
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/24721

 

 

 

Please be advised that this information was generated on 2017-12-05 and may be subject to

change.

http://hdl.handle.net/2066/24721


Proton MR Spectroscopy of the Normal Human Prostate 
with an Endorectal Coil and a Double Spin-Echo 
Pulse Sequence
Arend Heerschap, Gerrit J. Jager, Marinette van der Graaf, Jelle O. Barentsz
Sjef H. J. Ruijs

This report describes the use of an endorectal coil and a 
double spln-echo pulse sequence for localized 1H MR spec
troscopy of the normal prostate in volunteers. The spectra 
showed well-resolved signals for citrate, (phospho)choline, 
and creatine protons. Additional signals were assigned to 
taurine and myoinositol protons. J modulation of the main and 
outer peaks of citrate could be monitored in vivo. Apparent 
relaxation times 7̂  and Tz have been estimated for the methyl 
protons of cholines and creatine. An effective T̂  relaxation 
time was estimated for the main peaks of the citrate multiple! 
Ratios of the integrals of these resonances have been evalu
ated, and tissue contents of choline and creatine were esti
mated using the H20  signal as an internal reference. Spectro
scopic imaging experiments revealed a lower relative citrate 
signal in central parts of the prostate than in peripheral parts.
Key words: human prostate; magnetic resonance spectros
copy; metabolites; spectroscopic imaging.

INTRODUCTION

Proton m agnetic resonance spectroscopy (1H MRS) has 
been m ostly app lied  to the brain in  hum an  studies. To 
extend its use to other parts of the hum an  body seems 
less trivial. Problem s involved in  abdom inal application 
of MRS are related to the  deep location and  m ovement 
of some tissues of interest. Furthermore, dom inating tri
glyceride signals, either from the target tissue itself or 
from adjacent adipose tissue, often obscure resonances of 
relevant metabolites.

W ith the advent of endorectal RF coils (1, 2), the po 
tential of -̂H MR of the hum an  prostate has im proved 
substantially, and several groups have explored the use 
of such coils to obtain aH MR spectra of the hum an 
prostate (3-5). The m ost p rom inen t metabolite signal in  
these spectra is that of citrate, a com pound abundantly 
present in the healthy prostate, The tissue content of 
citrate has been reported as a potential m arker for pros
tate pathology, in  particu lar to discrim inate between the 
presence of adenocarcinom as and  benign prostate hyper
plasia (BPH) (6—13). The in tensity  of the m ethyl proton 
signal of (phospho)cholines in 1H MR spectra of the
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prostate may also serve this purpose (5 ,12 ,13). Localized 
aH MRS of the hum an prostate based 011 magnet field 
gradient techniques has been initiated w ith use of the 
stimulated-echo acquisition mode (STEAM) sequence (4,
9, 13) and the point-resolved spectroscopy (PRESS) se
quence (5, 14).

In this study, we report on the application of a double
spin-echo (or PRESS) sequence ('15, 16) in com bination 
with endorectal coils in *Ii MRS of the prostates of 
healthy volunteers. At a TE of 135 ms, well-rosolved 
spectra were obtained showing major signals for citrate, 
choline compounds, and creatine. Minimal contam ina
tion of these spectra with broad components facilitated 
the quantitation of metabolite levels. Furthermore, high- 
quality MR spectra were obtained in m ultiple loca
tions of the hum an prostate by extending PRESS volume 
localization with phase-encoding gradients to collect a 
spectroscopic imaging (SI) data set.

MATERIALS AND METHODS
Volunteers

This study was approved by the local ethical committee. 
After informed consent was given 12 volunteers partici
pated in this study. Of these volunteers, eight wore ex
amined with single volume localization, of which throe 
were investigated twice, Four were examined in studies 
using SI. The ages of the volunteers ranged from 25 to 40 
years, None of the volunteers had a history of genitouri
nary disease or showed any signs of clinical prostate 
disease. MR images obtained of the prostates were inter
preted as being normal. The volunteers were examined in 
the supine position. A belt was applied around the lower 
abdomen with slight compression to reduce respiratory 
motion. No antiperistaltic drugs were used,

