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170-decoupled proton MR spectroscopy and imaging were im-
plemented at 2 T. Their sensitivity and accuracy in vitro were
examined using semisolid tissue phantoms doped with H,*’0. A
double-tuned solenoidal coil was used to irradiate the same volume
of 0 and H nuclei, as well as to facilitate direct calibration of
the decoupling power. Decoupling efficiency was optimized as was
0 detection sensitivity. Decoupling was most efficient at RF am-
plitudes below 2.5 kHz (expressed as y[*'O] x H,), which is within
the limits of the acceptable specific absorption rate. Propagation of
error analysis demonstrated that O detection sensitivity is opti-
mal at a TE equal to the T, of O-depleted water protons. Based
on Meiboom’s work, a simple theory was formulated for estimating
the transverse relaxivity of H,*’O and the proton signal enhance-
ment produced by decoupling. There was excellent agreement be-
tween theory and experiment. Overall, ’O-decoupled spectroscopy
and imaging were highly sensitive and accurate in quantifying

H,Y0 in vitro. © 1997 Academic Press

INTRODUCTION

0 is a safe, nonradioactive oxygen isotope of nuclear
spin-3 (1). H,*O produces an O NMR signal, whereas
0, does not (2). Biophysicists have used direct O NMR
to measure the rate at which exogenous 'O, is converted to
H,*O by oxidative phosphorylation (3—8). O NMR has
also been used to measure tissue perfusion, capillary perme-
ability, and water homeostasis (4, 5, 8, 9). However, the
sensitivity of direct O NMR is poor because 'O nuclei
have a small gyromagnetic ratio (y[*H]/y[Y O] ~ 8), a
short T, relaxation time (<6 ms), and a low natural abun-
dance (0.037 at.%) (10, 11). Moreover, *’O quantitation by
direct methods is inaccurate due to quadrupolar interactions
and multiple-quantum coherences. More than 30 years ago,
Meiboom and co-workers showed that spin—spin coupling
(i.e., J coupling) between *’O and *H nuclei reduces proton
T,, relaxation times (12—16). Their observations provided
a strategy for detecting 'O indirectly—and with greater
sensitivity—by proton NMR.

* To whom correspondence should be addressed.

T,-weighted proton NMR methods have been used to
quantify relative H,’O concentrations in tissues in vivo
(3, 17-21). In these methods, errorsin the calculated H,*'O
concentration can arise from spatial misregistration and *’O-
independent changes in tissue T,. Ronen and Navon have
introduced a novel method for realizing the full potential of
indirect O detection by T,-weighted proton NMR (22).
Their method uses radiofrequency irradiation at the O reso-
nance frequency, applied during evolution of the proton spin
echo, to decouple [ *O—"H] spin—spin coupling and thereby
prolong proton T, relaxation times. Ronen and Navon have
shown that *’O-decoupled NMR can be used to detect H,*'O
in agueous phantoms at 8.4 T. To our knowledge, the decou-
pling method has not been critically evaluated with respect to
accuracy in quantifying H,*’O, optimization of experimental
parameters, or sensitivity for H,O detection. In this article
we formulate a theory of YO relaxivity and describe the
implementation of *’O-decoupled MR spectroscopy and im-
aging of semisolid tissue phantoms at a clinically relevant
magnetic field strength.

THEORY

H,'’O was modeled as a T,-type MR contrast agent. The
standard mathematical formalism for these agents at low
concentrations is

1 1
T—2=T—g+ R.f, [1]

where T$ is the proton T, of YO-depleted tissue, f is the
concentration of H,*0O, and R, is the transverse relaxivity
in units of (at.%) * s™*. We now derive an expression for
R, starting with Meiboom'’s equation for H,’O-dependent
changes in proton T,, (Eqg. [2] of Ref. 13). This equation
assumes that one of the following conditions obtains: (1)
proton exchangeisrapid, or (2) the proton spectrum is domi-
nated by a central line (i.e., the O atom fraction is very
low). Assuming a symmetric distribution of the *’O muilti-
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FIG. 1. Idedlized *H spectrum of *O-enriched water. Protons bound to
50 produce the dominant central peak at zero offset, whereas protons bound
to O are split into a sextet—one peak for each ’O nuclear spin state. In
deriving Eq. [ 2], these peaks are assumed to be of equal height, symmetri-
cally distributed about the dominant central peak, and separated by J = 26
= 91 Hz.

