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Proton-Decoupled *'P Chemical Shift Imaging of
the Human Brain in Normal Volunteers
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Proton-decoupled, *'P three-dimensional (3-D) chemical shift imaging (CSI) spectra have been acquired from the
entire human brain using a new dual tuned resonator. The resonator operates in quadrature mode to provide
improved sensitivity, excellent B, homogeneity, and reduced power deposition at both frequencies.
Proton-decoupled and fully NOE enhanced, *'P spectra were acquired from normal volunteers using Waltz-4
proton decoupling with continuous wave bi-level excitation applied through a second radio frequency channel.
Well resolved peaks in the phosphomonoester (PME) and phosphodiester regions were obtained from non-
localized FIDs and spectra localized with 3-D CSI without processing for resolution enhancement. pH
measurements made over large regions of the brain using the P, resonance show no significant variations
(6.9+0.02) for a single individual. The improved spectral resolution and sensitivity of the PME resonances
results in more well defined metabolite images of the PME peak region.

INTRODUCTION

It has been known for many years that proton decou-
pling will collapse the doublet, triplet, and higher order
multiplet structures imposed upon the spectra of 'P
and other low-y nuclei by neighboring 'H nuclei. These
J-couplings are typically 5-10 Hz which are greater than
the spectral linewidths which now can be achieved for
localized *'P spectra at 1.5 T. Recognizing this, Luyten
et al.! have used proton decoupling in conjunction with
a single voxel localization technique (ISIS) to obtain
well resolved *'P spectra from human muscle, liver,
brain and heart. Because of low spectral resolution in
the coupled case, the resonances in the phosphomo-
noester (PME) and phosphodiester (PDE) regions
generally produce broad peaks which cannot be
assigned to specific compounds. Using proton decou-
pling during acquisition and resolution enhancement of
the processed spectra, they were able to observe well-
resolved resonances of phosphocholine (PC), phos-
phoethanolamine (PE), glycerophosphocholine (GPC)
and glycerophosphoethanolamine (GPE) from a
200 cm”® voxel in the brain. In addition to improvements
in spectral resolution from decoupling, phosphorus
sensitivity may also be enhanced during proton irradia-
tion via the nuclear Overhauser effect (NOE), which,
in the case of dipolar coupling, can increase the *'P
signal by one-half the ratio of their gyromagnetic ratios,
or 1.24.%2 Partial NOE enhancement occurs when using
proton decoupling, because of partial saturation of the
proton resonances. Luyten et al., however, evidently
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observed little NOE enhancement, owing to their long
recycle time (3.0-3.5s). Partial NOE enhancement of
phosphorus metabolite resonances from a single
125cm® voxel in the brain has been observed by
Merboldt and co-workers using a STEAM sequence,’
with similar results having been observed in muscle,’
although in neither case was any proton irradiation
applied outside of the data acquisition period.

We have developed localized, proton-decoupled *'P
spectroscopy of the human brain which differs from
previous studies in several respects. We use chemical
shift imaging (CSI) techniques® " to obtain spectra
from smaller localized voxels. The three-dimensional
(3-D) CSI technique uses a simple pulse sequence (an
excitation pulse, followed by short phase encoding
gradient pulses in three dimensions) to obtain a 3-D
array of multiple spectra from contiguous voxels
throughout the subject under study. The spectral infor-
mation of these voxels can then be converted into
images of individual metabolites.'""* To the CSI
sequence we have added proton decoupling during the
acquisition period using Waltz-4 modulation."
Additionally, we use low-level continuous wave (CW)
excitation between acquisition periods for full NOE
enhancement. This ‘bi-level’ proton excitation provides
both improved spectral definition with decoupling and
improved sensitivity from collapse of multiplets to sin-
gle resonances and NOE enhancement. Finally, we
obtain additional sensitivity from the brain using a new
quadrature dual tuned head coil, which has been deve-
loped in our laboratory.'” "™ Operating in quadrature
mode at both the 'H and *'P frequencies, this resonator
provides both improved sensitivity during reception
and lower power deposition for broadband decoupling.
The resonator has also been used to shim the static field
and acquire high-quality 'H images, greatly facilitating
our examination protocols. Here, we present coupled
and proton-decoupled spectra from CSI examinations
of two volunteers at 43 and 18 cm* voxel size to provide