MR Imaging

MR examinations were performed on a 1.5 T MR system 
(Magnetom SP, Siemens, Erlangen, Germany) using a 
body RF coil for excitation. For MR signal reception, a 
disposable endorectal probe (MEDRAD®, Pittsburgh, 
PA) holding a surface coil with approximate length of 75 
mm and width of 35 mm was inserted. The probe was 
inflated with 50 to 100 ml of air to ensure tight position
ing of the coil adjacent to the prostate. To visualize the 
prostate, multiple-slice MR imaging was performed in 
three orthogonal planes using a turbo spin-echo sequence 
(slice thickness, 5 mm; 1-mm interslice distance; field of
view, 260 mm; matrix, 260 x  512; acquisitions, 2; 7K  
160 ms; TRf 2940 ms).
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Single-Voxel MRS

On tin? basis of those images, volum es wore selected for 
localized !H MRS using a double spin-echo slice-selec- 
tive sequence (00u - t - 180°- T -  1 8 0 " -(T -  r) - Ac- 
quisilionjw ith  TEs (2 T) betw een 30 and 270 ms. The 
delay time t  was 1'1 ms. The length of I he sine-shaped RF 
pulses was 2.50 ms, and the bandw id th  of the 180° 
pulses was adjusted to select the same effective slice 
thickness as for the HO" pulse. The slice-selective gradi
ents were 2.67 m T/m , and  EXORCYCLE phase cycling 
was applied. Mold hom ogeneity was optimized for the 
selected volum e using the resonance of water protons. 
For the detection of m etabolite signals, a chonucal-shift- 
seloctive m ethod (17) was used to suppress the water 
resonance and 2 K data points were acquired w ith  a 
spectral w idth  of 1000 Hz, The nom inal dim ensions of 
the voxels were 1.5 X 1,5 X 1.5 cm (3.4 go), except in two 
cases in w hich voxels w ith  nom inal dim ensions of 1.6 X 
1.6 X 1.6 cm (4.1 oc) and 1.8 X 1,8 X '1.8 cm (5.8 cc:) were 
selected. The scan TR ranged from 1.6 to 4.5 s, and  the 
num ber of scans from 96 to 256, In addition, a spectrum  
w ithout water suppression  w as obtained for eddy-cur- 
rent correction and for referencing purposes.

To estimate apparent T2 relaxation times of metabolite 
proton spins in vivo, spectra were recorded al four dif
ferent 77is between (55 and 270 ms. For the estimation of 
the apparent 7\, relaxation time of water proton spins, 
seven spectra wore rocordecl w ithout water-resonance 
suppression at TEs between 30 and 270 ms.

Inversion-ret:overy experim ents to obtain apparent 7\ 
relaxation times were perform ed by the same pulse se
quence used for localization, preceded by a nonselective 
'180° inversion pulse (650 /its). The TE was 135 ms and 
the TR 3 s. Five or six spectra were recorded at different 
delay times between the inversion pulse and the local
ization sequence ranging from 50 to 1000 ms. In the same 
way, invorsion-reoovory experim ents were performed 
w ithout w ater suppression. The 77? was set to 6 s, and 
delay times ranged from 50 to 2500 ms (number of delay 
times investigated was six to eight).

Besides these experim ents w ith volunteers, inversion- 
recovery experim ents were also performed on a phantom  
(described below). Thirteen m easurem ents were per
formed with inversion-delay times between 40 and 1600 
ms at a TR of 6 s.

Spectroscopic Imaging (Si)

In the SI experim ents, a transversal slice of 10- or 11-mm 
thickness, 40 nun in the left-right and 30 mm in  the 
anterior-posterior direction, was selected for localized 
MRS by the double spin-echo sequence described above 
w ith a 77? of 135 ms. In these experiments, rw as  14.5 ms, 
the pulse lengths were 5.12 ms, and the slico-selection 
gradient in the z direction was 3 m T/m  and in the other 
directions 1.4 mT/m. Gradients for phase encoding in  
two directions were applied  during 1 ms in the r  period, 
to obtain a set of SI data w ith in  the preselected volume. 
The field of view was 160 mm. Data were encoded in a 
16 X 16 matrix, resulting in nom inal voxels of about 1.0 
cc. For the spectral dim ension, 1 K data points were 
acquired w ith a spectral w id th  of 1 kHz, A total of 512

scans (two scans p e r  p h ase -en co d in g  step) w ere acqu ired  
with a TR of 1.6 s, re su ltin g  in  an  acqu is ition  tim e of 13.6 
min. For eddy-curren t co rrec tion  as w ell as referencing  
purpose, an SI ex p erim en t w ith o u t w ater su p p ress io n  
was performed.

