  out,  e.g.  with  suitable  magnetic  coils,  so  that  the 
direction  of  the  uniform  magnetic  field  is  in  an  appropriate  direction. 

Where  a  magnet  is  used  to  generate  the  uniform  field,  the  field  strength  may  be  up  to  20  G  (2  mT)  but 
20  is  more  preferably  10  G  (1  mT)  or  less,  e.g.  around  5  G  (0.5  mT).  In  general,  magnets  generating  fields  of 

adequate  homogeneity  may  be  built  very  economically  at  field  strengths  up  to  10  G  (1  mT). 
A  major  advantage  of  the  earth's  magnetic  field  is  its  great  uniformity  as  compared  with  fields  which 

can  be  produced  by  magnets  in  conventional  MRI.  The  best  magnets  available  produce  fields  having  about 
10  ppm  inhomogeneity,  while  the  inhomogeneity  of  the  earth's  field  may  be  several  orders  lower.  The 

25  decay  time  of  the  signal  exciting  the  nuclear  transition  is  greatly  increased  by  the  inhomogeneity  of  the  field 
and  moreover  the  improved  homogeneity  of  the  earth's  field  leads  to  a  decreased  Ti  of  the  order  of  10-fold. 
Thus,  the  reduction  in  field  strength  of  the  FID  signal,  even  when  using  an  esr  transition  with  a  coupling 
constant  of  only  20  G  (2  mT),  may  be  compensated  by  the  increased  decay  times  and  shorter  Ti  which 
enable  more  samples  of  the  FID  signal  strength  to  be  taken  and  a  better  and  more  accurate  average  value 

30  to  be  obtained.  Furthermore,  larger  differences  in  Ti  and  T2  are  observed  at  low  field  strengths  giving 
better  contrast  between  different  tissues. 

Furthermore,  the  gradient  imposed  on  the  constant  magnetic  field  in  order  to  generate  tomographic 
'slicing'  has  to  be  great  enough  to  overcome  inhomogeneity.  If  the  spatial  resolution  provided  by  the 
gradient  is  about  2  mm,  the  fall  in  field  strength  over  that  distance  must  be  significantly  greater  than  the 

35  standard  deviation  of  field  strength  values  caused  by  inhomogeneity.  Using  the  much  more  uniform  earth's 
field,  significantly  lower  fields  can  be  used  for  the  slicing  gradient  and,  indeed  for  the  other  gradients  used 
for  the  Fourier  tranform  technique.  In  normal  MRI,  the  slicing  gradient  is  commonly  of  the  order  of  0.5  G/cm 
(50  u.T/cm)  whereas  using  the  earth's  field  a  gradient  in  the  range  0.01  to  0.20  G/cm  (1  to  20  u.T/cm),  e.g. 
about  0.05  G/cm  (5  u.T/cm)  can  be  used. 

40  The  same  advantages  are  obtained  using  magnets  to  generate  fields  up  to  20  G  (2mT).  Such  fields  can 
be  made  relatively  uniform  in  terms  of  percentage  inhomogeneity  and  it  is  the  absolute  values  of  local 
inhomogeneities  which  affect  decay  time  and  Ti  .  The  inhomogeneities  will  be  of  low  strength  because  the 
field  itself  is  of  low  strength  and  may  be  comparable  to  those  of  the  earth's  field. 

It  should  be  noted  that  the  esr  exciting  frequency  used  will  be  that  appropriate  to  the  earth's  magnetic 
45  field  or  other  low  fields  up  to  20  G  (2mT)  rather  than  the  200  G  (20mT)  fields  normally  used  in  ESREMRI.  It 

will  be  appreciated  that  the  gradient  field  is  not  relevant  since  it  is  not  applied  during  the  esr  excitation 
pulses.  If  the  hyperfine  splitting  constant  is  20  G  (2mT),  the  effective  magnetic  field  acting  on  the  unpaired 
electron  in  the  earth's  field  is  20.5  G  (2.05mT)  and  since  the  precession  frequency  of  the  electron  is  2.8 
MHz/G  (2.8  x  10_+  MHz/T),  the  total  precession  frequency  is  2.8  x  20.5  MHz,  that  is  about  57  MHz.  Similar 

50  calculations  give  the  MW  frequency  in  other  fields  up  to  20  G  (2mT).  The  line  width  of  the  esr  spectrum  is 
of  the  order  of  1  MHz  so  that  the  esr  exciting  frequency  should  be  within  1  MHz  of  the  frequency  giving 
maximum  resonance  in  the  magnetic  field  of  the  electron.  If  necessary,  the  latter  can  be  determined 
precisely  by  experiment. 

With  regard  to  the  frequency  exciting  the  nuclear  transitions,  2  kHz  gives  adequate  resonance  for 
55  proton  transitions  in  the  applied  magnetic  field,  which  will  be  the  sum  of  the  earth's  field  and  the  field  of  the 

slicing  gradient. 
Generally  in  the  apparatus  of  the  invention  the  first  radiation  source  will  preferably  be  capable  of 

emitting  radiation  of  frequency  1-50  kHz,  especially  1.5-20  kHz,  particularly  2-15  kHz  for  1H  ESREMRI.  The 
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second  radiation  source  will  preferably  be  capable  of  emitting  radiation  in  the  range  20-1000  MHz, 
especially  50-200  MHz,  particularly  preferably  about  100  MHz. 

With  the  use  of  lower  second  radiation  frequencies  than  those  required  for  ESREMRI  at  conventional  or 
low  primary  magnetic  field  strengths,  frequencies  of  about  100  MHz  for  example,  the  new  imaging 

5  technique  offers  a  major  advantage  over  conventional  ESREMRI  since  the  absorption  of  the  second 
radiation  by  the  human  or  animal  body  is  much  reduced  and  thus  the  subject  being  imaged  can  receive 
significantly  higher  second  radiation  intensities  and  exposures  without  experiencing  unacceptable  heating. 
Since,  as  is  shown  by  the  results  presented  in  EP-A-296833,  FID  intensity  and  the  contrast  effect  increases 
with  increasing  intensity  of  the  second  radiation,  the  ability  to  utilise  higher  "MW"  power  will  enable  MR 

io  images  to  be  detected  with  better  S/N  ratios  and/or  with  shorter  image  acquisition  times. 
The  magnetic  resonance  image  of  the  sample  can  be  generated  in  the  conventional  manner  from  the 

detected  FID  signals.  In  particular  it  is  not  necessary  to  detect  comparative  signals  from  the  sample  while 
this  is  not  exposed  to  the  second  radiation.  Thus  generally  the  apparatus  of  the  invention  will  comprise 
means,  generally  a  computer,  for  transforming  the  detected  FID  signals  into  MR  images,  these  means  being 

is  arranged  to  generate  such  images  using  only  signals  detected  following  emission  of  both  first  and  second 
radiations  by  the  radiation  sources.  If  desired,  the  ESREMRI  apparatus  of  the  present  invention  may  of 
course  include  a  magnet  means  energisable  to  generate  a  primary  magnetic  field  so  that  the  apparatus  may 
when  desired  operate  as  a  conventional  ESREMRI  apparatus  or  as  a  conventional  MRI  apparatus. 

In  general,  at  ambient  magnetic  field  the  frequencies  required  to  excite  the  nuclear  and  electron  spin 
20  transitions  will  be  significantly  lower  than  those  required  at  the  primary  magnetic  field  strengths  convention- 

ally  employed  in  MRI  and  ESREMRI  and  in  ESR  and  NMR  spectroscopy.  However,  since  nuclear  magnetic 
resonance  stimulating  radiation  and  electron  spin  resonance  stimulating  radiation  are  conventionally  referred 
to  as  radiofrequency  (RF)  and  microwave  (MW)  radiations  respectively  the  first  and  second  radiations 
generated  by  the  first  and  second  radiation  sources  in  the  apparatus  of  the  invention  will  for  the  sake  of 

25  convenience  be  referred  to  hereinafter  as  "RF"  and  "MW"  radiations.  It  must  be  appreciated  that  the  first 
and  second  radiations  may  in  fact  lie  at  frequencies  outside  the  ranges  conventionally  understood  as  being 
RF  and  MW  frequencies  and  especially  may  be  of  lower  frequencies  than  those  conventionally  considered 
to  be  RF  or  MW. 