Received 3 March 1992
Accepted (revised) 11 December 1992




174

Mixer Decoupler Transmitter

10 HMHz
Time Base

PTS 300

Waitz-4
Waveform
Generator

Decot
ee;‘:glev> L /1>

Bilavel Conlrol

31p Tuned Amplitier

Quadrature
Duplexer

[ Transmitter

Quadrature Duplexer

3P FID

Lowpass filter

Transmitter IN o Port A
Hybrid
180 90 Port B
IN 0°
a2
Hybrid
Receiver <a— ISO 90° -

Figure 1. Second radio frequency channel integrated into the
Siemens Magnetom transmitter/receiver electronics for acqui-
sition of proton-decoupled 31p gpectra.

voxel-by-voxel comparisons and also to demonstrate
the spectral improvements from decoupling and NOE
and the improved sensitivity of the quadrature coil.

METHODS

All CSI examinations were performed with a 1.5T
Siemens Magnetom clinical imager/spectrometer (Sie-
mens AG, Erlangen, Germany). To this was added a
second RF channel, shown in Fig. 1. This RF channel
was developed and configured to provide the constant
amplitude phase modulated proton-decoupling power
during the acquisition of phosphorus signals and also
the low power CW or bi-level excitation between acqui-
sitions for NOE enhancement. Broadband decoupling
was implemented using Waltz-4 modulation" gated
with a sequence programmable signal from the spectro-
meter. Between acquisitions, low-level CW power was
gated by delivering a constant offset current to the
mixer. Decoupler power was derived from a 10W
transmitter (Amplifier Research, Souderton, PA),
which was limited by driving the transmitter into satu-
ration during decoupling. The transmitter’s output was
bandpass filtered at the proton frequency to eliminate
harmonics and noise at the phosphorus frequency,
monitored with a Bird Model 442 watt meter (Bird
Electronic Corp., Cleveland, OH), and fused near the
coil to limit power. When acquiring proton-decoupled
3p FIDs and CSI data sets, 13 W of decoupling power
were delivered during acquisition (0.256s) and 1.5W
CW power between acquisitions (0.744s). Total aver-
age power delivered to the coil was 4.4 W, yielding
specific absorption rates (SAR) of 1.0-1.5Wikg,
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assuming all power was absorbed by the head. This
provided a nominal decoupling bandwidth of +200 Hz
(1.25 ms 90° clock cycle) for the Waltz-4 sequence.

Images and spectra were acquired using a custom-
built, dual tuned birdcage resonator,'™® which oper-
ates in quadrature (circularly polarized) mode simul-
tancously at both *'P and 'H frequencies (25.7 and
65.7 MHz, respectively). The coil is a four-ring bird-
cage design with both the inner and outer structures in
the low-pass configuration. The coil has 16 legs, an
inner ring spacing of 12.5 cm, an overall length (outer
ring spacing) of 25 cm, and a diameter of 26.7 cm. From
computed field plots, the B, field distribution at the
phosphorus frequency is similar to that of a 12.5cm
long conventional two-ring birdcage.*"® The B, field
distribution at the proton frequency is homogeneous
over the brain to within +10%, providing uniform
decoupling of the proton resonances.'® As indicated in
Fig. 1, each of the quadrature duplexers for the coil
employs two quadrature hybrids (Triangle Microwave,
East Hanover, NJ) and duplicate quarter-wavelength,
crossed-diode networks" for transmit/receive switch-
ing. Two such duplexers were constructed, one for each
of the NMR frequencies. Custom built low-pass filters
with matched characteristics were installed between the
coil and phosphorus receiver circuitry to reduce the
level of the decoupling signals passing through the coil
and entering the receiver circuitry. Phosphorus signals
were combined in the receiver hybrid and passed to a
Siemens preamplifier tuned to the 3P frequency
(NF=1.3dB). For acquisition of 3P data, two four-
pole Butterworth audio filters with matched gain and
matched bandwidths of 1kHz were constructed and
used in place of the Siemens filters for optimum detec-
tion bandwidth and rapid recovery.