plet about the dominant central line and equal population of
the 'O spin states (see Fig. 1), evaluation of Meiboom's
Eq. [2] for w; = 0 yields

R_T_(Sz 1 9 4 25 [2]
7 3 \1+722% 1+97%2 1+ 25r22)"

where 7 is the proton exchange time and 6 = J/2. Burnett
and Zeltmann have measured an [Y'O—*H] J-coupling con-
stant of 91 Hz under fast exchange conditions (23). Figure
2 shows the variation of R, in Eq. [2] as a function of 7,
evaluated for J = 91 Hz. R, reaches a theoretical maximum
vaueof 3.9 (at.%) s *at 7 = 0.9 ms. Meiboom previously
reported a 7 of 1.1 ms (at 60 MHz) in YO-enriched water
at neutral pH (13).

Proton signa intensity in the absence (&) and presence
(Soc) of YO decoupling can be expressed by the equations

SJ=SeXp[—TE><<%)+R2f>] [3]

and

Soc = Sexp[—TEx (%ﬁ R.f x {1 - d}>] » [4]

where d is the efficiency of YO decoupling and S is the
proton signal intensity for TR > T, and TE < T,. Highly
efficient 'O decoupling effectively sets R, equal to zero.
The fractional change in proton signal intensity produced by

0O decoupling (denoted AS/S,, where AS= Sc — ) is
derived from Egs. [3] and [4],

%?= eXp(TE R, fd) — 1

[5]
which in the limit (TE R, fd) < 1 can be approximated by
AS/IS ~ TE R,fd. The YO atom fraction is determined
directly from S,c and & in Egs. [3] and [4] as follows:

IN(Soc/S)
f TERd [6]
Equations [5] and [6] were used to extract the absolute
H,*O concentration from ’O-decoupled proton MR spec-
troscopy and imaging data.

Propagation of error analysis was used to show how noise
in the MR measurement of § and Sy (both denoted o) is
propagated to an error in the determination of H,*’O concen-
tration (denoted o;):

2 2
szz <ﬁ> Ué—i— ( of ) U%.
0S 0Soc

Equation [7] assumes that noise associated with the mea-
surement of S, and S isthe same and is uncorrelated (i.e.,
the covariance is zero) (24). After substituting Eq. [ 6] into
Eq. [ 7], taking partial derivatives, and normalizing o; with
respect to f, we obtain

(7]

ﬂ _ Us(llszDC + 1/5%)1/2
f IN(Soc/S)

(8]

The quantity o¢/f is the normalized error in f. Substituting

R, [(atom %) s7]
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FIG. 2. Theoretical plot showing variation of R, with proton chemical
exchange time (7). Equation [ 2] was evaluated for 7 = 0.01-100 ms and

6 = 91/4x rad/s. The maximum value of R, = 3.9 (a.%) * s™* occurs at
7 =09 ms
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FIG. 3. Pulse sequence for *’O-decoupled proton MR spectroscopy and

imaging. Both sequences are based on a conventional 90°— 7—180°—
T—acquire spin-echo pulse sequence. A rectangular, low-power 'O decou-
pling RF pulse is applied between the 90° and 180° RF pulses and then
again between the 180° pulse and signal acquisition. For two-dimensional
MR imaging, the hard RF pulses used in spectroscopy are replaced with
truncated sinc pulses and the X, Y, and Z gradients are played out in the
usua manner.

Egs. [3] and [4] into Eq. [8] yields an explicit expression
for o;/f as a function of TE,

o _ (os)
f S

where we have introduced the substitutions

{1 + exp(—2Tdp)}*?
Tdg exp{ —T(1 + 8)} '

(9]

T=TE/T} and S = R,T3f.

The term o</Sin Eq. [9] represents the reciproca of the
signal-to-noise ratio (SNR) for the proton NMR measure-
ment.