In  conventional  nmr  spectroscopy,  it  has  long  been  known  that  if  a  sample  comprising  a  paramagnetic 
30  species  and  a  species  containing  non-zero  spin  nuclei,  for  example  sodium  dissolved  in  ammonia,  is  placed 

in  a  strong  magnetic  field  and  an  esr  transition  of  the  paramagnetic  species  (sodium)  is  saturated,  then 
peaks  in  the  nmr  spectrum  of  the  other  species  can  be  very  strongly  enhanced  due  to  coupling  between 
the  electron  and  nuclear  spin  transitions.  The  effect  has  been  termed  the  Overhauser  effect,  or  dynamic 
nuclear  polarization,  as  exciting  the  esr  transition  drives  a  nuclear  spin  system  at  equilibrium  towards  a  new 

35  equilibrium  distribution  with  a  relatively  higher  excited  state  population.  In  the  present  invention,  this  effect 
is  operated  not  as  in  conventional  spectroscopy  to  generate  a  strong  peak  in  an  nmr  spectrum  but  instead 
to  amplify  population  difference  due  to  relaxation  of  an  excited  nuclear  spin  system. 

Where  only  a  portion  of  the  nuclei  whose  spin  transitions  produce  the  FID  signal  (hereinafter  the 
"resonating  nuclei")  couple  with  the  unpaired  electrons  of  the  paramagnetic  species,  for  example  due  to  low 

40  concentration  or  non-uniform  distribution  of  the  paramagnetic  species  in  the  volume  being  imaged,  the 
operation  of  the  method  and  apparatus  of  the  invention  will  also  result  in  contrast  enhancement  in  the  image 
-  thus  the  FID  signal  from  the  resonating  nuclei  coupling  with  the  unpaired  electrons  will  be  enhanced 
relative  to  the  signals  from  the  non-coupling  nuclei.  Where  the  paramagnetic  species  is  either  naturally 
abundant  in  specific  tissues  only  or  is  administered  in  a  contrast  medium  so  as  to  congregate  in  such 

45  tissues,  the  operation  of  the  invention  will  therefore  allow  generation  of  images  in  which  the  contrast 
enhancement  of  these  tissues  is  high.  It  should  be  noted  however  that  where  the  power  level  of  the  second 
radiation  or  the  concentration  of  the  paramagnetic  material  is  particularly  low  it  is  possible  for  MR  image 
intensity  to  be  reduced  rather  than  enhanced.  Even  in  such  cases  however  the  modified  contrast  achieved 
in  the  resulting  MR  images  may  be  of  interest. 

50  As  mentioned  above,  the  paramagnetic  substance  possessing  the  esr  transition  which  couples  with  the 
nmr  transition  of  the  resonating  nuclei  may  be  naturally  present  within  the  sample  or  more  preferably  may 
be  administered  thereto  in  a  contrast  medium.  Coupling  with  the  resonating  nuclei  may  be  either  scalar 
coupling  with  resonating  nuclei  within  the  same  molecules  as  the  unpaired  electrons  or  dipolar  coupling  with 
resonating  nuclei,  generally  water  protons  in  the  body  fluids,  in  molecules  in  the  environment  of  the 

55  paramagnetic  centres. 
Electron  spin  systems  do  occur  naturally  in  the  body,  e.g.  in  substances  synthesized  in  certain 

metabolic  pathways  such  as  the  oxidation  chain  in  the  cell  mitochondria. 
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Insofar  as  administered  contrast  agents  are  concerned  however,  in  one  embodiment  of  the  invention 
there  may  be  used  a  contrast  medium  which  contains  both  the  resonating  nuclei  and  the  substance 
possessing  the  desired  electron  spin  transition,  and  in  a  further  embodiment  the  substance  possessing  the 
desired  electron  spin  transition  may  itself  also  contain  one  or  more  of  the  resonating  nuclei.  This  is 

5  especially  preferred  where  the  resonating  nuclei  are  rarely  abundant  in  the  sample  being  imaged,  for 
example  where  the  resonating  nuclei  are  13C  or  19  F  nuclei  where  scalar  coupling  will  be  important  in  the 
amplified  FID.  Using  such  a  contrast  agent,  the  FID  signal  will  derive  predominantly  from  body  sites 
containing  the  contrast  agent  thereby  facilitating  imaging  of  specific  tissues  or  organs. 

Alternatively,  and  generally  more  preferably,  the  contrast  agent  may  contain  a  paramagnetic  centre 
io  which  undergoes  dipolar  coupling  with  resonating  nuclei  naturally  occurring  in  the  sample,  e.g.  in  body 

tissue  or  more  specifically  with  resonating  protons  in  water  molecules  in  the  sample. 
In  the  method  of  the  invention,  selection  of  the  esr  system  which  couples  with  the  resonating  nuclei  is 

important.  In  a  particularly  preferred  embodiment  of  the  invention  the  paramagnetic  material  will  be  selected 
from  amongst  those  materials  for  which  the  esr  spectrum  of  the  unpaired  electron  comprises  a  multiplet  (i.e. 

is  two  or  more,  preferably  2-10,  especially  preferably  3-5,  peaks)  or  a  broad  peak. 
Using  such  a  paramagnetic  contrast  agent  the  second  radiation  will  preferably  be  set  to  excite  a  high 

field  portion  of  the  esr  spectrum,  e.g.  a  high  field  line  in  a  multiplet  or  a  band  of  a  broad  esr  peak  to  the 
high  field  side  of  peak  centre. 

To  ensure  that  a  high  contrast  effect  is  achieved  using  the  apparatus  and  method  of  the  invention,  the 
20  excitation  of  the  esr  transition  of  the  paramagnetic  material  should  be  as  great  as  possible. 

Since  the  linewidths  of  esr  transitions  in  the  esr  spectrum  are  proportional  to  T2e_1,  the  bandwidth 
required  for  the  second  radiation  that  is  used  to  excite  the  esr  transition  will  be  smaller  where  the  transition 
corresponds  to  a  narrow  line  in  the  esr  spectrum  and  a  long  transverse  relaxation  time  is  therefore 
desirable. 

25  Particularly  preferably,  the  substance  possessing  the  esr  transition  excited  by  the  second  radiation  will 
be  a  paramagnetic  material  whose  esr  spectrum  consists  of  a  set  of  narrow  lines  (for  example  resulting 
from  hyperfine  splitting  of  a  single  transition  under  the  effect  of  neighbouring  non-zero  spin  nuclei  within  the 
structure  of  the  paramagnetic  substance).  Where  the  esr  spectrum  contains  a  reasonably  small  number  of 
lines  it  will,  as  discussed  below,  be  possible  simultaneously  to  excite  several  or  all  of  the  corresponding 

30  transitions. 
Conventional  paramagnetic  MRI  contrast  agents,  such  as  the  gadolinium  compounds  (e.g.  Gd-DTPA) 

suggested  by  Schering  (EP-A-71564),  have  large  spectral  linewidths  and  would  not  generally  be  selected 
since  they  are  highly  likely  to  require  unduly  large  "MW"  power  levels  in  order  to  achieve  any  significant 
amplification  of  the  FID  signal.  Generally  therefore  where  a  contrast  agent  is  to  be  used  as  the  source  of  the 

35  esr  transition,  it  should  preferably  have  a  stimulable  esr  transition  having  a  line  width  (i.e.  full  width  at  half 
maximum  in  the  absorbtion  spectrum)  of  the  order  of  1-5  Gauss  (0.1-0.5mT)  or  less,  preferably  100 
milliGauss  (10  M.T)  or  less,  and  especially  preferably  50  milliGauss  (5  M.T)  or  less.  If  the  esr  spectrum 
contains  a  plurality  of  lines  it  is  furthermore  preferred  that  the  total  number  of  these  lines  be  small,  for 
example  2-10,  preferably  2  or  3,  and  that  the  separation  of  the  high  field  line  from  the  multiplet  centre 

40  should  be  as  large  as  possible,  e.g.  greater  than  2  G  (0.2mT),  preferably  greater  than  10  G  (1mT), 
especially  preferably  greater  that  15  G  (1.5mT)  (or  the  frequency  equivalent  thereof)  at  ambient  magnetic 
field. 

Where  the  esr  spectrum  of  the  paramagnetic  material  at  ambient  field  is  a  multiplet,  or  is  a  broad  peak, 
then  the  contrast  effect  can  be  enhanced  by  the  use  of  broadband  "MW"  radiation  or  by  the  use  of  "MW" 

45  radiation  of  two  or  more  central  frequencies  to  excite  several  or  all  of  the  esr  transitions  or  to  enhance  the 
efficiency  of  excitation. 