At the beginning of an examination, the subject was
positioned, and the coil tuned and isolated (mode
aligned) at both the phosphorus and proton frequen-
cies. Scout 'H images were acquired for positioning.
Then, a series of T-weighted (400/17) proton images
were acquired for anatomical referencing and metabo-
lite image overlays, with nine images acquired in each
of the three orientations. The 'H water signal from the
head was used to shim the static B, field to 2025 Hz
(linewidth at half-height). Upon switching to the phos-
phorus frequency the frequency of the decoupler was
set to 1.0 ppm below the water resonance, in the region
of the proton spectrum occupied by protons coupled to
the phosphates of the PMEs and PDEs. Non-localized
FIDs were acquired, both coupled and decoupled,
using a rectangular 250 us pulse, 512 points, 64 acqui-
sitions and a TR of 1s. The voltage of the pulse was
adjusted to provide a tip angle of 40° at the center of
the coil (the Ernst angle for 7\, = 45). 3-D CSI data sets
were then acquired using the same 250 us RF pulse
followed by triangular 2.1 ms phase encode gradients
applied in each of the three orientations and acquisition
of 512 data points (256 ms). CSI data sets were
acquired in 8 X8 X8 arrays with six acquisitions per
phase encode step and a TR= 1 s for a total acquisition
time of 51 min. Data were transferred off-line for
archiving, processing and display. All examinations
were performed under institutional review board
approval.

All data, including images and spectra, were pro-

cessed on a VAX 8800 (Digital Equipment, Inc.. |
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Maynard, MA) using software developed in this
laboratory.'"*** To process the four-dimensional CSI
data sets, raw data were first Fourier transformed in the
three spatial dimensions. Five initial time points of each
FID were then zeroed and a (1-5 Hz) Lorentzian filter
applied before final Fourier transformation of the time
dimension. The phasing parameters for the spectrum of
the non-localized FID were used to phase all spectra in
the CSI array. The rolling baseline caused by the
absence of the five initial time points was removed by
first fitting a baseline to each CSI spectrum using a
linear-quadratic estimator’' outside the peak regions
identified in the non-localized spectrum and then sub-
tracting the baseline estimate from the spectrum.
Smaller arrays of spectra were extracted and displayed
on the same scale for voxel-by-voxel comparison of
coupled and decoupled data. Chemical shifts of P; were
measured relative to the phosphocreatine (PCr) peak
position, which was set to —2.52ppm (phosphoric
acid=0.0 ppm), and were converted to pH using a
Henderson-Hesselbach equation with the parameters
pK,=6.718, 0,44=0.591 and O, atine = 3.187.

Metabolite images were constructed for single ip
resonances using peak area estimates from each spec-
trum in a 16 X 16 X 16 array (the original 8 X 8 X 8 zero-
filled once in each spatial dimension). A modified
PIQABLE algorithm™-' was used for automatic base-
line estimation (linear-quadratic) and estimation of the
peak areas for all spectra. Initial estimates of the peak
regions were made from the non-localized FID. The
algorithm then estimated the baseline and refined the
peak regions for the spectrum of each voxel. Using
these baseline estimates and peak regions, the algor-
ithm then returned the maximum integral in the peak
region as an estimate for the peak area of each metabo-
lite. An image was then created by interpolating the
16 X 16 X 16 array of area estimates to 32 X 32 x 32 and
the output displayed in three orientations as multi-slice
metabolite images or as color overlays upon the proton
image for direct correlation with anatomy. For display
of metabolite images, negative signals (due to noise)
were set to zero.