Phantom

To test the  perform ance of MRS acqu is ition  m ethods, a 
phan tom  was used . It consis ted  of a glass sphere  w ith  an 
outer d iam eter o f 10 cm  filled w ith  a citrate so lu tion  
prepared  according to the average com position  of ex
pressed h u m an  p rosta tic  flu id  as repo rted  by K avanagh 
(18). It con tained  90 m M  so d iu m  citrate, 8.8 m M  ZnCl2, 
16,7 m M  MgCl2, 18.8 m M  GaCl^, an d  63 m M  KC1 at pH  
6.7. For referencing an d  phasing  purposes, 13.6 m M g ly 
cine and  10 m M  so d iu m  acetate  w ere  added, T he sphere  
was p laced  in a co n ta in e r  filled  w ith  sunflow er oil, to 
m im ic th e  presence of perip ro s ta tic  fat, w h ich  w as p o s i
tioned on  the endorec ta l surface coil.

Postprocessing

Postprocessing of single vo lum e m easurem ents  consisted  
of zero-filling to 4 K data  p o in ts  and  filtering as ind ica ted  
in the figures. E ddy-curren t correction  was perform ed  
according to Klose (19) by  a softw are procedure  p ro v id ed  
by the m anufacturer. A fter th is  p rocedure , usually  only 
m inor phase correction  w as necessary.

In the case of SI, postp rocessing  consisted  of Fourier 
transformation to spatia l an d  frequency d im ensions ap 
plying zero-filling to 2 K data  po in ts  and  a G aussian filter 
for the frequency d im ension . No k-space filtering was 
used. Eddy-current co rrec tion  was perform ed as for the 
single-voxel m easurem ents.

For fitting of signals in  the  frequency dom ain, N M R l 
software (New M ethods R esearch, Inc,, Syracuse, New 
York) w as used, A p p a re n t  T v an d  T2 relaxation-tim e va l
ues were derived by fitting the integrals of resonances to 
a single exponentia l function ,

Average values are p re sen ted  w ith  s tandard  deviations 
(±SD). Chemical shifts are given in  parts  p er m illion  
(ppm).

RESULTS
Single-Volume Measurements

Spatial Origin o f Spectra. By histology, the m ost sim ple 
subdiv ision  of the prostate  g land  is in  a central part 
(including transition-zone tissue) and  a periphera l part, 
of w h ich  the latter p a rt  occup ies about 70% of the  norm al 
prostate gland (20). To m in im ize  signal contribu tions of 
periprostatic  trig lycerides, the volum es for MRS in this 
study  w ere located  in  the central part of the prostate 
m ainly  con tain ing  cen tra l-zone/transition-zone tissue. 
From  inspec tion  of the MR images, the  con tribu tion  of 
periphera l zone tissue  to the selected  volum es was esti
m ated to be be tw een  15 and  25% for nom inal vo lum es of 
3.4 cc. In  two exam ina tions , w ith  nom inal voxels of 4,1 
and  5,8 cc the co n tr ib u tio n  of the periphera l zone to the 
selected volum e w as estim ated  to be 30 to 40% . Because 
a part of the p e rip h e ra l zone in c lu d ed  in  the voxels was
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FIG, 3. MR spectra of the prostate of two volunteers obtained at 
different TEs. Nominal volumes were 3.4 cc. TR was 2000 ms. 
Processing was performed as for Fig. 2, Ta, taumine; In, inositol; Glx, 
glutamine/glutamate. Further details: (a) TE ■ ■ 100 ms. Gaussian fitter 
with maximum at 96 ms and half-width 160 ms. (b) TE -  65 ms. 
Gaussian filter with maximum at 160 ms and half-width 160 ms.

f  Modulation of t lw  Citmtn Signal In Vivo, At shimm ing 
values ofabout 5 11/ w idth for the water resonance at half 
height, occasionally it became possible) to observe the 
smaller outer signals of citrate at approximately ‘15 to 16