As  with  the  resonating  nuclei,  the  Larmor  frequency  of  the  unpaired  electron  coupling  with  the 
resonating  nuclei  is  also  dependent  on  the  local  magnetic  field  and  not  only  will  the  esr  transition  have  a 
finite  linewidth  in  the  esr  spectrum,  but  that  spectrum  will  generally  also  show  some  fine  structure,  i.e. 

50  splitting  due  to  the  fields  generated  by  non-zero  spin  nuclei  in  the  paramagnetic  material. 
In  general,  the  paramagnetic  material  will  most  desirably  be  a  molecule  or  complex  containing  few  non- 

zero  spin  muclei  or  few  non-zero  spin  nuclei  at  positions  where  they  would  cause  any  unpaired  electrons. 
Conveniently,  the  molecule  may  have  the  atoms  near  to  the  paramagnetic  centre  predominantly,  selected 
from  zero  nuclear  spin  isotopes  or  from  elements  for  which  the  natural  abundance  of  non-zero  spin  nuclear 

55  isotopes  is  low.  Such  selection  may  include  elements  in  which  the  natural  abundance  of  spin  =  i  nuclei  is 
low  and  isotopes  such  as  12C,  2H,  32S,  HSi  and  16  O  may  for  example  be  used  to  build  up  the  molecular 
structure  adjacent  to  the  location  of  the  unpaired  electron. 

8 
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While  the  use  of  compounds,  salts  or  chelates  or  other  complexes  of  certain  paramagnetic  metal 
species  may  be  contemplated,  such  materials  will  only  be  of  particular  interest  where  the  esr  linewidth  is  of 
the  order  of  or  less  than  about  1  Gauss  (0.1  mT).  Thus  the  use  of  physiologically  tolerable  copper  chelates 
may  for  example  be  contemptated. 

5  Nonetheless  physiologically  tolerable  stable  free  radicals  are  of  particular  interest  for  use  as  the 
paramagnetic  material. 

One  particularly  interesting  group  of  stable  free  radicals  are  the  nitroxide  stable  free  radicals  of  which 
many  have  been  suggested  in  the  literature  for  use  as  spin  labels  or  as  paramagnetic  contrast  agents  for 
conventional  MRI.  Moreover,  several  of  these  compounds  are  readily  available  commercially,  for  example 

io  from  Aldrich.  The  nitroxide  stable  free  radicals  are  of  particular  interest  as  their  toxicities  and  phar- 
macokinetics  have  been  studied  and  show  the  compounds  to  be  suitable  for  in  vivo  MRI  and  as  the  esr 
linewidths,  especially  for  compounds  in  which  the  atoms  adjacent  to  the  NO  moiety  are  fully  substituted  (i.e. 
carry  no  protons),  are  adequately  small  at  the  concentrations  required  to  give  contrast  enhancement. 

A  further  particularly  interesting  group  of  stable  free  radicals  for  use  according  to  the  invention  are  the 
is  deuterated  nitroxide  stable  free  radicals  of  which  several  have  been  suggested  in  the  literature  for  use  as 

spin  labels.  Certain  of  these  compounds  are  readily  available  commercially,  for  example  from  Merck  Sharpe 
&  Dohme.  Where  the  stable  free  radicals  are  only  partially  deuterated,  it  is  especially  preferred  that  the 
hydrogens  at  those  sites  where  1H  would  cause  the  greatest,  or  indeed  any  significant,  reduction  in  the  T1e 
or  T2e  values  for  the  unpaired  electron  should  be  2H. 

20  The  deuterated  radicals  used  according  to  the  invention  preferably  have  deuterium  atoms  in  place  of 
protons  within  3,  preferably  4  and  especially  preferably  5  or  more,  bonds  of  the  paramagnetic  centre,  e.g. 
the  oxygen  of  an  NO  moiety.  More  especially  the  radicals  are  preferably  perdeuterated;  however  where 
radicals  contain  labile  hydrogens,  e.g.  acid,  amine  or  alcohol  hydrogens,  these  may  preferably  be  1H  and 
compounds  containing  hydrogens  distant  from  the  paramagnetic  centre  which  are  1H  may  also  be  used  to 

25  advantage. 
As  nitroxide  stable  free  radicals,  or  deuterated  nitroxide  stable  free  radicals,  there  may  conveniently  be 

used  cyclic  nitroxides  wherein  the  NO  moiety  occurs  in  a  5  to  7-membered  saturated  or  ethylenically 
unsaturated  ring  with  the  ring  positions  adjacent  to  it  being  occupied  by  doubly  saturated  carbon  atoms  and 
with  one  of  the  remaining  ring  positions  being  occupied  by  a  carbon,  oxygen  or  sulphur  atom  and  the 

30  remaining  ring  positions  being  occupied  by  carbon  atoms.  Alternatively  there  may  be  used  as  the  optionally 
deuterated  nitroxide  stable  free  radicals  compounds  in  which  the  NO  moiety  occurs  in  a  chain  where  the 
adjacent  chain  atoms  are  carbon  and  are  not  bound  to  any  protons. 

Preferred  nitroxides  may  be  represented  by  the  formula  (I) 

35 

40 

wherein  Ri  to  R+  may  represent  deuterium  or  lower  (for  example  C1-4)  alkyl  or  hydroxyalkyl  groups  and  Ri 
may  also  represent  carboxy  substituted  C1-10  alkyl  groups  and  R2  may  also  represent  a  higher  (e.g.  C5-2o) 
alkyl  group  or  a  carboxy  substituted  Ci  -2o  alkyl  group,  or  Ri  and  R3  may  together  represent  an  alkylene  or 

50  alkenylene  group,  e.g.  having  up  to  4,  especially  preferably  up  to  3,  carbon  atoms  and  X  represents  an 
optionally  substituted,  saturated  or  ethylenically  unsaturated  bridging  group  having  2  to  4  atoms  in  the 
backbone  of  the  bridge  one  of  the  backbone  atoms  being  carbon,  oxygen  or  sulphur  and  the  remaining 
backbone  atoms  being  carbon,  preferably  with  one  or  more  of  Ri  to  R+  and  X  comprising  at  least  one 
deuterium,  especially  preferably  any  carbon-bound  hydrogen  within  three,  and  especially  preferably  within 

55  4,  bonds  of  the  nitroxyl  nitrogen  being  a  deuterium  atom. 
In  formula  I,  the  moieties  CR1  R2  and  CR3R+  are  preferably  the  same.  Particularly  preferably,  Ri  to  R+ 

are  the  same,  and  it  is  especially  preferred  that  Ri  and  R+  should  all  be  perdeuterated  methyl  groups. 

9 
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In  formula  I  the  optional  substitution  on  X,  which  preferably  is  an  optionally  mono-unsaturated  C2-3 
chain,  may  for  example  take  the  form  of  halogen  atoms  or  oxo,  amino,  carboxyl,  hydroxy  or  alkyl  groups  or 
combinations  or  derivatives  thereof  such  as  for  example  amide,  ester,  ether  or  N-attached  heterocyclic,  e.g. 
2,5-dioxo-pyrrolidino,  groups.  Many  examples  of  substituted  X  groups  are  described  in  the  literature 

5  mentioned  below. 
The  nitroxide  molecule  may  if  desired  be  bound  to  a  further  substance,  such  as  for  example  a  sugar, 

polysaccharide,  protein  or  lipid  or  to  other  biomolecules,  for  example  to  enhance  the  blood  pooling  effect  or 
the  tissue-  or  organ-  targetting  ability  of  the  nitroxide  stable  free  radical. 

In  the  method  and  use  of  the  invention  there  may  particularly  conveniently  be  used  the  nitroxide  stable 
10  free  radicals  described  in  EP-A-296833  and  in  our  co-pending  British  patent  application  no.  8817137. 

It  will  be  appreciated  that  where  references  are  made  herein  to  the  limits  for  esr  linewidths  these  will  be 
the  linewidths  at  imaging  conditions,  e.g.  at  the  imaged  sites.  Particularly  preferably  however  the  linewidth 
criteria  will  be  satisfied  at  the  local  concentration  limits  mentioned  below. 