RESULTS

To demonstrate improvements in the quality of *'P
spectra from proton irradiation, coupled and proton-
decoupled data were acquired consecutively within sin-
gle examinations of several volunteers to provide both
non-localized and voxel-by-voxel comparisons.
Consecutive CSI data sets were acquired from one
volunteer at 43 cm® (3.5cm x3.5¢m x 3.5 cm) resolu-
tion, and the non-localized FIDs for this individual,
coupled and decoupled, are shown in Fig. 2. The
greatest improvements in resolution are in the PDE
and a-NTP peak regions where individual resonances
can now be observed. In addition, the sensitivity of the
PME region is clearly enhanced and the region is better
resolved. The PCr peak shows a ca 30% increase in
signal intensity. In Fig. 2(c) the decoupled spectrum
was further processed using convolution difference to
remove the broad component in the baseline, and
Gaussian and exponential multiplication in the time-
domain for resolution. The processing parameters used

(see figure legend) were chosen so that we could com-
pare our results with those of Luyten et al.' The
agreement is excellent, particularly in view of the fact
that we are comparing a spectrum from the whole
head with one localized to 200 cm’ in the left cerebral
hemisphere.

Similar results can be observed in a comparison of
spectra from the individual CSI voxels. Coupled and
decoupled spectra from four voxels along the midline of
the brain, as indicated in the images of Fig. 3, are
presented on the same scale in Fig. 4. As in the non-
localized case, well resolved resonances appear in the
proton decoupled PME, PDE, and a-NTP peak regions
making it possible to assign these resonances to indivi-
dual metabolites. No resolution enhancement has been
used so that the peak areas of these resonances are
quantifiable. In addition to the improved spectral reso-
lution, there is an increase in signal intensity from NOE
enhancement for some of the resonances. In the four
spectra shown in Fig. 4, the PCr peak increased in
intensity by 30£10% (means=SD) upon proton irra-
diation, but no significant line narrowing was observed.
Little or no NOE enhancement was observed for any of
the NTP peaks. The broad linewidths of the PME and
PDE peaks and their low sensitivity in the coupled case
makes comparisons of areas from a single voxel unreli-
able for NOE measurement. Further, the oscillating
baseline originating from the five zeroed early time
points introduced significant errors in the estimated
peak areas of broad resonances. To provide better
NOE estimates, spectra from all the voxels in the same
axial slice were added together to increase sensitivity.

PCr
PDE
Pi
PME
(b)
GPE
PE
ch ?PC
B
Vo
(c)
T T ] T 1 T T T
8 4 0 -4 -8 -12 -16 -20

ppm

Figure 2. Non-localized *'P spectra from the entire head dis-
played with the same vertical scale: (a) coupled and (b) proton-
decoupled, processed with no line broadening, and (c) the
proton-decoupled data of (b) processed using 200 Hz Gaussian
deconvolution (0.8 subtraction factor) followed by 6 Hz
Gaussian and —5 Hz exponential filters.
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(a)

Figure 3. T, weighted proton images of the brain (a) in the sagittal and (b) in the axial orientations for the 43 cm?®
(3.5 cm x 3.6 cm x 3.5 cm) examination. The grid indicates the position of the CS! array after voxel shifting of CSI

spectra; highlighting indicates the slice and position o

The areas of various peaks were then determined in the
irradiated and non-irradiated cases to estimate the
NOE enhancements for this individual, which were ca
60, 25 and 25% for PME, P; and PCr, respectively. The
peak areas of the NTP resonances were the same to
within 10%. Even with the addition of the spectra, it
was still not possible to evaluate the NOE enhancement
in the PDE region because of the presence of a broad
peak believed to originate from partially motionally
narrowed resonances of phospholipidsz2 in the coupled
spectrum. The static field homogeneity in the brain
could be followed by monitoring the linewidth of the
PCr peak. In Fig. 4(b), the third voxel is better
shimmed than the others, possibly due to the absence
of nearby air-tissue interfaces. The natural linewidth of
PCr for this voxel was ca 3 Hz. The PME region of this