MATERIALS AND METHODS

O-enriched water (25.7 at.%) was obtained from Isotech
(Miamisburg, Ohio); porcine skin gelatin and sodium azide
were obtained from Sigma (St. Louis, Missouri). Two hun-
dred microliter, semisolid tissue phantoms containing 5%
gelatin were prepared in 6 X 50 mm borosilicate glass tubes
and doped with *’O-enriched water to yield final *’O concen-
trations between 0.037 (natural abundance) and 2 at.%. The
pH was adjusted to 7.4 using sodium hydroxide. One milli-
molar sodium azide was added to prevent bacterial growth.

All experiments were performed on a2 T superconducting
magnet interfaced to a custom-built NMR spectrometer
equipped with a broadband transmitter. An eight-turn sole-
noidal RF coil was custom-built and double-tuned to the
0 (11.7 MHz) and *H (86.3 MHz) resonance frequencies,
according to the method of Schnall et al. (25). T, and T,
relaxation times were measured using 20-point spectroscopic
inversion recovery and conventional spin-echo sequences,
respectively. The *'O-decoupled proton NMR pulse se-
quence is shown in Fig. 3. O decoupling was performed

during evolution of the proton spin echo by applying asingle,
low-power, rectangular RF pulse at the 'O resonance fre-
quency. O decoupling amplitude was expressed as the
product y[*’O] X H,; (in units of kilohertz), where H, is
the RF magnetic field. The amplitude of the *’O decoupling
pulse was calibrated directly from the YO 90° pulsewidth
(denoted 7o) and RF attenuation; 7o was typicaly 16—22
us and RF amplitude was typically 0—30% of maximum.

For spectroscopy experiments, half-echoes containing
2048 data points were acquired at 5 kHz bandwidth and
processed with 3 Hz of exponential weighting. Peak heights
of the magnitude spectra were determined in the absence
and presence of 'O decoupling. TR was 12 s (~5T,) and
TE was 20—700 ms.

Proton MR imaging was performed using a conventional
spin-echo pulse sequence modified for O decoupling (see
Fig. 3). A cluster of three phantoms was placed in a custom-
built local gradient set which delivered a maximum gradient
strength of 8 G/cm aong the readout axis. The imaging
parameters were as follows: 1 mm dlice thickness, 2 X 2
cm field-of-view, 256 x 128 matrix, 20 kHz bandwidth, TR
=55, TE = 200 ms, and one signal average. Interleaved,
O-decoupled (3 kHz amplitude), and nondecoupled, asym-
metric echoes were acquired and processed with 3 Hz of
exponential weighting. Region-of-interest (ROI) measure-
ments were obtained for each phantom from a post-processed
image representing the natural logarithm of the ratio of im-
ages obtained with and without *’O decoupling (*‘log-ratio’”’
image). ROI values from the log-ratio image were plotted
as a histogram; the dominant peak in the histogram was
selected, and the mean value was obtained from the Gaussian
best fitting the selected peak.

RESULTS

There was a linear relationship between H,*O concentra-
tion and proton T, relaxation rate (correlation coefficient =
0.998) for the isotope-enriched semisolid gelatin phantoms
(Fig. 4). R, and T3 were calculated from the slope and y
intercept, respectively, of the line best fitting the plot of 1/
T, versus H,*’O concentration. The best-fit values of R, and
T9 were 3.3 (at.%) * s™* and 550 ms, respectively. H,*’O
had little effect on T, relaxivity: T, was approximately 2.5
s at al H,O concentrations, and R, was less than 0.01
(at.%) st