The  contrast  medium  may  contain,  besides  the  paramagnetic  material,  formulation  aids  such  as  are 
15  conventional  for  therapeutic  and  diagnostic  compositions  in  human  or  veterinary  medicine.  Thus  the  media 

may  for  example  include  solubilizing  agents,  emulsifiers,  viscosity  enhancers,  buffers,  etc.  The  media  may 
be  in  forms  suitable  for  parenteral  (e.g.  intravenous)  or  enteral  (e.g.  oral)  application,  for  example  for 
application  directly  into  body  cavities  having  external  escape  ducts  (such  as  the  digestive  tract,  the  bladder 
and  the  uterus),  or  for  injection  or  infusion  into  the  cardiovascular  system.  However,  solutions,  suspensions 

20  and  dispersions  in  physiologically  tolerable  media  will  generally  be  preferred. 
For  use  in  in  vivo  diagnostic  imaging,  the  contrast  medium,  which  preferably  will  be  substantially 

isotonic,  may  conveniently  be  administered  at  a  concentration  sufficient  to  yield  a  1  micromolar  to  10mM 
concentration  of  the  paramagnetic  substance  at  the  image  zone;  however  the  precise  concentration  and 
dosage  will  of  course  depend  upon  a  range  of  factors  such  as  toxicity,  the  organ  targetting  ability  of  the 

25  contrast  agent,  and  administration  route.  The  optimum  concentration  for  the  paramagnetic  substance 
represents  a  balance  between  various  factors.  In  general  concentrations  may  lie  in  the  range  0.1  to  100 
mM,  especially  1  to  10  mM,  more  especially  2  to  5  mM.  Compositions  for  intravenous  administration 
preferably  will  contain  the  paramagnetic  material  at  concentrations  of  10  to  1000  mM,  especially  preferably 
50  to  500  mM.  For  ionic  materials  the  concentration  will  particularly  preferably  be  in  the  range  50  -  200  mM, 

30  especially  140  to  160  mM  and  for  non-ionic  materials  200-400  mM,  especially  290  -  330  mM.  For  imaging 
of  the  urinary  tract  or  the  renal  system  however  compositions  may  perhaps  be  used  having  concentrations 
of  for  example  10  100  mM  for  ionic  or  20  to  200  mM  for  non-ionic  materials.  Moreover  for  bolus  injection, 
the  concentration  may  conveniently  be  0.1  to  100  mM,  preferably  5  to  25  mM,  and  especially  preferably  6- 
15  mM. 

35  The  nitroxides  in  the  contrast  medium  of  the  invention  will  preferably  exhibit  esr  linewidths  of  less  than 
1  Gauss  (0.1  mT),  especially  preferably  less  than  100  mG  (10  M.T),  at  concentrations  of  up  to  10  mM, 
especially  at  1  or  2  mM. 

As  mentioned  above,  the  first  and  second  radiations  are  "RF"  and  "MW"  respectively  and  the  first  and 
second  radiation  sources  will  thus  be  sources  capable  of  emitting  radiation  of  the  appropriate  frequencies. 

40  The  first  radiation  source  is  preferably  provided  with  means  for  adjusting  the  pulse  timing  and  duration 
so  that  the  desired  imaging  technique  (eg.  SR,  IR,  SE,  Fl,  etc.)  may  be  chosen  and  so  that  the  pulse 
sequence  repetition  rate  1/TR  may  be  selected  to  increase  or  reduce  image  acquisition  time  or  to 
determine  Ti  ,  T2  or  nuclear  (usually  proton)  density. 

The  first  radiation  source  is  also  preferably  provided  with  means  for  adjusting  the  central  frequency, 
45  bandwidth,  and  intensity  of  the  first  radiation  pulses. 

As  in  conventional  MRI,  the  pulses  of  the  first  radiation  may  be  applied  while  the  sample  is  in  a 
magnetic  field  which  is  the  combination  of  a  uniform  magnetic  field  and  an  imposed  magnetic  field  gradient 
in  one  direction  (the  Z  direction).  Unlike  conventional  MRI  or  ESREMRI  however  the  uniform  magnetic  field 
need  not  be  generated  by  a  primary  magnet  but  may  be  the  earth's  ambient  field.  The  central  frequency 

50  and  bandwidth  of  the  nuclei  exciting  pulse  together  with  the  Z  direction  field  gradient  during  the  exciting 
pulse  serve  to  define  the  position  along  the  Z  axis  and  the  thickness  in  the  Z  direction  of  the  slice 
perpendicular  to  the  Z  axis  containing  nuclei  whose  spin  transitions  are  excited  by  that  pulse.  Thus,  for 
example,  Fourier  transformation  of  a  square  wave  pulse  of  central  frequency  V0  would  show  such  a  pulse  to 
contain  a  range  of  frequencies  centered  about  V0and  each  corresponding  to  the  Larmor  frequency  of 

55  resonating  nuclei  in  a  particular  XY  plane  along  the  Z  axis.  Thus  by  providing  the  apparatus  with  means  for 
adjusting  or  selecting  the  central  frequency  and  bandwidth  of  the  first  radiation,  the  section  through  the 
sample  (the  image  zone)  and  of  course  the  isotopic  nature  and  chemical  environment  of  the  resonating 
nuclei  may  be  selected. 
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The  second  radiation  source  may  be  a  continuous  wave  (CW)  transmitter  or  alternatively  may  be 
arranged  to  emit  pulses  or  trains  of  pulses  of  the  second  radiation. 

To  achieve  full  benefit  of  the  amplified  FID  signal  of  the  nuclear  spin  system  and  to  minimize  the 
dosage  of  the  contrast  agent  (if  required),  it  is  therefore  beneficial  to  excite  and  preferably  saturate  the 

5  electron  spin  system  using  a  range  of  frequencies  matched  to  the  frequencies  of  all  or  most  of  the  peaks  in 
the  esr  spectrum.  This  can  be  done  by  use  of  a  second  radiation  source  emitting  a  band  of  frequencies 
(e.g.  in  pulse  trains)  or  by  use  of  two  or  more  sources  emitting  at  different  frequencies. 

To  achieve  the  desired  frequency  spread  in  the  second  radiation,  it  may  be  desirable  to  use  pulses  of 
relatively  short  duration  (hereinafter  "micropulses"),  for  example  of  the  order  of  nano  or  microseconds,  and 

io  to  optimize  the  amplified  population  difference  of  the  nuclear  spin  system  by  keeping  the  esr  transition  at  or 
near  saturation  it  may  thus  be  desirable  to  arrange  the  second  radiation  source  to  emit  a  train  of 
micropulses,  the  adjacent  micropulses  being  so  spaced  as  not  to  permit  serious  longitudinal  relaxation  of 
the  electron  spin  system  in  the  periods  between  the  micropulses. 

Alternatively,  by  providing  a  decoupling  means  comprising  a  third  radiation  source  capable  of  exciting 
is  spin  transitions  in  certain  nuclei  (other  than  the  resonating  nuclei)  the  number  of  peaks  in  the  esr  spectrum 

or  the  linewidth  of  a  broad  peak  may  be  reduced.  Thus  multiple  peaks  in  the  esr  spectrum  of  the  unpaired 
electron  can  arise  from  coupling  betwen  the  spins  of  the  electron  and  nearby  non-zero  spin  nuclei  (the 
transition  splitting  nuclei)  in  the  same  molecule.  Where  the  transition  splitting  nuclei  are  not  the  resonating 
nuclei  for  the  MRI  procedure  (for  example  where  they  are  of  different  isotopic  nature  or,  if  they  are  of  the 

20  same  isotopic  nature,  where  their  chemical  shifts  are  such  that  their  Larmor  frequencies  are  sufficiently 
distant  from  that  of  the  resonating  nuclei  in  the  same  region  that  they  are  not  excited  by  the  first  radiation), 
the  spins  of  the  unpaired  electrons  and  the  transition  splitting  nuclei  can  be  decoupled  by  irradiating  the 
nmr  transition  of  the  transition  splitting  nuclei  with  a  high  intensity  radiation  at  the  Larmor  frequency  of  the 
transition  splitting  nuclei.  With  such  irradiation,  the  hyperfine  structure  in  the  esr  spectrum  can  be  reduced. 

25  For  the  purposes  of  the  present  invention  however,  where  the  esr  spectrum  is  a  multiplet  or  a  broad  peak 
decoupling  will  only  be  desirable  to  the  extent  that  the  resulting  esr  spectrum  still  fulfills  the  selection 
criteria  mentioned  above,  namely  that  at  least  one  multiplet  having  a  hyperfine  splitting  constant  between  10 
and  1000  Gauss  (1  and  100  mT)  is  retained.  Where  decoupling  is  to  be  effected  the  ESREMRI  apparatus 
should  be  provided  with  means  for  emitting  the  third  radiation.  The  third  radiation  emission  may  be 

30  continuous  or  pulsed  (or  may  take  form  of  a  continuous  train  on  a  series  of  trains  of  micropulses  as 
described  earlier  for  the  second  radiation)  and  suitably  is  emitted  over  substantially  the  same  period  as  the 
second  radiation. 