(a) (b)
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Figure 4. {a) Coupled and (b) decoupled CSI spectra at 43 cm?
voxel size from the voxels highlighted in Fig. 3 displayed on the
same scale. Both CSl data sets were acquired consecutively
from the same volunteer with identical acquisition parameters,
except for proton irradiation. Filtering in the time-domain for
both sets consisted only of a 3 Hz Lorenzian. Baselines esti-
mated for each spectrum have been subtracted.

(b)

f the voxels from which the spectra in Fig. 4 were taken.

spectrum shows peaks at the chemical shifts expected
for PE and PC (4.32 and 3.79 ppm, respectively).
Although this does not constitute absolute proof that
these peaks correspond to these compounds, they are
well known to exist in the brain® and are by far the
most likely assignments for these two resonances. The
PDE region similarly shows two peaks resolved with
chemical shifts appropriate for GPC and GPE (0.49
and 1.03 ppm, respectively).

At higher spatial resolutions the increased resolution
and sensitivity from proton irradiation can be used to
improve the quality of the metabolic images con-
structed from the data. To demonstrate this, coupled
and decoupled CSI spectra were acquired at 18 cm’
(2.6 cm X 2.6 cm X 2.6 cm) voxel resolution in consecu-
tive 51 min examinations from a second volunteer.
Coupled and decoupled spectra from an axial slice at
approximately the same elevation in the brain as the
first volunteer are shown in Figs 5(a) and (b), respecti-
vely. Metabolite images of the entire PME peak region
were constructed from both data sets without spatial
filtering or correction for the field profile of the coil and
are shown on the same scale in Fig. 6. As one can see,
the axial profile of the head is far better defined in the
decoupled case than the coupled case, owing to both
the improved resolution and signal intensity of the
PME metabolites. Some increased signal intensity
results from the increased B, field around the periphery
of the head. Some variations in intensity of the images
in the region of the head are related to errors in
baseline estimates, and some decrease in intensity of
phosphates in the mid-brain region results from the
presence of the ventricles. In both the coupled and
decoupled data sets, the chemical shift of P; could be
determined more reliably in better shimmed voxels. In
the presence of proton irradiation, however, more
determinations could be made at this voxel resolution
with the improved resolution of the PME and PDE
resonances on either side of the P, resonance. In the
present circumstances, no significant variations were
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: volunteer at 18 cm” (2.6 cm X 2.6 cm X 2.6 ¢cm) resolution. Spectra were taken from an axial slice

and at approximately the same elevation in the brain as the 43 cm? data set (see Fig. 3). The FIDs

€€, ‘. were zero filled to 1024 points and filtered with a 5 Hz Lorenzian. Baselines estimated for each

- the | spectrum have been subtracted, and only the center 6 x 6 array of spectra of a single 8 x 8 slice

. oth are shown.

:\t.he seen in the P; peak position for this individual; its mean examination movement of the subject. The sensitivity
sty position and SD were 2.28+0.05 ppm, which corre- of this coil is 100£5% at the phosphorus frequency and
ery sponds to a pH of 6.9%£0.02. 85+5% at the proton frequency compared with equiva-
ges lent single tuned coils, and power deposition in the
, "} head at the proton frequency is approximately a factor
' O of two lower than a coil operating in linear mode; e.g.,
the DISCUSSION a crossed Helmholtz design. This has made it possible
‘n‘])d to remain well within the FDA guidelines for power
; Ie Acquisition of decoupled spectra in these studies was deposition while obtaining both full decoupling and
- facilitated with the use of the dual tuned head coil NOE. The high *'P sensitivity meant that we achieved
.ore operating in circularly polarized mode at both the virtually all of the increased sensitivity possible from
XIOE phosphorous and proton frequencies. The acquisition the proton irradiation.

