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MEDICAL APPLICATIONS OF 31 P NUCLEAR MAGNETIC RESONANCE 

JOACHIM SEELIG 
Biocenter o f  t h e  Un ive rs i t y  o f  Basel, Swi tzer land 

Abst ract  31P NMR can be app l ied  t o  s tudy t h e  metabolism - i n  
v i vo  i n  animals and humans. The most impor tant  phosphate 
metabo l i tes  are ATP, phosphocreatine, and ino rgan ic  
phosphate. From t h e  chemical s h i f t  o f  t h e  i no rgan ic  
phos#jate resonance i t  i s  poss ib le  t o  measure t h e  i n t e r n a l  
PH* P-NMR i s  app l ied  t o  occ lus ive  a r t e r i a l  desease o f  t h e  
legs, t o  bone tumors, and t o  study e f f e c t s  o f  t h e  a n t i -  
cancer drug adriamycin on t h e  energy metabolism o f  i n  v i v o  
r a t  hear t .  

INTRODUCTION 

Over the  past  15 years 31P NMR spectroscopy has been developed 
i n t o  a va luable t o o l  f o r  t h e  non-invasive s tudy o f  phosphorus 

conta in ing  metabol i tes i n  i n  v i v o  studies. I n  1973 Moon and 
Richards discovered t h a t  t h e  chemical s h i f t  o f  t h e  i no rgan ic  
phosphate resonance cou ld  be c a l i b r a t e d  t o  measure t h e  i n t e r n a l  

pH i n  red  blood c e l l s  and i n  o the r  t i ssues  ’. Shor t l y  t h e r e a f t e r ,  
t he  p o t e n t i a l  o f  31P NMR f o r  t h e  non-invasive assessment o f  
energy metabolism was f u l l y  apprec iated *. The technique has been 
used f o r  t h e  determinat ion o f  phosphorus metabo l i tes  
(phosphocreati ne PCr,  adenosi n e t r i  phosphate ATP, i no rgan ic  
phosphate P.) i n  he red i ta ry  and acquired d isorders  o f  muscle 
metabolism ’-6. I nves t i ga t i ons  us ing  31P NMR demonstrated t h a t  
forearm exerc ise i n  hea l thy  subjects  r e s u l t e d  i n  P C r  dep le t i on  
and i n t e r c e l  1 u l  ar ac i  dosi s . 

-- 

7-9 

CLINICAL APPLICATIONS 
The energy metabolism o f  c a l f  muscle was assessed by 31P NMR i n  
eleven pa t i en ts  w i th  symptomatic a r t e r i a l  occ lus ions lo. Foot 
exerc ise was performed i n  the  magnet wh i le  b lood f l o w  i n  t h e  l e g  
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was s h o r t l y  i n te r rup ted  by apply ing a tourniquet.  During ischemic 
exercise P C r  decreased from i t s  r e s t i n g  concentrat ion o f  20 mM 

t o  undetectable l eve l s  whereas Pi increased concomitantly. A f t e r  
removal of t h e  c u f f ,  PCr recovery fo l lowed a s i n g l e  exponent ia l  
bu t  t he  recovery showed s i g n i f i c a n t  d i f fe rences  between p a t i e n t s  
and cont ro ls .  P C r  recovery was character ized by a ha l f - t ime  o f  
200k 70 s i n  pa t i en ts  compared t o  37 + 5  s i n  cont ro ls .  
I n t r a c e l l u l a r  pH recovered more s lowly  i n  pa t i en ts  than i n  
cont ro ls .  Hal f - t ime o f  Pi disappearance a f t e r  removal o f  t h e  
tourniquet was s i m i l a r  i n  magnitude as PCr recovery, con f i rm ing  
the  i n t ima te  biochemical connection o f  the  two metaboli tes. 

High reso lu t i on  31P NMR spectra were a lso  obtained o f  f o u r  
pa t i en ts  w i th  bone tumors o f  t h e i r  d i s t a l  ex t rem i t i es  ll. I n  one 
case the  tumor was inves t iga ted  dur ing  c l i n i c a l  remission a f t e r  
r a d i a t i o n  therapy and chemotherapy. The o ther  th ree  cases showed 
c l i n i c a l l y  ac t i ve  tumor growth w i t h  correspondingly increased 
metabolism. The spectra o f  t he  th ree  ac t i ve  tumors i nd i ca ted  a 
r e l a t i v e l y  h igh  ATP concentrat ion, s i m i l a r  t o  p rev ious ly  
publ ished spectra from animal tumors o r  human tumors implanted 
i n t o  animals. The Pi resonance also showed strong s igna l  
i n t e n s i t y  wh i le  t h e  P C r  resonance was r a t h e r  weak. Add i t iona l  
resonances were observed i n  t h e  phosphomonoester and 
phosphodiester region. These metabol i tes are usua l l y  no t  seen i n  
heal thy muscle t i ssue.  

v a r i e t y  o f  human and experimental tumors. The major s ide -e f fec t  
of c l i n i c a l  relevance i s  t he  development o f  a cumulative, dose- 
dependent c a r d i o t o x i c i t y .  ADM appears to, i n t e r f e r e  d r a s t i c a l l y  
w i th  the  ox ida t i ve  phosphorylat ion i n  the  hear t  mitochondria. I n  
v ivo  31P NMR was there fore  used t o  measure t h e  e f f e c t s  o f  ADM on 
the  energy metabolism o f  t h e  r a t  hea r t  12. The exc lus ive  
acqu is i t i on  o f  NMR s ignal  from cardiac muscle was assured by 
pos i t i on ing  a solenoidal radiofrequency NMR c o i l  around t h e  hear t  

The a n t i b i o t i c  adriamycin (ADM) i s  a c t i v e  against  a wide 
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Administrat ion o f  ADM l e d  t o  an immediate dec l i ne  i n  t h e  card iac  
l eve l s  o f  PCr  and s t a b i l i z a t i o n  a t  a new, lower steady s t a t e  

l e v e l  occurred. Longer term e f f e c t s  o f  s i n g l e  h igh  doses and o f  
m u l t i p l e  lower doses were measured up t o  a week a f t e r  i n i t i a t i o n  
o f  t he  treatment. It appeared t h a t  drug induced in te r fe rence  w i t h  
cardiac energy metabolism a t  t he  same t o t a l  dose was more 
pronounced i n  the  acute phase and markedly increased a t  longer 
times. 
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