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The apparent concentration of lithium (Li) in vivo was deter-
mined for several regions in the brain and muscle of rats by 7Li
NMR imaging at 4.7 T with inclusion of an external standard of
known concentration and visibility. The average apparent concen-
trations were 10.1 mM for muscle, and 4.2–5.3 mM for various
brain regions under the dosing conditions used. The results were
compared to concentrations determined in vitro by high-resolution
7Li NMR spectroscopy of extracts of brain and muscle tissue from
the same rats. The comparison provided estimates of the 7Li NMR
visibility of the Li cation in each tissue region. Although there was
considerable scatter of the calculated visibilities among the five
rats studied, the results suggested essentially full visibility (96%)
for Li in muscle, and somewhat reduced visibility (74–93%) in the
various brain regions. © 1998 Academic Press

Key Words: visibility; bipolar disorder; manic-depressive; lith-
ium analysis; quadrupolar.

INTRODUCTION

Lithium (Li) is the treatment of choice for manic-depressive
illness, also called bipolar disorder (1). Li treatment is usually
monitored by determining the serum concentration of the ion.
Although relatively easy and inexpensive to measure, the con-
centration in serum may be less than ideal for monitoring
treatment. The magnitude of the pharmacologic effect of a drug
depends on the concentration at the receptor sites in the target
tissue, which may not be reflected in the serum concentration.
Thus, the concentration of Li in the brain may be a better
measure of Li therapy or toxic effects (2, 3). There is a need for
a noninvasive,in vivomeasure of Li concentration, particularly
one that can be applied to humans.In vivo 7Li NMR spectros-
copy and imaging, which have been under development in
several laboratories including our own, are potentially such
methods (see Refs.4 and 5 for reviews). Recentin vivo 7Li
NMR spectroscopic results for humans on Li therapy confirm
that the correlation between serum and brain Li concentrations
is weak or nonexistent (6, 7).

One advantage of NMR spectroscopy relative to other spec-
troscopies is that, when properly acquired, the NMR signal
usually is proportional to the number of atoms of a given
species. Sodium-23 and39K NMR studies on a wide variety of
tissues have shown that the ion concentration determined from

the NMR signal intensity is often substantially less than that
determined by other analytical methods (8, 9). Lithium-7 has
substantially different NMR properties from those of23Na or
39K, which suggest that its visibility may, at most, be only
slightly reduced from 100% in biological tissues, as has been
observed in erythrocytes under certain conditions (10–12). The
extent to which the7Li NMR signals from biological tissues
exhibit reduced visibilityin vivo has not been determined.

We have reported initial, primarily qualitative results on7Li
NMR imaging, localized spectroscopy, and spin relaxation at
4.7 T in vivo on rat brain (13) under a variety of experimental
conditions, without confirmation by chemical analysis. We
recently reported apparent concentration ratios obtained byin
vivo 7Li NMR imaging of rat brain and muscle under standard
conditions (14). However, for elucidation of the mechanism(s)
of action of Li and for comparison to serum Li concentration
and clinical status, a measure of actual brain concentration is
desired. Here we report the use of an internal quantitation
standard with7Li NMR imaging to obtain estimates of tissue Li
concentration. These quantitativein vivo results are compared
to results fromin vitro analysis of brain and muscle extracts
from the same rats by high-resolution7Li NMR spectroscopy
(15). This provides estimates of the7Li NMR visibility of the
Li cation in the various tissuesin vivo in the rat, under one set
of typical conditions. Such studies are necessary as a prelude to
similar work on humans on clinical scanners.

RESULTS

Figure 1A shows a typical sagittal localizer1H NMR image
of rat head with quantitation standard dimly apparent. In Fig.
1B is the corresponding7Li image, also with quantitation
standard (100% visible, see Experimental) apparent, which is
typical of that used to derive regional Li concentrations. In
Table 1 are the apparentin vivo Li concentrations and visibil-
ities, relative to high-resolution7Li NMR (15), for regions of
brain and muscle in the five rats studied. The visibility is the
ratio of the apparentin vivo concentration to the corresponding
in vitro concentration. Thus, thein vitro concentrations can be
recovered by dividing the apparentin vivo concentrations by
the corresponding fractional visibilities.
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In general, the visibilities are less than 100%. For a given
region, particularly cerebellum and medulla, the visibility dis-
plays considerable scatter, as shown in Fig. 2. For muscle, the
average visibility is only slightly reduced (96%), whereas for
brain the average visibility varies from 74 to 93%, depending
on region.

By t-test, there is no statistical difference (p , 0.05) between
the in vivo results for muscle, cerebellum, or medulla, and the
corresponding resultsin vitro. For the forebrain and midbrain
regions, thein vivo concentrations are significantly reduced
(p , 0.018) from the correspondingin vitro concentrations.