‘[D of proton images as well as the decoupling permitted by The effects of proton irradiation on the *'P spectra,
the this resonator greatly simplifies the overall examination both localized and non-localized, are two-fold: the

improved spectral resolution due to the collapse of the
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'H-3'P multiplet structures and an increase in peak
amplitude from NOE enhancement. These two effects
arise from quite different interactions and thus are
induced by different proton power levels. To achieve
decoupling, the power level must be sufficient to aver-
age out a J coupling of 10 Hz. This means proton B,
fields should be strong enough to average out a proton’s
spin state in <100 ms. The NOE enhancement on the
other hand can be achieved by only saturating the
proton spins. This requires substantially less power
since the typical T is 500 ms. Thus, bi-level power was
used: 13'W during acquisition to achieve decoupling
and 1.5 W during recovery to maintain proton satu-
ration. Assuming water protons are the dominant
relaxation pathway for *'P in tissue,* we can estimate
the effects of our CW radiation 1 ppm downfield from
water.> Taking a 7,=500ms and a T,=50ms, the
water protons are >90% saturated by this radiation.
The same computation would yield a saturation of 99%
using the magnitude of the decoupling field (200 Hz),
although the saturation effect of this irradiation is
complicated by the Waltz-4 modulation. Nevertheless,
we should thus be observing at least 90% of any
possible NOE from water protons. Bi-level irradiation
with CW was chosen over other 'H excitation, such
non-selective 180° pulses.” because of its ease of imple-
mentation, the relatively small power it contributes
(25% of total), and its independence of the TR and the
T,s of the individual metabolites. Although we have
not yet studied enough individuals to report population
values for the NOE enhancements in brain, the
observed differences in NOE enhancements between
the individuals we have studied appear to be small.
Interestingly, while NTP exhibits almost no NOE
enhancement in brain, a significant NOE enhancement
is observed in calf muscle.***? This tissue difference
means that a localized study is needed to determine the
NOE enhancements in the brain, since any measure-
ments on the whole head would be contaminated by

muscle.

(a)

Decoupling of the 'H-*'P multiplet structure is par-
ticularly useful in the PME and PDE regions. As can be
seen from the spectra shown in Figs 2, 4 and 6,
substantial improvements in resolution, and thus,
metabolite identification, are apparent. The PDE
region shows two narrow peaks which correspond in
chemical shift to GPE and GPC. These peaks overlap a
much broader peak which presumably arises from the
head groups of the phospholipids in the cell
membranes.” The PME region similarly shows two
peaks which have chemical shifts appropriate for PE
and PC at pH 7. PE and PC are known to exist in brain
(PE at a concentration of 1.1 mm),> thought to be
altered in tumors,®** and may be involved in some of
the fundamental processes involving cell division.” The
ability to distinguish and measure the amounts of these
compounds present in brain tumors may provide a
unique window to the biochemistry of this important
class of brain pathologies. Since animal experiments
suggest the relative amounts of PC or PE can be a
measure of therapeutic response,” the ability to meas-
ure the two compounds individually is potentially of
great importance. Although our processing software
does not now separate the individual resonances of
these compounds. future developments which will
apply techniques to resolve multicomponent lines to
the individual spectra from each voxel will permit us to
determine the spatial distributions of each of these
compounds individually.

In addition to the increase in resolution in the PME
and PDE regions, the reduction of overlap with the P;
peak improves our ability to observe P, in voxels
throughout the brain. Resolving P; accurately makes it
possible to determine both its spatial distribution and,
from its chemical shift, the regional pH, a parameter of
considerable importance for many brain dysfunctions.
It is likely that the P, concentration is also a parameter
of considerable importance since it is so closely coupled
to the amount of available metabolic energy through
the NTP free energy. In animal model studies, strong

(b)

Figure 6. Metabolite images of PME constructed from (a) coupled and (b) the decoupled CSI datasets of Figs 5(a)
and (h) resnectivelv. Intensities are scaled to the maximum intensity of the decoupled data.
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correlations have been observed between the P,/NTP
ratio and various measures of brain function.” Thus, it
is reasonable to expect that P, will be a sensitive
measure of regional brain metabolism.