Hz from the  central peaks. F igure 4 show s the spectral 
region betw een 2,2 and  3.3 p p m  w ith  the citrate reso
nances at various TEs. T he outer peaks and  the sp litting  
of the m ain  peak of citrate, at TEs of 135 ms and  m ore, are 
w ell visible. As described  p rev iously  ('14), the m ain  ci
trate com ponent sho w s s low  m o d u la tio n  at 1.5 T, bo th  in 
vitro and in vivo. In add ition , th e  p resen t data (see Fig. 4) 
show  that the faster m o d u la tio n  of the ou ter peaks seen  in 
vitro (14} also occurs in vivo , At th e  p resen t tim ing of the 
PRESS sequence, th e  m ain  citrate resonances have a re l
ative m axim al Signal am p litu d e  at a TE of approx im ate ly  
130 ms, w hereas the  am p litu d es  of th e  outer peaks are 
m inim al (14, 21).
Apparent Relaxation Times . In th ree vo lun teers, w e were 
able to perform  inversion-recovery  experim ents  to get an  
estim ate of the effective Tr of the p ro ton  sp ins o f som e 
com pounds. In the loca liza tion  schem e TE was set to 135 
ms, Fig. 5 shows spec tra  of such  an experim ent. Reso
nance integrals w ere  d e te rm in ed  by com pu ter in tegration  
as described in the nex t section . T he m ean  effective Tt 
obtained from these  experim en ts  was 339 ±  42 m s for the 
m ain  com ponent of the  citrate signal com plex  and  837 ±  
89 and 864 ± 98 ms for the  m ethy l p ro tons of cho lines 
and creatine, respectively . By the sam e p rocedure  the 
m ean effective 7’, of the w ater p ro ton  sp ins in the same 
volum e elem ents of the three vo lun teers  was 1481 ±  109 
ms. For com parison  the  effective T x value of the m ain  
resonance com ponen t of citrate in the phan tom  w as also 
determ ined at TE = 135 ms, This 71, increases w ith  
tem perature; e.g., a t 22°C a value of 360 ± 15 ms and  at 
32°G a value of 534 ±  8 ms w as found.

A pparent 1\, re laxation  tim es of m etabolite  resonances 
were derived from PRESS localiza tion  experim ents w ith  
four different TEs (from 65 to 270 ms) as show n in  Fig. 4. 
The m ean values ob ta ined  for the choline  and  creatine  
signals w ere 227 :t 61 m s and  209 ±  97 ms, respectively  
(n -  3). To estim ate th e  ap p aren t T2 of H aO sp ins five or 
six different TEs b e tw een  30 and  270 ms were used. An
average apparent Ta value  of 98 ±  9 ms was found 
(/? -  4). To derive  a 7’̂ -relaxation time for the citrate 
m ethylene p ro ton  sp ins  is m ore difficult as its signals 
follow a com plica ted  ƒ m o d u la tio n  using a PRESS local
ization schem e (14,22). The trea tm ent of this problem  for

FIG. 4. MR spectra of the prostate 
of a volunteer obtained at different 
TEs. Nominal size of the selected 
volume was 5.8 cc. The TR was 
2000 ms. To aid visualization of the 
modulation of citrate resonances, 
only the spectral part between 2.2 
and 3.3 ppm is plotted. The multi
plet of citrate is shaded grey, TEs 
are indicated below the spectra. 
The same Gaussian filter was ap
plied to ail the spectra.

Te : 65 135 195 270 ms
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the interpretation of in vivo MR results will be the subject 
of a separate publication.
Quantitation. The good resolu tion  of the spectra obtained 
at a Ti? of 135 ms allow ed evaluation of the integrals of 
the resonances of cholines and  creatine and of the m ain 
component of the citrate m ultip let.

Integration of resonances in  the frequency dom ain was 
performed in two different ways after Gaussian filtering 
and phasing, Gaussian filtering consisted of a 2-Hz 
Lorentzian linew idth  removal and a 4-Hz Gaussian line- 
w idth  broadening. Usually only m inor baseline correc
tion was needed. In the first approach signals were fitted 
to a Gaussian m odel function. In  the second approach the 
signal areas were obtained by com puter integration. In
tegration of the m ain resonances of citrate was performed 
between the spectral limits of 2.49 and  2.77 ppm , of the 
creatine m ethyl peak betw een 2.96 and  3.11 ppm , of the 
choline m ethyl peak betw een 3.12 ancL 3.30 ppm , and of 
the water resonance betw een 4.42 and  4.94 ppm . The 
data were first evaluated as signal ratios. Because TBs of 
the experiments varied betw een 1.6 and 4.5 s, the reso
nance integrals have been  corrected w ith  the effective 
values given above. Figure 6 displays ind iv idual values 
for the ratios of citrate and  cholines, cholines and  creat
ine, and citrate and  the sum of cholines and creatine, as