The effect of O decoupling amplitude on decoupling
efficiency was investigated using proton MR spectroscopy.
The fractional change in proton signal intensity (i.e., AS/
S), which was assumed to be a measure of *’O decoupling
efficiency, was examined for 'O decoupling amplitudes of
0-3.4 kHz, TR = 12 s, and TE = 600 ms. AS/S, reached
a stable plateau for al H,"O concentrations studied (Fig.
5A). At the highest H,"O concentration examined (2 at.%),
AS/S, reached a plateau at 2.3 kHz decoupling amplitude,
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FIG. 4. Proton relaxivity plots of H,*"O in semisolid gelatin phantoms
at 2 T. For concentrations between 0.037 and 2 at.%, H,’O produced a
linear increase in the transverse relaxation rate (1/T,, upper line), but
virtually no increase in the longitudinal relaxation rate (1/T,, lower line).
R, and R, for H,*"O were calculated from the slope of the line best fitting
the corresponding relaxivity plot.

whereas at the lowest H,*’O concentration (0.037 at.%—
natural abundance), the plateau was reached at 0.7 kHz.
Overal, we found that higher decoupling amplitudes were
required to reach the plateau in phantoms containing higher
H,'O concentrations. In subsequent experiments we used
decoupling amplitudes of 2—3 kHz. For the phantom con-
taining only natural abundance H,*'O (0.037 at.%), the per-
centage increase in proton signal intensity reached a maxi-
mum value of 12.4% at a decoupling amplitude of 1.7 kHz
(Fig. 5B).

The effect of TE on proton signa intensity was investi-
gated using *’O-decoupled MR spectroscopy. The fractional
and absolute changes in proton signal intensity (AS/S, and
AS, respectively) were examined in the *’O-enriched semi-
solid gelatin phantoms at a decoupling amplitude of 2.4 kHz,
TR = 12 s, and TE between 20 and 700 ms. Figures 6A
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FIG.5.

and 6B show plotsof AS/S, and ASversus TE, respectively.
As predicted by the solution to d(AS)/d(TE) = 0, AS
reached a maximum vaue a TE =~ In(1 + R, T3f)/
(Rxf). In contrast, AS/S, was an increasing function of TE
over the range 20—700 ms, as predicted by Eq. [5]. This
latter result leads to the absurd conclusion that an infinitely
long TE should be used to obtain optimal signal enhance-
ment.

To resolve this dilemma regarding the correct strategy
for optimizing TE and maximizing the sensitivity of the
decoupling method for H,*"O detection, we used propagation
of error analysis. Using Eq. [9], we determined the TE
(denoted TEgpr) that minimized o4/ f for values of 5 be-
tween 0.001 and 10 and O decoupling efficiencies of 10
and 100%. Values of S varied from 0.07 to 3.63 (dimen-
sionless) in the H,*’O-enriched semisolid gelatin phantoms.
Figure 7 shows plots of TEqer/ TS versus 5. We found that
TEoer ~ T3 for the range of 3 values most likely to be
encountered in vivo (i.e., 8 < 0.1), whereas TEgpr < T2
for g > 0.1.

The accuracy of the H,*O quantitation by *’O-decou-
pled proton MR spectroscopy was assessed in isotope-
enriched semisolid gelatin phantoms at 2.3 kHz decou-
pling amplitude. Theoretically predicted values of AS/S,
were calculated from Eq. [5] for TE = 600 ms, d =
100%, R, = 3.3 (at.%) ~* s™*, and the appropriate H,*’O
concentration. Agreement between theory and experiment
was excellent at all H,*’O concentrations except the high-
est concentration (2 at.%), where theory overestimated
the concentration by 20% (Fig. 8).

O-decoupled proton MR imaging was used to quantify
H,*’O concentrations in three isotope-enriched semisolid
gelatin phantoms. To reduce magnetic susceptibility artifacts
in the phantom assembly, the TE was reduced from 550 ms
(as recommended by propagation of error analysis; see Fig.
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Decoupling efficiency as afunction of ’O decoupling amplitude. (A) Fractional increase in proton MR spectroscopic signal intensity produced

by O decoupling (AS/S,) was determined for each of six phantoms containing different concentrations of H,*’O (see inset for symbol legend) and
decoupling amplitudes of 0—3.4 kHz. (B) Data from A for phantoms containing 0.037 and 0.2 at.% H,’O were replotted for better visualization. 'O
decoupling increased proton signal intensity by 12.4% in the phantom containing natural abundance *’O (lower curve in B).
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0 decoupling efficiency as a function of TE. Fractional increase (A) and absolute increase (B) in proton MR spectroscopic signa intensity

for phantoms containing six different concentrations of H,*"O (see inset for symbol legend) were determined at 50—700 ms TE and 2.4 kHz decoupling
amplitude. Plots of ASversus TE (B) revealed discrete maxima at TE ~ In(1 + R,T3f)/(R.f), whereas AS/S, (A) was an increasing function of TE

without discrete maxima.