In summary, the improved sensitivity and resolution
from bi-level decoupling has made it possible to
identify individual resonances in previously featureless
regions. Although we previously have been able to
obtain PME images from coupled spectra, the decou-
pled data clearly improves their sensitivity, as the
images in Fig. 6 illustrate. In addition, we are now able
to observe more clearly the P; peak. These results
demonstrate that the addition of proton bi-level decou-
pling to *'P CSI examinations, particularly in the brain,
produces a substantial improvement in data quality and

interpretation which more than compensates for the
added technical complexity.
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(a)

Figure 3. T, weighted proton images of the brain (a) in the sagittal and (b) in the axial orientations for the 43 cm?®
(3.5cmx3.5cmx3.5 cm) examination. The grid indicates the position of the CSl array after voxel shifting of CSI
spectra; highlighting indicates the slice and position of the voxels from which the spectra in Fig. 4 were taken.

The areas of various peaks were then determined in the
irradiated and non-irradiated cases to estimate the
NOE enhancements for this individual, which were ca
60, 25 and 25% for PME, P, and PCr, respectively. The
peak areas of the NTP resonances were the same to
within 10%. Even with the addition of the spectra, it
was still not possible to evaluate the NOE enhancement
in the PDE region because of the presence of a broad
peak believed to originate from partially motionally
narrowed resonances of phospholipids22 in the coupled
spectrum. The static field homogeneity in the brain
could be followed by monitoring the linewidth of the
PCr peak. In Fig. 4(b), the third voxel is better
shimmed than the others, possibly due to the absence
of nearby air-tissue interfaces. The natural linewidth of
PCr for this voxel was ca 3 Hz. The PME region of this

(a) (b)
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Figure 4. (a) Coupled and (b) decoupled CSI spectra at 43 cm?®
voxel size from the voxels highlighted in Fig. 3 displayed on the
same scale. Both CS| data sets were acquired consecutively
from the same volunteer with identical acquisition parameters,
except for proton irradiation. Filtering in the time-domain for
both sets consisted only of a 3 Hz Lorenzian. Baselines esti-
mated for each spectrum have been subtracted.

(b)

spectrum shows peaks at the chemical shifts expected
for PE and PC (4.32 and 3.79 ppm, respectively).
Although this does not constitute absolute proof that
these peaks correspond to these compounds, they are
well known to exist in the brain* and are by far the
most likely assignments for these two resonances. The
PDE region similarly shows two peaks resolved with
chemical shifts appropriate for GPC and GPE (0.49
and 1.03 ppm, respectively).