Citrate

FIG. 5. Spectra of an inversion-recov- 
ery experiment of the prostate of a vol
unteer. The nominal size of the selected 
volume was 4.1 cc. The TE was set to 
135 ms and the TR to 3 s, and 96 scans 
were accumulated for each spectrum. 
The delay times (ms) between the inver
sion pulse and the first slice-selective 
90° pulse are indicated in the figure. Ze
ro-filling to 4 K and a Gaussian filter were 
applied. The same phasing was used for 
all spectra. These were plotted without 
baseline correction. The inset shows the 
fit of the integrals of the main citrate 
resonances to a single exponential func
tion,

obtained by the signal-fitting procedure. Note that the 
highest citrate ratios are observed for the two largest 
volumes measured. In the m easurem ent of the volunteer 
at 25 years of age, a nom inal voxel size of 5.B cc was 
selected, and in the second m easurem ent of the volunteer 
at 32 years of age, a nominal voxel size of 4,1 cc was 
selected. The lowest citrate ratio was determ ined for the 
volume estimated to be the least contaminated with pe
ripheral zone tissue, i.e., in the first m easurem ent of the 
volunteer at 32 years of age.

Table 1 (Column I) gives the average values of ratios 
obtained from all single voxel examinations at a TE of 
135 ms. The ratio calculations from com puter integration 
of signals gave very similar results, i.e., citrate/choline, 
citrate/(choline + creatine), and choline/creatine were 
2.10 ± 0.74, 1.47 ±  0.49, and 2.44 ± 0.50, respectively. 
Column II gives the average ratios only including spectra 
from nom inal volumes of 3.4 cc.

Because we also have recorded the Ii20  signal for all 
volumes of w hich a spectrum  was obtained, it is in p rin 
ciple possible to estimate tissue concentrations of metab
olites using water as an internal reference. For this esti
mation, it was assumed that the water content of prostate 
tissue is 83% and the tissue density 1.02 kg/liter (23).
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FIG, 6. Metabolite signal ratios of all 
single-volume measurements performed 
at a TE of 135 ms (■). The ratios were 
corrected for 71 weighting. (A)The volun
teers at 29 and 32 years of age were mea
sured on two different occasions. For the 
30-year-old volunteer, two similar mea
surements were performed during the 
same examination separated by about 15 
min. (a) Citrate/choiine ratio, (b) citrate/ 
(choline 4- creatine) ratio, (c) choline/crea- 
tine ratio,

Furthermore, it was arbitrarily assum ed lhat 1(1% of tis
sue water is not recovered in tho IL,C) resonance of the

u  i

MR recording at TV, - - -  135 ms because of a short 'A, e.g., 
because of m acrom olecular b inding and other interac- 
tions, sim ilar to that described lor brain MR studios (24), 
By Ihoso calculations, tho average prostate tissue ctmcon- 
Iralions (ptir liter of tissue? volume) of cholines and cre
atine worn nstimaUui to bo 3/1 ± 0.7 and 4.4 0.8 mM, 
respectively (n 1 0 ).

SI Measurements

Phantom Study . Figure 7a show s a transversal MR image 
of tho phantom  also displaying the preselected volume 
and tin? grid with 81 voxels. The MRI intensity d istribu
tion w ith in  the sphere follows the sensitivity profile of 
the endorectal coil. Figure 7b show s spectra obtained 
from the voxels w ith in  the preselected volumo. The spec
trum in the lower right corner only shows signal in ten
sity arising from lipid protons of sunflow er oil as ex
pected for its location. Spectra of voxels completely

Table 1
Average Metabolite Signal Ratios of Normal Human Prostate 1H MR Spectra

located w ith in  the sp h e re  show  signals for citrate, gly
cine, and a cot a to. S ignal in tensity  varies as a function  of 
the sensitivity  o f tho surface coil. N otice that the outer 
lines of the citrate m u ltip lo t are nearly  in  an tiphase , 
w hich  is in contrast w ith  the  single-voxel m easum m ents  
w here tho outer lines are m ore in phase, This is because 
o f the difference in  lim n be tw een  tho 90° and first 180° 
slice-seleotion pulses. T he sm all, som etim es inverted  
lip id  signals seen in the SI spectra  are a ttribu ted  to voxel 
bleeding. Spectra of voxels located partly  in  the sphere  
and  partly outside sh o w  signal con tribu tions of citrate, 
glycine, and  acetate co m p o u n d s  and  of lip ids accord ing  
to their partia l-volum o ex ten t of sphere  and  container,
These results illustra te  the quality  of localization by the 
present SI approach.
Volanti} or Stud ins. For the preselected  volum es chosen  
in this s tudy  (about 12 oc), w e ob ta ined  a IL O  resonance 
linew id th  at half m ax im u m  just below  10 Hz, w hich  
appeared  to be suffic ien t to obtain  w ell-resolved signals 
in most voxels of the spectroscopic; images.