The  second  radiation  source(s)  and,  where  present,  the  third  radiation  source  will  therefore,  like  the  first 
radiation  source,  preferably  be  provided  with  means  for  adjusting  pulse  timing,  pulse  duration,  central 

35  frequency,  bandwidth  and  intensity  if  they  are  pulsed  sources,  and  central  frequency,  bandwidth  and 
intensity  if  they  are  CW  emitters. 

The  sample  may  be  exposed  to  the  second  radiation  either  continuously  or  for  one  or  more  periods 
between  the  initiating  pulses  of  subsequent  first  radiation  pulse  sequences.  Preferably,  exposure  to  the 
second  radiation  will  be  in  the  period  in  which  no  field  gradients  are  imposed  on  the  sample,  e.g.  for  at  least 

40  part,  and  preferably  all,  of  the  delay  period  between  the  final  FID  signal  detection  period  of  each  sequence 
and  the  initial  first  radiation  pulse  of  the  next. 

The  ESREMRI  apparatus  should  particularly  preferably  be  arranged  for  operation  with  amplified  FID  and 
with  or  without  imposition  of  a  uniform  field  generated  by  a  primary  magnet.  The  magnet  may  be  a  low  field 
magnet  e.g.  up  to  20  G  (2mT).  However,  it  may  be  convenient  to  use  a  conventional  apparatus  equipped 

45  with  a  more  powerful  magnet  which  is  either  not  used  or  used  at  low  field  strength. 
Where  the  earth's  field  is  not  to  be  used  as  the  uniform  field,  means  will  be  provided,  for  example 

suitable  Helmholtz  coils,  to  exactly  balance  the  ambient  field,  leaving  the  magnetically  generated  low 
strength  field  as  the  sole  uniform  field. 

The  apparatus  is  arranged  to  allow  ESREMRI  of  the  sample  to  be  performed  and  may  simply  constitute 
50  an  MRI  apparatus  of  conventional  type  adapted  by  the  provision  of  radiation  sources  capable  of  emitting 

radiation  of  the  appropriate  "MW"  and  "RF"  frequencies  and  optionally  by  provision  of  the  magnetic  field 
generating  means  discussed  above. 

The  MRI  procedure  involved  in  the  new  method  of  ESREMRI  may  also  involve  any  one  of  the 
conventional  image  generation  procedures,  such  as  for  example  back  projection  or  three-  or  two-dimen- 

55  sional  Fourier  transformation  (3DFT  and  2DFT),  although  the  latter  two  of  these  may  generally  be  preferred. 
For  2DFT,  a  small  field  gradient  (the  slice  selection  gradient)  is  applied,  e.g.  in  the  Z  direction  and  the 

sample  is  exposed  to  an  RF  pulse  (the  initiating  pulse)  of  a  given  central  frequency,  bandwidth  and 
duration.  Together,  the  central  frequency,  the  bandwidth  and  the  combination  of  the  ambient  field  and  the 
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slice  selection  gradient  serve  to  define  the  position  and  thickness  of  the  image  zone,  the  tomographic 
section  through  the  sample  transverse  to  the  slice  selection  gradient  in  which  the  resonating  nuclei  will  be 
excited  by  the  RF  pulse.  The  duration  of  the  pulse  determines  the  resultant  change  in  transverse  and 
longitudinal  magnetization  of  the  resonating  nuclei.  With  a  90°  pulse,  after  the  slice  selection  gradient  and 

5  the  "RF"  pulse  are  simultaneously  terminated,  a  small  field  gradient  (the  phase  encoding  gradient)  is  then 
imposed  for  a  short  period  in  a  direction  transverse  to  the  slice  selection  gradient,  e.g.  in  the  Y  direction, 
causing  the  phase  of  the  oscillating  FID  signal  to  become  dependant  on  the  position  in  the  Y  direction  of 
the  signal's  source  and  thus  encoding  spatial  information  in  the  phase  of  the  FID  signal.  After  the  phase 
encoding  gradient  is  terminated,  a  third  small  field  gradient  (the  read  gradient)  in  a  direction  perpendicular 

io  to  the  previous  two  (the  X  direction)  is  imposed  to  encode  spatial  information  in  the  FID  frequency  and  the 
FID  signal  is  detected  and  its  intensity  as  a  function  of  time  is  recorded  during  the  imposition  of  the  read 
gradient. 

The  FID  signal  that  is  detected  is  the  combination  of  signals  from  resonating  nuclei  throughout  the 
image  zone.  If  in  simple  terms  it  is  viewed  as  the  sum  of  signals  from  an  array  of  sources  extending  in  the 

is  XY  plane,  the  oscillating  signal  from  each  source  will  have  an  overall  intensity  dependent  on  the  local 
density  of  the  resonating  nuclei,  a  frequency  dependant  on  the  position  of  the  source  in  the  X  direction  and 
a  phase  dependant  on  the  position  of  the  source  in  the  Y  direction. 
signal  decays  and,  after  a  delay  time  to  permit  equilibration,  the  slice  selection  gradient  is  reimposed  and 
the  initiating  RF  pulse  of  the  subsequent  pulse  sequence  is  applied. 

20  Image  generation  requires  detections  of  the  FID  signal  for  a  series  of  pulse  sequences,  each  with  a 
phase  encoding  gradient  of  different  strength  or  duration,  and  two-dimensional  Fourier  transformation  of  the 
resultant  data  can  extract  the  spatial  information  to  construct  a  two  dimensional  image,  in  the  case 
described  an  SR  image. 

Different  imaging  techniques,  such  as  IR,  SE,  etc.,  or  different  image  generation  techniques,  e.g. 
25  simultaneous  slice,  volume  acquisition,  back  projection  etc.,  will  of  course  require  different  pulse  and  field 

gradient  imposition  sequences,  sequences  which  are  conventional  in  the  art. 
The  invention  will  now  be  described  further  by  way  of  example  and  with  reference  to  the  accompanying 

drawings,  in  which: 
Figure  1  is  a  schematic  perspective  drawing  of  an  ESREMRI  apparatus  according  to  the  invention; 

30  Figure  2  is  a  schematic  perspective  drawing  of  the  emitters  of  the  first  and  second  radiation  in  the 
apparatus  of  Figure  1  . 

Referring  to  Figure  1,  there  is  shown  an  ESREMRI  apparatus  1  having  a  sample  2,  dosed  with  a 
paramagnetic  contrast  medium  manufactured  according  to  the  invention,  placed  at  the  axis  of  the  coils  of  a 
low  field  electromagnet  3.  Power  from  DC  supply  4  to  the  electromagnet  3  enables  a  small  primary 

35  magnetic  field  to  be  generated  if  the  ambient  field  is  not  to  be  the  sole  uniform  magnetic  field.  Where  the 
magnet  3  is  to  be  used,  coils  20  and  21  will  be  so  placed  and  energised  as  exactly  to  balance  the  earth's 
magnetic  field. 

The  apparatus  is  further  provided  with  resonators  5  and  6  for  emitting  the  first  and  second  radiations 
respectively.  Resonator  5  is  connected  to  "RF"  transceiver  7  powered  by  power  supply  8  and  resonator  6  is 

40  connected,  for  example  by  waveguides,  to  "MW"  generator  9  which  is  powered  by  power  supply  10. 
"MW"  generator  9  may  be  arranged  to  emit  "MW"  radiation  having  more  than  one  maximum  frequency 

in  order  to  excite  more  than  one  esr  transition. 
The  frequency  selection,  bandwidth,  pulse  duration  and  pulse  timing  of  the  first  and  second  radiations 

emitted  by  resonators  5  and  6  are  controlled  by  control  computer  11  and  interface  module  18  which  also 
45  optionally  control  the  energisation  or  deenergisation  of  electro-magnet  3. 

Computer  11  also  controls  the  power  supply  from  power  sources  12,  13  and  14  to  the  three  pairs  of 
Helmholtz  coils  15,  16  and  17  which  are  shown  in  further  detail  in  Figure  2.  The  coils  of  coil  pair  15  are 
coaxial  with  the  coils  of  electromagnet  3  and  the  saddle  coils  of  coil  pairs  16  and  17  are  arranged 
symmetrically  about  that  axis,  the  Z  axis,  with  their  own  axes  mutually  perpendicular  and  perpendicular  to 

50  the  Z  axis.  Coil  pairs  15,  16  and  17  are  used  to  generate  the  magnetic  field  gradients  that  are 
superimposed  on  the  ambient  field  at  various  stages  of  the  imaging  procedure,  e.g.  in  two-dimensional 
Fourier  transform  imaging,  and  the  timing  sequence  for  operation  of  the  coil  pairs  and  for  operation  of  the 
"MW"  generator  and  the  "RF"  transceiver  is  controlled  by  computer  11  and  interface  module  18. 