7) to 200 ms. The optimal TE (~T9) for most tissues in
Vivo is expected to be less than 150 ms. Figure 9 shows the
log ratio of T,-weighted spin-echo images obtained in the
presence and absence of 3 kHz O decoupling. According
to Eq. [6], pixel intensity should be proportional to H,*O
concentration. Mean pixel values for each phantom in the
log-ratio image were determined by ROI analysis. These
values were substituted into Eq. [6] and used to calculate
the absolute H,’O concentration for each phantom, assum-
ing TE = 200 ms, d = 100%, and R, = 3.3 (at.%) * s .
Table 1 shows a comparison of actual H,*’O concentrations
and those calculated using the *’O-decoupled proton MR
imaging method. There was good correlation between the
actual and calculated values.

DISCUSSION

Our data show that the efficiency of *’O decoupling varied
with decoupling amplitude and H,*’O concentration: higher

0

TE/

0.01 0.1 1 10

B

FIG. 7. Optimization of TE by propagation of error analysis. Equation
[9] describes the relative uncertainty in the H,*O concentration (denoted
o+l f) as determined by *“O-decoupled proton MR. The TE minimizing o/
f was determined numericaly for values of the parameter 8 (=R,T3f)
between 0.001 and 10 and decoupling efficiencies of 10 and 100%. The
analysis shows that for 5 < 0.1 (the condition most likely to obtain in
vivo), the optimal TE is approximately T 3.

amplitudes were required to maximally decouple higher con-
centrations. These results differ from those of Ronen and
Navon, who showed that decoupling efficiency was indepen-
dent of H,’O concentration between 0.27 and 4.64 at.%
(22). Overal, we found that decoupling amplitudes between
0.7 and 2.3 kHz produced the most efficient decoupling.
These RF amplitudes satisfy the theoretical requirement for
efficient decoupling, mainly y[*’O] X H, > J, where J =
91 Hz. Moreover, these RF amplitudes are likely safe for
patients inasmuch as they fall within allowable limits for the
specific absorption rate at 1.5 T (26, 27). Our data do not
prove that *’O decoupling was 100% efficient. In fact, a
systematic underestimation of the true H,*’O concentration
would result from erroneously assuming a decoupling effi-
ciency of 100%.

Our efforts to optimize TE initialy led to contradictory
results. Propagation of error analysis provided a cogent strat-
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FIG. 8. Comparison of theoretical and experimental determinations of
H,YO concentration by *’O-decoupled proton MR spectroscopy. Experi-
mental data were acquired with 2.4 kHz decoupling amplitude and 600 ms
echo time. Theoretical data points were obtained from Eq. [5] for YO
atomic fractions between 0.037 and 2.0, assuming an R, of 3.3 (at.%) *
s™* and 100% decoupling efficiency. There is excellent agreement between
the theoretical and experimental results, except at the highest H,*O concen-
trations.
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FIG. 9.

0O-decoupled proton MR imaging. Phantoms containing *’O
atomic fractions of 0.4 (via A), 0.2 (vid B), and 0.037 (via C) were
immersed in a water-filled glass tube and imaged with and without 3 kHz
decoupling (TR = 5's, TE = 200 ms). The image depicts the natural
logarithm of the ratio image (*’O-decoupled/nondecoupled). According to
Eq. [6], pixel intensity should be proportional to H,*’O concentration. The
vial containing 0.4 at.% 'O (A) shows the highest signal intensity, whereas
the vial containing natural abundance 'O (C) shows the lowest intensity.

egy for optimizing TE and maximizing the H,*’O detection
sensitivity of the decoupling method. Under conditionslikely
to obtain in vivo, error analysis showed that the optima TE
was approximately equal to the T S of the tissue under investi-
gation. Ronen and Navon obtained a similar result using a
different analytical method (22).