At higher spatial resolutions the increased resolution
and sensitivity from proton irradiation can be used to
improve the quality of the metabolic images con-
structed from the data. To demonstrate this, coupled
and decoupled CSI spectra were acquired at 18 cm’
(2.6cmx2.6cmXx2.6 cm) voxel resolution in consecu-
tive 51 min examinations from a second volunteer.
Coupled and decoupled spectra from an axial slice at
approximately the same elevation in the brain as the
first volunteer are shown in Figs 5(a) and (b), respecti-
vely. Metabolite images of the entire PME peak region
were constructed from both data sets without spatial
filtering or correction for the field profile of the coil and
are shown on the same scale in Fig. 6. As one can see,
the axial profile of the head is far better defined in the
decoupled case than the coupled case, owing to both
the improved resolution and signal intensity of the
PME metabolites. Some increased signal intensity
results from the increased B, field around the periphery
of the head. Some variations in intensity of the images
in the region of the head are related to errors in
baseline estimates, and some decrease in intensity of
phosphates in the mid-brain region results from the
presence of the ventricles. In both the coupled and
decoupled data sets, the chemical shift of P; could be
determined more reliably in better shimmed voxels. In
the presence of proton irradiation, however, more
determinations could be made at this voxel resolution
with the improved resolution of the PME and PDE
resonances on either side of the P; resonance. In the
present circumstances, no significant variations were
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'H-'P multiplet structures and an increase in peak
amplitude from NOE enhancement. These two effects
arise from quite different interactions and thus are
induced by different proton power levels. To achieve
decoupling, the power level must be sufficient to aver-
age out a J coupling of 10 Hz. This means proton B,
fields should be strong enough to average out a proton’s
spin state in <100 ms. The NOE enhancement on the
other hand can be achieved by only saturating the
proton spins. This requires substantially less power
since the typical T is 500 ms. Thus, bi-level power was
used: 13 W during acquisition to achieve decoupling
and 1.5 W during recovery to maintain proton satu-
ration. Assuming water protons arc the dominant
relaxation pathway for *'P in tissue,”* we can estimate
the effects of our CW radiation 1 ppm downfield from
water.” Taking a 7,=500ms and a T,=50ms, the
water protons are ~90% saturated by this radiation.
The same computation would yield a saturation of 99%
using the magnitude of the decoupling field (200 Hz),
although the saturation effect of this irradiation is
complicated by the Waltz-4 modulation. Nevertheless,
we should thus be observing at least 90% of any
possible NOE from water protons. Bi-level irradiation
with CW was chosen over other 'H excitation, such
non-selective 180° pulses,” because of its ease of imple-
mentation, the relatively small power it contributes
(25% of total), and its independence of the TR and the
T,s of the individual metabolites. Although we have
not yet studied enough individuals to report population
values for the NOE enhancements in brain, the
observed differences in NOE enhancements between
the individuals we have studied appear to be small.
Interestingly, while NTP exhibits almost no NOE
enhancement in brain, a significant NOE enhancement
is observed in calf muscle.****" This tissue difference
means that a localized study is needed to determine the
NOE enhancements in the brain, since any measure-
ments on the whole head would be contaminated by
muscle.

(@)

Decoupling of the 'H-'P multiplet structure is par-
ticularly useful in the PME and PDE regions. As can be
seen from the spectra shown in Figs 2, 4 and 6,
substantial improvements in resolution, and thus,
metabolite identification, are apparent. The PDE
region shows two narrow peaks which correspond in
chemical shift to GPE and GPC. These peaks overlap a
much broader peak which presumably arises from the
head groups of the phospholipids in the cell
membranes.2 The PME region similarly shows two
peaks which have chemical shifts appropriate for PE
and PC at pH 7. PE and PC are known to exist in brain
(PE at a concentration of 1.1 mm),> thought to be
altered in tumors,? " and may be involved in some of
the fundamental processes involving cell division.” The
ability to distinguish and measure the amounts of these
compounds present in brain tumors may provide a
unique window to the biochemistry of this important
class of brain pathologies. Since animal experiments
suggest the relative amounts of PC or PE can be a
measure of therapeutic response,” the ability to meas-
ure the two compounds individually is potentially of
great importance. Although our processing software
does not now separate the individual resonances of
these compounds, future developments which will
apply techniques to resolve multicomponent lines to
the individual spectra from each voxel will permit us to
determine the spatial distributions of each of these
compounds individually.

In addition to the increase in resolution in the PME
and PDE regions, the reduction of overlap with the P;
peak improves our ability to observe P; in voxels
throughout the brain. Resolving P, accurately makes it
possible to determine both its spatial distribution and,
from its chemical shift, the regional pH, a parameter of
considerable importance for many brain dysfunctions.
It is likely that the P; concentration is also a parameter
of considerable importance since it is S0 closely coupled
to the amount of available metabolic energy through
the NTP free energy. In animal model studies, strong

()

Figure 6. Metabolite images of PME constructed from (a) coupled and (b) the decoupled CSI datasets of Figs 5(a)
and (h) resnectivelv. Intensities are scaled to the maximum intensity of the decoupled data.
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