The  apparatus  may  also  be  provided  with  decoupler  comprising  a  further  "RF"  resonator  19  (shown 
55  with  broken  lines)  connected  to  an  "RF"  transmitter  and  a  power  supply  (not  shown)  and  controlled  by 

computer  1  1  .  The  decoupler  may  be  operated  to  emit  a  third  radiation  at  a  frequency  selected  excite  the 
nuclear  spin  transition  in  non-zero  spin  nuclei  in  the  contrast  agent. 

12 
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In  operation  using  only  the  ambient  field  the  power  supply  to  electromagnet  3  is  switched  off,  the 
sample  2,  e.g.  a  patient,  is  placed  within  the  coil  cavity  and  the  imaging  procedure  is  begun.  Where 
electromagnet  3  is  to  be  used  it  is  switched  on  and  in  general  will  remain  energised  throughout.  Coils  20 
and  21  to  balance  the  ambient  field  are  also  energised.  Such  coils  may  be  of  large  diameter  and  even 

5  surround  the  apparatus  as  shown  or  the  room  in  which  the  apparatus  is  located. 
Interface  module  18  activates  the  power  supply  to  coil  pair  15  for  a  short  time  period  during  which  DC 

current  flowing  through  the  coils  of  coil  pair  15  in  opposite  directions  about  the  Z  axis  results  in  an 
approximately  linear  field  gradient  in  the  Z  direction  being  imposed  on  the  ambient  field. 

Within  the  time  period  for  which  coil  pair  15  is  energized,  interface  module  18  activates  "RF" 
io  transceiver  7  to  cause  resonator  5  to  emit  an  "RF"  pulse,  e.g.  a  90°  pulse,  to  excite  the  nmr  transition  of 

those  resonating  nuclei  (generally  protons)  whose  Larmor  frequencies  correspond  to  the  frequency  band  of 
the  "RF"  pulse.  The  duration,  intensity,  band  width  and  central  frequency  of  the  "RF"  pulse  may  be 
selected  by  computer  1  1  . 

Effectively  the  "RF"  pulse  serves  to  excite  the  MR  transition  of  the  selected  non-zero  nuclear  spin 
is  isotope  (generally  water  protons)  within  a  crosssection  (the  image  zone)  of  the  sample  that  is  transverse  to 

but  has  thickness  in  the  Z  direction. 
On  termination  of  the  "RF"  pulse,  current  in  coil  pair  15  is  also  terminated  and  after  a  very  short  delay 

interface  module  18  energizes  coil  pair  16  to  provide  a  field  gradient  in  the  Y  direction  for  a  short  time 
period.  This  is  termed  the  phase  encoding  gradient  as  the  field  gradient  causes  the  Larmor  frequency  for 

20  the  resonating  nuclei  to  vary  linearly  across  the  image  zone  in  the  Y  direction  for  the  period  that  coil  pair  15 
is  energized.  With  the  removal  of  the  perturbation  of  the  Larmor  frequencies  on  termination  of  the  phase 
encoding  gradient,  the  oscillation  frequencies  of  the  contributions  to  the  FID  signal  from  different  source 
areas  of  the  image  zone  return  to  being  substantially  the  same,  but  the  phases  of  such  contributions  are 
shifted  to  an  extent  dependant  on  the  location  of  the  particular  source  area  along  the  Y  direction. 

25  After  terminating  current  in  coil  pair  16,  the  interface  module  18  then  energizes  coil  pair  17  to  provide  a 
field  gradient  (the  read  gradient)  in  the  X  direction,  and  reactivates  "RF"  transceiver  7  to  detect  the  FID 
signal  from  the  sample. 

The  FID  signal  is  assumed  to  arise  from  the  transverse  magnetization  of  the  nuclear  spin  system  within 
the  image  zone  since  the  MR  transition  was  excited  by  the  "RF"  pulse  for  resonating  nuclei  in  this  zone 

30  only.  As  described  above,  the  intensity  of  the  FID  signal  as  a  function  of  time  contains  encoded  information 
regarding  the  distribution  of  the  resonating  nuclei  in  the  image  zone  in  the  X  and  Y  directions  respectively  . 

The  FID  signal  intensity  falls  off  exponentially  with  time  as  the  system  dephases  and  the  period  for 
which  the  read  gradient  is  imposed  and  the  transceiver  7  detects  the  FID  signal  from  the  sample  is 
generally  very  short,  for  example  of  the  order  of  milliseconds. 

35  To  generate  an  MR  image  of  the  image  zone  it  is  necessary  to  repeat  the  pulse  and  detection 
sequence  for  many  further  times,  e.g.  64-1024  times,  each  time  generating  phase  encoding  gradients  of 
different  magnitude  or  duration.  Often,  to  produce  a  good  S/N  ratio,  signals  for  several,  e.g.  2-4,  identically 
performed  sequences  will  be  summed.  FID  signals  for  each  set  of  sequences  are  transformed  by  the 
computer  1  1  using  a  standard  two-dimensional  Fourier  transform  algorithm  to  produce  the  desired  spatial 

40  images  of  the  image  zone. 
In  conventional  MRI,  after  termination  of  the  only  or  the  last  FID  signal  detection  period  in  a  pulse  and 

detection  sequence  and  before  the  subsequent  imposition  of  the  slice  selection  gradient  and  emission  of 
the  initiating  RF  pulse  of  the  next  sequence,  it  has  been  necessary  to  wait  for  a  delay  period,  generally  of 
the  order  of  seconds,  until  the  resonating  nuclei  have  relaxed  to  near  equilibrium  in  order  to  build  up 

45  sufficient  longitudinal  magnetization  for  the  FID  signal  following  the  new  RF  pulse  to  be  sufficiently  strong  to 
give  an  acceptable  S/N  ratio. 

However,  in  ESREMRI,  the  delay  period  following  the  only  or  the  last  detection  period  may  be  reduced 
by  the  use  of  the  amplified  nuclear  population  difference  resulting  from  the  coupling  between  the  electron 
MR  and  nuclear  MR  transitions.  Alternatively  put,  the  sample  may  be  irradiated  with  "MW"  radiation  at  the 

50  beginning  of  the  or  each  "RF"  pulse  sequence  to  build  up  the  enhanced  nuclear  population  difference. 
Thus,  for  example  at  least  in  a  period  between  termination  of  the  last  read  gradient  for  each  pulse  sequence 
and  the  emission  of  the  initiating  "RF"  pulse  of  the  next  sequence,  for  example  for  a  period  of  about  10  ms 
to  100  ms,  interface  module  18  activates  "MW"  generator  9  to  cause  the  sample  to  be  irradiated  with 
"MW"  radiation  of  a  central  frequency  corresponding  to  the  Larmor  frequency  of  the  paramagnetic  centre  in 

55  the  contrast  agent  in  the  sample,  either  CW  radiation  or,  preferably,  a  train  of  radiation  pulses. 
To  minimise  field  inhomogeneities,  the  sample  cavity  of  the  apparatus  of  the  invention  should  preferably 

be  provided  with  shielding  (not  shown)  between  coils  15,  16  and  17  and  the  electronic  control  equipment 
and  power  sources  (4,  7-14,  18). 

13 



EP  0  355  884  B1 

In  view  of  the  reduced  FID  signal  strengths  to  be  received,  it  may  be  desirable  to  reduce  the  signal 
noise  by  cooling  the  electronic  equipment  of  the  ESREMRI  apparatus. 

Claims 
5 

1.  A  method  of  electron  spin  resonance  enhanced  magnetic  resonance  imaging  of  a  sample  exposed  to  a 
uniform  magnetic  field  which  has  superimposed  thereon  a  series  of  magnetic  field  gradients,  which 
method  comprises  exposing  said  sample  to  a  first  radiation  of  a  frequency  selected  to  excite  nuclear 
spin  transitions  in  selected  nuclei  in  said  sample  and  to  a  second  radiation  of  a  frequency  selected  to 

io  excite  electron  spin  transitions  coupled  to  nuclear  spin  transitions  of  at  least  some  of  said  nuclei, 
detecting  free  induction  decay  signals  from  said  sample  and  generating  therefrom  an  image  of  said 
sample,  characterised  in  that  said  uniform  field  is  the  earth's  ambient  magnetic  field  or  is  an  imposed 
magnetic  field  of  not  greater  than  2  milliTesIa  combined  with  a  magnetic  field  arranged  to  cancel  out 
the  earth's  ambient  field  at  the  sample. 