Ratio
» » . • ♦ • . . . .  Si  '

Citrate/choline 
Citrate/(choiine i creatine) 
Choline/creatine

a ip inc IVa
• v ««« » Ì •» 4*4 ,»é Min

1.91 ± 0.54 
1.33 + 0.30 
2.37 i  0.54

1.74 :.t 0.43 
1.22 + 0.24 
2.43 i  0.53

1.46 ± 0.23 
0.94 ± 0.16 
1.91 :t 0.57

2.89 ± 0.68 
1.88 £ 0.34 
1.85 £ 0.64

Ü M

Average ratios of signal integrals ( • SD) at TE 135 ms, Corrections were made for T, weighting using the effective 7̂  values derived from inversion-recovery 
experiments as described in the text.
n Ratios obtained from integrals of Gaussian lineshape-fitted signals as described in Materials and Methods section. A total of eight volunteers were 
investigated. For one volunteer, two spectra of the same volume were obtained at different moments (about 15 min apart) during the same investigation. The 
average of these measurements was included in the calculation as a single data point. Two other volunteers were investigated twice at different occasions. 
The data points obtained from both these investigations were included in the calculation. This sums up to n -■ 10.
h Same as Column I, but excluding spectra obtained from nominal volumes larger than 3,4 cc (1,5 x 1,5 x 1.5 cm). For this column, n - 8.
(r Average ratios of signal integrals of spectra from volumes of about 1 cc located in the central/transition zone of the prostate derived from ’ H SI experiments 
(n 4). Spectral (ines wore fitted to a Gaussian iineshape function.
<1 Same, but from the peripheral zone of the prostate.



H** *

,W*ÔÂ

m

4 *

— ■ ■» 'i

'jtD M aí *

Í

i W  «?

■ / p m t o â ;  :# '

r
«

:■* ?

:t

w

*.

bP

i  - iW**r.■>
■y ■ ■‘‘X■r- v:£

t*

#■-

à#-

’ M
W pjg a î . er
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FIG. 9. Spectra of an SI data set 
from the voxels as shown in Fig. 8 
(black box). The maximum of the 
Gaussian filter applied was 64 ms 
and the half-width 256 ms* To aid 
interpretation, the most prominent 
features of prostate anatomy are in
dicated schematically. Triglyceride 
signals are indicated by TG in the 
top corner spectra and in the bot
tom left spectrum. In the second 
row, the central citrate resonance in 
the spectra are indicated by Ci, In 
the spectrum labeled A, the methyl 
resonances for creatine (Cr) and 
choline (Ch) are indicated. Spectra 
are plotted from 0,1 to 4.1 ppm,

a

Ci

3 .5 2 . 5 1 .5 0 .5
b

FIG. 10. (a) 1H MR spectrum of the peripheral part of the prostate. 
It is a blowup from the spectrum labeled A in the third row of Fig. 
9. (b) 'H MR spectrum of the central prostate gland. This spectrum 
is a blowup of a spectrum 'from the same row labeled (b).

for average citrate ratios of the central gland (Column III) 
are closest to the values of citrate ratios obtained from 
single voxels (Column II), which were deliberately posi
tioned in the center of the prostate.

Pulse lengths and t value in the PRESS sequence used 
for single-volume acquisition are different from those 
used for SI experiments. Because this may affect the 
citrate signal, we have compared both sequences in a 
study of the phantom. In these experiments, the area of 
the main citrate signal with respect to those of the acetate 
and glycine resonances differed not more than '10% be
tween both acquisition methods.

DISCUSSION

In this study, it is demonstrated that high-quality AIT MR 
spectra can be recorded of the human prostate by the 
application of PRESS localization and an endorectal sur
face coil. Results are presented of normal prostates in 
volunteers at an age before BPIT starts to occur.