RF coils double-tuned to the *’O and 'H resonance fre-
guencies have been used previously, but mainly to obtain
proton localization images or to shim the main magnetic
field in O NMR studies (3, 5, 7). To our knowledge, *'O-
decoupled proton NMR has not previously been imple-
mented with a double-tuned coil (28). Double-tuned coils
offer the advantage of decoupling and exciting the same (or
very similar) sample volumes and of reducing the hardware
required to implement the *’O decoupling method. Addition-
aly, double-tuned coils permit direct calibration of the 'O
decoupling pulse. Ronen and Navon, who used separate 'H
and O RF cails in their implementation of the decoupling
method, were unable to directly measure the absolute RF
amplitude of the 'O decoupling pulse.

The O detection sensitivity of the decoupling method
depends on the R, of H,*’O. We and others have previously
reported R, values of 2.3 to 3.3 (at.%) ' s™* for H,’O in
a variety of agueous media and at magnetic field strengths

between 0.6 and 8.4 T (22, 29-31). We have determined
that the theoretical maximum value for R, is 3.9 (at.%) *
s~*. Meiboom showed that R; is strongly dependent on pH,
achieving a maximum value near neutrality, and further-
more, that pH buffers can decrease R, by increasing the
proton exchange rate (12-14, 16, 29, 32). The neutral pH
of most biological tissues ensures that R, will reside near its
maximum val ue, although the plethoraof pH buffersin tissue
may reduce R,. Our semisolid tissue phantoms had an R; of
3.3 (at.%) * s, which corresponds to a proton exchange
time of 0.5 ms (Fig. 2); R, at the theoretical maximum
corresponds to an exchange time of 0.9 ms. The shorter
exchange time of the phantoms may be due to pH buffers
or impurities.

Reddy and co-workers have described an indirect method,
based on proton T, dispersion imaging, for measuring H,*’O
(30). Briefly, a pair of T,,~weighted images are acquired at
low (<0.5 kHz) and high (>1.2 kHz) spin-locking frequen-
cies; the pixel intensity of the log-ratio image is proportional
to the H,™O concentration. Despite their apparent differ-
ences, the T,, dispersion and 'O decoupling methods are
similar in many respects. The O decoupling pulse is analo-
gous to the proton spin-locking pulse; T,,-weighted images
acquired at high and low spin-locking frequency are analo-
gous to *’O-decoupled and nondecoupled images, respec-
tively; and the sensitivity for H,*’O detection by the decou-
pling method is proportional to TE R,d, whereas the sensi-
tivity of the T,, dispersion method is proportional to the
product of the spin-locking duration and R;, dispersion. Un-
like the decoupling method, the T, dispersion method can
be implemented without special hardware, such as a double-
tuned coil or broadband transmitter.

0O-decoupled proton MR spectroscopy and imaging show
great promise for accurate, highly sensitive, and noninvasive
quantitation of regional oxidative metabolism and tissue per-
fusion. Strategies for improving the speed and sensitivity of
the decoupling method, including the use of localized proton
spectroscopy, are currently being explored. The high cost of
O-enriched chemicals remains one of the major drawbacks
of the ’O-based methods. We and others have demonstrated

TABLE 1

Accuracy of H,’O Quantitation by *’O-Decoupled
Proton MR Imaging at 2 T

QO concentration (at. %)

Vid: A B C

Actual
Measured®

0.4%
0.42%

0.2%
0.23%

0.037%
0.024%

aH,Y0 concentrations in the phantoms were calculated from Eq. [6]
using ROl measurements from the log-ratio image depicted in Fig. 9, and
assuming R, = 3.3 (at. %) ' s* and d = 100%.
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the applicability of the *O-decoupling method for quantify-
ing ultralow H,'O concentrations in vitro and for detecting
exogenously administered H,>O in vivo (33-36). We are
currently using *’O-decoupled proton MR to quantify cere-
bral oxygen consumption in vivo.
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