15 
2.  A  method  as  claimed  in  claim  1  wherein  there  is  introduced  into  said  sample  a  paramagnetic  contrast 

agent  having  in  its  esr  spectrum  a  transition  excitable  by  said  second  radiation. 

3.  A  method  as  claimed  in  claim  2  wherein  said  transition  forms  part  of  a  multiplet  in  said  spectrum. 
20 

4.  A  method  as  claimed  in  claim  3  wherein  the  separation  of  a  said  transition  from  the  centre  of  said 
nultiplet  is  at  least  0.2  milliTesIa  at  said  uniform  field. 

5.  A  method  as  claimed  in  claim  3  or  4  wherein  the  hyperfine  coupling  constant  of  said  transition  is  1  to 
25  100  milliTesIa. 

6.  A  method  as  claimed  in  claim  3  wherein  said  transition  is  a  broad  peak  in  said  spectrum. 

7.  A  method  as  claimed  in  any  one  of  claims  2  to  6  wherein  said  transition  has  a  linewidth  of  less  than  0.1 
30  milliTesIa. 

8.  A  method  as  claimed  in  any  one  of  claims  2  to  7  wherein  said  contrast  agent  is  a  physiologically 
tolerable  stable  free  radical. 

35  9.  A  method  as  claimed  in  claim  8  wherein  said  contrast  agent  is  a  nitroxide  stable  free  radical. 

10.  Electron  spin  resonance  enhanced  magnetic  resonance  imaging  apparatus  (1)  having  a  first  radiation 
source  (5,  7,  8)  capable  of  emitting  a  first  radiation  of  a  frequency  selected  to  excite  nuclear  spin 
transitions  in  selected  nuclei  in  a  sample  (2)  being  imaged,  a  second  radiation  source  (6,  9,  10)  capable 

40  of  emitting  a  second  radiation  of  a  frequency  selected  to  excite  electron  spin  transitions  coupled  to  the 
nuclear  spin  transitions  of  at  least  some  of  said  selected  nuclei,  means  (12-17)  for  exposing  said 
sample  to  a  magnetic  field  gradient  imposed  on  a  uniform  magnetic  field  and  means  (7)  for  detecting 
free  induction  decay  signals  from  said  selected  nuclei  during  the  imposition  of  a  said  magnetic  field 
gradient,  characterized  in  that  said  first  and  second  radiation  sources  are  arranged  to  emit  radiations  of 

45  frequencies  selected  to  excite  said  transitions  using  as  the  uniform  magnetic  field  the  ambient  magnetic 
field  or  a  magnetic  field  being  a  uniform  field  not  greater  than  2  milliTesIa  combined  with  a  field  exactly 
balancing  the  earth's  magnetic  field. 

11.  Apparatus  as  claimed  in  claim  10  characterised  in  that  it  contains  no  means  arranged  to  generate  a 
50  uniform  magnetic  field  at  said  sample. 

12.  Apparatus  as  claimed  in  claim  10  characterised  in  that  it  comprises  means  (3,  20,  21)  for  generating  a 
uniform  magnetic  field  at  said  sample,  said  uniform  field  comprising  an  imposed  field  of  not  greater 
than  2  milliTesIa  combined  with  a  field  arranged  to  cancel  out  the  earth's  magnetic  field  at  said  sample. 

55 
13.  Apparatus  as  claimed  in  claim  12  wherein  said  means  for  generating  a  uniform  magnetic  field  are 

arranged  to  generate  a  said  imposed  magnetic  field  of  1  milliTesIa  or  less. 

14 
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14.  Apparatus  as  claimed  in  any  one  of  claims  10  to  13  wherein  said  first  radiation  source  (5,  7,  8)  is 
arranged  to  emit  radiation  of  frequency  1  to  50  kHz  and  said  second  radiation  source  (6,  9,  10)  is 
arranged  to  emit  radiation  of  frequency  20  to  1000  MHz. 

5  Patentanspruche 

1.  Verfahren  zur  Elektronenspinresonanz-verstarkten  magnetischen  Resonanz-Bilderzeugung  einer  Probe, 
die  einem  gleichformigen  Magnetfeld  ausgesetzt  wird,  welches  von  einer  Serie  von  Magnetfeld- 
Gradienten  uberlagert  wird,  wobei  man  die  Probe  einer  ersten  Strahlung  mit  einer  Frequenz,  die 

io  ausgewahlt  ist,  urn  Kernspinubergange  in  bestimmten  Kernen  der  Probe  anzuregen  und  einer  zweiten 
Strahlung  mit  einer  Frequenz,  die  ausgewahlt  ist,  urn  Elektronenspinubergange  anzuregen,  die  an 
Kernspinubergange  von  wenigstens  einigen  der  Kerne  gekoppelt  sind,  aussetzt,  man  freie  Induktions- 
Zerfalls-Signale  der  Probe  detektiert  und  man  daraus  ein  Bild  der  Probe  erzeugt,  dadurch  gekennzeich- 
net,  dal3  das  gleichformige  Feld  das  die  Erde  umgebende  Magnetfeld  ist,  oder  dal3  es  ein  uberlagertes 

is  Magnetfeld  von  nicht  mehr  als  2  milliTesIa  ist,  kombiniert  mit  einem  Magnetfeld,  das  ausgerichtet  ist, 
urn  das  die  Erde  umgebende  Feld  an  der  Probe  auszuloschen. 

2.  Verfahren  gemaB  Anspruch  1,  wobei  man  ein  paramagnetisches  Kontrastmittel,  welches  in  seinem 
ESR-Spektrum  einen  Ubergang  aufweist,  der  durch  die  zweite  Strahlung  anregbar  ist,  in  die  Probe 

20  einfuhrt. 

3.  Verfahren  gemaB  Anspruch  2,  wobei  der  Ubergang  einen  Teil  eines  Multiplets  des  Spektrums  bildet. 

4.  Verfahren  gemaB  Anspruch  3,  wobei  die  Trennung  des  Uberganges  vom  Zentrum  des  Multiplets 
25  wenigstens  0,2  milliTesIa  bei  dem  gleichformigen  Feld  betragt. 

5.  Verfahren  gemaB  Anspruchen  3  oder  4,  wobei  die  hyperfeine  Kopplungs-Konstante  des  Uberganges  1  - 
100  milliTesIa  betragt. 

30  6.  Verfahren  gemaB  Anspruch  3,  wobei  der  Ubergang  ein  breiter  Peak  in  dem  Spektrum  ist. 

7.  Verfahren  gemaB  einem  der  Anspruche  2  bis  6,  wobei  der  Ubergang  eine  Linienbreite  von  weniger  als 
0,1  milliTesIa  besitzt. 

35  8.  Verfahren  gemaB  einem  der  Anspruche  2  bis  7,  wobei  das  Kontrastmittel  ein  physiologisch  vertragli- 
ches,  stabiles,  freies  Radikal  ist. 

9.  Verfahren  gemaB  Anspruch  8,  wobei  das  Kontrastmittel  ein  stabiles,  freies  Stickstoffmonoxid-Radikal  ist. 

40  10.  Vorrichtung  (1)  zur  Elektronenspinresonanz-verstarkten  magnetischen  Resonanz-Bilderzeugung  mit 
einer  ersten  Strahlungsquelle  (5,  7,  8),  die  in  der  Lage  ist,  eine  erste  Strahlung  mit  einer  Frequenz  zu 
emittieren,  die  ausgewahlt  ist,  urn  Kernspinubergange  bei  bestimmten  Kernen  einer  abzubildenden 
Probe  (2)  anzuregen,  mit  einer  zweiten  Strahlungsquelle  (6,  9,  10),  die  in  der  Lage  ist,  eine  zweite 
Strahlung  mit  einer  Frequenz  zu  emittieren,  die  ausgewahlt  ist,  urn  Elektronenspinubergange,  die  an 

45  Kernspinubergange  von  wenigstens  einigen  der  ausgewahlten  Kerne  gekoppelt  sind,  anzuregen,  mit 
Mitteln  (12-17),  urn  die  Probe  einem  Magnetfeld-Gradienten,  der  einem  gleichformigen  Magnetfeld 
uberlagert  ist,  auszusetzen,  und  Mitteln  (7)  zur  Detektion  von  freien  Induktions-Zerfalls-Signalen  der 
ausgewahlten  Kerne  wahrend  der  Uberlagerung  des  Magnetfeld-Gradienten,  dadurch  gekennzeichnet, 
daB  die  erste  und  zweite  Strahlungsquelle  so  angeordnet  sind,  daB  sie  Strahlungen  mit  Frequenzen 

50  emittieren,  die  ausgewahlt  sind,  die  Ubergange  anzuregen,  wobei  als  gleichformiges  Magnetfeld  das 
Umgebungs-Magnetfeld  oder  ein  Magnetfeld  verwendet  wird,  das  ein  gleichformiges  Feld  von  nicht 
mehr  als  2  milliTesIa  ist,  kombiniert  mit  einem  Feld,  das  das  Erd-Magnetfeld  exakt  ausgleicht. 