Most experim ents w ere perform ed w ith  a timing of the 
PRESS sequence (i.e., TE =  135 ms), w hich  is nearly op ti
mal for refocusing of the m ain  m ultip le t signals of citrate 
and w hich in principle enables one to identify lactate sig
nals if present. Spectra obtained at this TE are also suffi
ciently depleted of broad com ponents to enable quantita
tive evaluation of m etabolite signals. 1H MRS of volumes 
carefully located in  the a m  tor of the prostate dem onstrate 
that, it is possible to obtain spectra w ith  few or no signals 
between 0.5 and 2 ppm . High signal intensity in  this cliem- 
ical-shift range, often seen in  lH MR spectra of the prostate 
in vivo, is likely dom inated  by contam ination of triglycer
ide signals from periprostatic  fat.

The spectra ob ta ined  at TE = 135 ms show  alm ost only 
signal in tensity  for th e  m ethy l p ro tons of cholines and  
creatine next to the d o m in a tin g  peak  of citrate m ethy lene 
protons. The p resence  of signals of these com pounds 
could  be an tic ipa ted  from in vitro extract studies, e.g. (8, 
10“ 12). However, these s tu d ies  also revealed the p res
ence of o ther co m p o u n d s  in  prosta te  tissue at com parable 
am ounts, e.g. inosito l, tau rine , g lu tam ine , and  glutam ate
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and possibly polyamines, Because of T2 relaxation 
and/or ƒ m odulation, their signals are m uch attenuated in 
spectra obtained at TE = 135 ms. However, at shorter 
TEs, additional signals appear that can be assigned to 
some of these com pounds. In this respect, the situation is 
m uch the same as for XH MR spectra of the b ra in  obtained 
by the PRESS sequence. At longer TEs, signals for cho
line, creatine and iV-acetylaspartate are essentially the
only signals remaining in the  spectra.

In aH NMR spectra of extracts of norm al prostate 
tissue, significant signals are observed for lactate (12,13). 
However, the present in vivo results, obtained by single
voxel acquisition at TE — 135 ms, give no ind ication  for 
such signals. Lactate m ay have becom e “NMR invisible” 
in vivo, for instance because of m acrom olecular binding, 
but more likely its presence in  in vitro spectra is a con
sequence of the biopsy procedure.

A study concerning norm al prostate has b een  reported 
in which PRESS was used  for localization in  conjunction 
with a Helmholtz coil for signal reception  (14). In con
currence w ith our findings, no signs for the presence of a 
lactate signal in  spectra of the prostate were observed. 
Furthermore, slow ƒ m odu la tion  of the m ain  peaks of 
citrate in vivo was dem onstrated. Because of im proved 
resolution, both  this slow  m odu la tion  as w ell as the 
faster m odulation  of the  outer peaks of citrate could be 
m onitored in  the present study.

It is known that substantial amounts of divalent cations 
such as Mg2+, Ca2+, and Zn2+ are present in prostatic fluid 
(18). As observed in *H NMR spectra of citrate solutions, 
both the spin-spin coupling constant and the chemical-shift 
positions of citrate signals are sensitive to pH, but m uch 
more to complexation of citrate w ith these cations (27). The 
chemical-shift positions of citrate signals measured in vivo 
are similar to those m easured in vitro in  the presence of 
divalent cations, which indicates that, in  the prostate as 
well, citrate is complexed to these ions.

In a few volunteers, apparent relaxation tim es for water 
and metabolite pro ton  spins in the prostate have been 
estimated. Tt and  T2 relaxation tim es for w ater proton 
spins are close to values pub lished  previously by Kjaer et 
aL (28). Recently, spatially more precise Tz m easure
ments have been m ade show ing a longer T2 relaxation 
time for the peripheral zone com pared w ith  that of the 
central zone (29). Our T2 value is closest to th a t reported 
for the central zone, w h ich  is in  agreem ent w ith the  
location of the volumes from w hich  the m easurem ents 
have been made, The apparent 7 \ and  Tz relaxation times 
estimated for choline and creatine m ethyl p ro ton  spins 
are equal or som ew hat shorter than  and T2 relaxation 
times of the corresponding proton spins in XH  spectra of 
the adult hum an  brain  (30). For citrate m ethylene proton 
spins, a relatively short effective Ta value is found. As 
citrate efficiently b inds divalent cations (27*)-, this may be 
caused by trace am ounts of paramagnetic ions. The esti
m ation of these relaxation times provides starting values 
to set sequence tim ing in  aH MRS studies of the  prostate 
and to enable quantification of com pound levels.

Presently, few quantitative data of localized TH MRS of 
the healthy  h u m an  prostate in situ are available, Most 
studies have been  perform ed using the STEAM localiza
tion sequence (4, 9, 13, 29, 31). In a recent study by

ICurhanewicz et aL (32), quantitative data on the ratio of 
the citrate signal w ith respect to signal intensity at the 
choline and creatine position in spectra of zonal regions 
of healthy volunteers are presented using both STEAM 
and PRESS. Although experimental and processing con
ditions are som ewhat different from ours, the m ean ratios 
in both studies are fairly similar, Some estimates of the 
tissue content of citrate in the prostate have been m ade 
by localized 1H MRS (5, 29), but adequate evaluation of 
the complex citrate signal and correction for ƒ m odula
tion and T2 relaxation for this purpose have not been
fully realized yet.

Levels for choline and creatine com pounds in the pros
tate have not been reported until now. The concentra
tions for cholines and creatine in  the prostate estim ated 
by MRS in the present study are different from those 
determined for brain  tissue by the same method. The 
estimated choline concentration is higher and the creat
ine concentration lower than that found in brain (30). A 
substantial part of creatine in the prostate is phosphory- 
lated (1 2 , 33, 34), The most likely locations for creatine 
are the various smooth-muscle com ponents in the pros
tate, i.e., stromal and capsular muscle cells and m yoep
ithelial cells surrounding prostatic acini.

Previously, we performed 1Ii NMR of an extract of a 
normal prostate tissue specim en (1 2 ). We reanalyzed 
data of this sample to enable comparison w ith  the 
present in vivo results. From a fully relaxed lH NMR 
spectrum obtained from the sample at pH 7, the total 
creatine signal intensity (Cr) was determ ined. Further
more the signal intensity between 3,15 and 3.28 ppm  was 
determined, including contributions of all m ethyl pro
tons of various choline com pounds (Clio) but excluding 
contributions of taurine, inositol, and phosphoethano- 
lamine protons, A Cho/Cr ratio of 1.81 was found that is 
only slightly lower than the Cho/Cr ratio obtained by in 
vivo MRS measurem ents at TE — 135 ms. Because Clio 
and Cr methyl proton spins have similar T2 values, this 
indicates that the majority of signal intensity at about 3,2  
ppm  seen in spectra obtained in vivo at TE = ‘135 ms 
originates from choline compounds.

The results of the SI experiments show that high-qual
ity spectra can be obtained simultaneously from m ultiple 
locations in  the prostate. The present acquisition time to 
record a SI data set w ith  good signal-to-noise ratio at a 
nominal resolution of 1  cc was 13.6 m in at a TR of 1600 
ms. Obviously, based on the estimations of the effective 
Tr relaxation times of the main resonances, a better sig
nal-to-noise ratio per u n it  time can be achieved and thus 
spatial resolution may be enhanced, The acquisition of 
*H MR spectra of the hum an prostate at a spatial resolu
tion below 1  cc has been dem onstrated to be possible 
(32,35). Such resolution may be needed to match w ith  
the complex anatomy of the hum an prostate and w ith the 
heterogeneity of prostate pathology.

Variations in resonance intensity for distinct m orpho
logical locations in  the prostate become visible at a spa
tial resolution of about 1  cc. Most striking is the lower 
relative level of the citrate signal in spectra from the 
central/transition zone as compared to the peripheral 
zone. Recently, a similar difference in citrate signal lev
els between peripheral zone and central/transition zone
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has boon observed in other MRS «Indies (29, 32). The 
average citrate content in the peripheral part of the p ros
tate appears to be twice of the am ount in the central part 
(29). The same increase is found for the relative citrate 
signal in the present study. A higher citrate level in the 
peripheral zone presum ably is related to the presence of 
more g landular elem ents in this area (25). This also ex
plains w hy in the single-volume m easurem ents the ci
trate ratios are the highest in cases w ith most contribu
tions of peripheral zone tissue.

In conclusion, this study  on healthy individuals shows 
that, w ith PRESS localization and an endorectal coil, it is 
possible to perform detailed MR spectroscopic investiga
tions of a num ber of m etabolites in relevant parts of the 
hum an prostate. Data obtained in this way may serve as 
a reference for clinical applications of lH MRS to BPIT 
and prostate cancer (32, 35).
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