11.  Vorrichtung  gemaB  Anspruch  10,  dadurch  gekennzeichnet,  daB  sie  keine  Mittel  enthalt,  die  so 
55  angeordnet  sind,  daB  sie  ein  gleichformiges  Magnetfeld  an  der  Probe  erzeugen. 

12.  Vorrichtung  gemaB  Anspruch  10,  dadurch  gekennzeichnet,  daB  sie  Mittel  (3,  20,  21)  zur  Erzeugung 
eines  gleichformigen  Magnetfeldes  an  der  Probe  umfaBt,  wobei  das  gleichformige  Feld  ein  uberlager- 

15 



EP  0  355  884  B1 

tes  Feld  von  nicht  mehr  als  2  milliTesIa,  kombiniert  mit  einem  Feld,  das  so  angeordnet  ist,  daB  es  das 
Erd-Magnetfeld  an  der  Probe  ausloscht,  umfaBt. 

13.  Vorrichtung  gemaB  Anspruch  12,  wobei  die  Mittel  zur  Erzeugung  eines  gleichformigen  Magnetfeldes  so 
5  angeordnet  sind,  daB  sie  ein  uberlagertes  Magnetfeld  von  1  milliTesIa  oder  weniger  erzeugen. 

14.  Vorrichtung  gemaB  einem  der  Anspruche  10  bis  13,  wobei  die  erste  Strahlungsquelle  (5,  7,  8)  so 
angeordnet  ist,  daB  sie  Strahlung  mit  einer  Frequenz  von  1  bis  50  kHz  emittiert  und  die  zweite 
Strahlungsquelle  (6,  9,  10)  so  angeordnet  ist,  daB  sie  Strahlung  mit  einer  Frequenz  von  20  bis  1000 

70  MHz  emittiert. 

Revendicatlons 

1.  Procede  d'imagerie  a  resonance  magnetique  amelioree  a  resonance  a  spin  de  I'electron  d'un  echantil- 
75  Ion  expose  a  un  champ  magnetique  uniforme  sur  lequel  est  superposee  une  serie  de  gradients  de 

champ  magnetique,  ledit  procede  comportant  I'exposition  dudit  echantillon  a  un  premier  rayonnement 
d'une  frequence  selectionnee  pour  exciter  des  transitions  de  spin  nucleaire  dans  des  noyaux  selection- 
nes  dans  ledit  echantillon  et  a  un  second  rayonnement  d'une  frequence  selectionnee  pour  exciter  des 
transitions  de  spin  de  I'electron  couplees  aux  transitions  de  spin  nucleaire  d'au  moins  quelques-uns 

20  des  noyaux,  la  detection  de  signaux  de  decroissance  sans  induction  en  provenance  de  I'echantillon  et 
la  generation  a  partir  de  ceux-ci  d'une  image  dudit  echantillon,  caracterise  en  ce  que  ledit  champ 
uniforme  est  le  champ  magnetique  ambiant  terrestre  ou  est  un  champ  magnetique  impose  non 
superieur  a  2  milliTesIa  combine  a  un  champ  magnetique  agence  pour  annuler  le  champ  ambiant 
terrestre  dans  I'echantillon. 

25 
2.  Procede  selon  la  revendication  1  dans  lequel  on  introduit  dans  I'echantillon  un  agent  de  contraste 

paramagnetique  ayant  dans  son  spectre  esr  une  transition  qui  peut  etre  excitee  par  ledit  second 
rayonnement. 

30  3.  Procede  selon  la  revendication  2  dans  lequel  ladite  transition  forme  une  partie  d'un  multiplet  dans  ledit 
spectre. 

4.  Procede  selon  la  revendication  3  dans  lequel  la  separation  de  ladite  transition  du  centre  dudit  multiplet 
est  d'au  moins  0,2  milliTesIa  audit  champ  uniforme. 

35 
5.  Procede  selon  la  revendication  3  ou  4  dans  lequel  la  constante  de  couplage  hyperfine  de  ladite 

transition  est  de  1  a  100  milliTesIa. 

6.  Procede  selon  la  revendication  3  dans  lequel  ladite  transition  est  une  pointe  large  dans  ledit  spectre. 
40 

7.  Procede  selon  I'une  quelconque  des  revendications  2  a  6  dans  lequel  ladite  transition  a  une  largeur  de 
ligne  inferieure  a  0,1  milliTesIa. 

8.  Procede  selon  I'une  quelconque  des  revendications  2  a  7  dans  lequel  ledit  agent  de  contraste  est  un 
45  radical  libre  stable  tolerable  physiologiquement. 

9.  Procede  selon  la  revendication  8  dans  lequel  ledit  agent  de  contraste  est  un  radical  libre  stable  d'oxyde 
d'azote. 

50  10.  Appareil  (1)  d'imagerie  a  resonance  magnetique  amelioree  a  resonance  a  spin  de  I'electron  ayant  une 
premiere  source  (5,  7,  8)  de  rayonnement  capable  d'emettre  un  premier  rayonnement  d'une  frequence 
selectionnee  pour  exciter  des  transitions  de  spin  nucleaire  dans  des  noyaux  selectionnes  dans  un 
echantillon  (2)  a  visualiser,  une  seconde  source  (6,  9,  10)  de  rayonnement  capable  d'emettre  un 
second  rayonnement  d'une  frequence  selectionnee  pour  exciter  des  transitions  de  spin  de  I'electron 

55  couplees  aux  transitions  de  spin  nucleaire  d'au  moins  quelques-uns  desdits  noyaux  selectionnes,  des 
moyens  (12-17)  pour  exposer  ledit  echantillon  a  un  gradient  de  champ  magnetique  impose  sur  un 
champ  magnetique  uniforme  et  des  moyens  (7)  pour  detecter  des  signaux  de  decroissance  sans 
induction  en  provenance  desdits  noyaux  selectionnes  au  cours  de  I'imposition  dudit  gradient  de  champ 
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magnetique,  caracterise  en  ce  que  lesdites  premiere  et  seconde  sources  de  rayonnement  sont 
agencees  pour  emettre  des  rayonnements  de  frequences  selectionnees  pour  exciter  lesdites  transitions 
en  utilisant  comme  champ  magnetique  uniforme  le  champ  magnetique  ambiant  ou  un  champ  magneti- 
que  qui  est  un  champ  uniforme  non  superieur  a  2  milliTesIa  combine  avec  un  champ  equilibrant 

5  exactement  le  champ  magnetique  terrestre. 

11.  Appareil  selon  la  revendication  10  caracterise  en  ce  qu'il  ne  contient  aucun  moyen  agence  pour 
generer  un  champ  magnetique  uniforme  dans  ledit  echantillon. 

io  12.  Appareil  selon  la  revendication  10  caracterise  en  ce  qu'il  comprend  des  moyens  (3,  20,  21)  pour 
generer  un  champ  magnetique  uniforme  dans  ledit  echantillon,  ledit  champ  uniforme  comprenant  un 
champ  impose  non  superieur  a  2  milliTesIa  combine  avec  un  champ  agence  pour  annuler  le  champ 
magnetique  terrestre  dans  ledit  echantillon. 

is  13.  Appareil  selon  la  revendication  12  dans  lequel  lesdits  moyens  pour  engendrer  un  champ  magnetique 
uniforme  sont  agences  pour  generer  ledit  champ  magnetique  impose  de  1  milliTesIa  ou  moins. 

14.  Appareil  selon  I'une  quelconque  des  revendications  10  a  13  dans  lequel  ladite  premiere  source  (5,  7,  8) 
de  rayonnement  est  agencee  pour  emettre  un  rayonnement  de  frequence  de  1  a  50  kHz  et  ladite 

20  seconde  source  (6,  9,  10)  de  rayonnement  est  agencee  pour  emettre  un  rayonnement  de  frequence  de 
20  a  1000  MHz. 

17 



EP  0  355  884  B1 

18 



EP  0  355  884  B1 

19 


	bibliography
	description
	claims
	drawings