Using multivariate analysis of variance, there was no effect
of region on the visibilities. However, the effect of region

on the apparentin vivo concentration was highly significant
[F(4/16)5 42.1,p , 0.000001].In vivo, the results for muscle
were significantly different from those of all other regions, and
the results for forebrain were different from those of midbrain
and medulla. Figure 3 shows a graphical comparison of the
apparentin vivo concentrations for the various regions.

DISCUSSION

7Li Visibility in Vivo

Interpretation ofin vivo NMR spectra for spin-3/2 nuclei
such as23Na, 39K, and 7Li can be complicated by several

FIG. 1. (A) Sagittal1H NMR image of rat head (2563 256 matrix; TE, 45 ms; TR, 3.6 s; 1 acquisition; 2-mm slice; FOV, 160 mm). (B) The corresponding
in vivo 7Li NMR image of rat head, typical of those used to obtain regional Li concentrations (643 64 matrix; TE, 3.8 ms; TR, 5.2 s; 108 acquisitions; 10-mm
slice; FOV, 160 mm). The horizontal line at zero phase-encode gradient in the1H image is an artifact. The dim object under the head in both images is the Li
standard. A magnetic susceptibility artifact is apparent on the left of the standard in the1H image. The standard appears curved because of nonlinear gradient
performance under this1H imaging condition, which did not affect7Li imaging or quantitation.

TABLE 1
Apparent in Vivo Li Concentrations (mM) and 7Li NMR Visibilities (%) Relative to in Vitro NMR

Rata Delayb

Muscle Forebrain Midbrain Cerebellum Medulla

Conc. Visibility Conc. Visibility Conc. Visibility Conc. Visibility Conc. Visibility

1 10.5 10.2 94 4.9 73 4.4 83 4.7 105 4.7 117
2 11.1 11.3 80 6.8 88 6.3 82 5.9 88 5.7 104
3 11.7 9.6 106 5.4 82 4.5 73 4.4 102 4.2
4 10.0 13.8 98 6.9 83 5.6 67 4.3 64 4.8 65
5 11.0 5.8 101 2.3 76 1.9 67 2.5 104 1.6 52

Avg. 10.9 10.1 96 5.3 80 4.5 74 4.3 93 4.2 84
s.d. 0.64 2.9 9.8 1.9 6.2 1.7 7.9 1.2 17.4 1.5 31

a Avg., average; s.d., standard deviation.
b Delay in hours between the last Li dose and beginning thein vivo 7Li NMR scan.
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factors. Sodium-23 and39K studies on a wide variety of tissues
have shown that the ion concentration determined from the
NMR signal intensity is often less than that determined by
other analytical methods (8, 9). In the limit of rapid fluctuation
of the electric field gradient tensor from rapid ionic and mo-
lecular motions, such as in aqueous solutions of alkali-metal
salts, single exponentialT1 andT2 relaxation times (and narrow
Lorentzian NMR lines) are observed. When these fluctuations
slow, as in a biological system, spin-3/2 nuclei such as23Na
can exhibit an intrinsic biexponential relaxation, even when in
a single molecular environment (8, 9). In the simplest case,
theory predicts thatT1 consists of fast (20%) and slow (80%)
relaxing components. ForT2 (and hence lineshape), the slowly
relaxing or narrow component is 40% of the total intensity, and
the rapidly relaxing or broad component is 60%.

In practice, depending on the details of the motional envi-
ronment and the relaxation behaviors of the two components,
40–100% of the total signal will be observed under typical
high-resolution conditions, where sampling of the FID is de-
layed by about 100–200ms. Such intermediate visibilities can
arise from partial detection of the fast-relaxing component,
depending on the length of the data-sampling delay. Another
possibility, pertinent to ionic species in biological systems, is
the presence of a strongly bound, nonexchanging, and NMR-
invisible fraction of ions. It is possible to observe less than
40% of the total signal if the narrow component is sufficiently
broad. It is important to emphasize that these components are
not separate ionic species, but can arise from all such nuclei in
a single microscopic environment. A comprehensive theory
based on a distribution of correlation times has been developed
(16, 17).

The situation for spin-echo imaging is somewhat different in
that here the echo at a specific TE (which is usually substan-
tially longer than the high-resolution sampling delay men-
tioned earlier) is sampled. Depending on the magnitude of the
specificT2’s characterizing the biexponential behavior relative
to the TE, the visibility may be the same as or less than that

observed in a comparable high-resolution spectrum. For spin-
echo imaging, the measured visibility may be highly dependent
on the particular pulse sequence parameters employed.

Lithium-7 has NMR properties and behavior substantially
different from those of23Na or 39K (18). Whereas23Na and
39K relax totally and strongly by the quadrupolar mechanism,
7Li is only weakly quadrupolar. This derives from the small
quadrupole moment and Sternheimer antishielding factor of the
Li1 cation (18). The Sternheimer antishielding factor is a
measure of the effective electric field gradient at the nucleus
from electron polarization caused by exposure of the cation to
an external electric field gradient, such as with cation binding
to a macromolecular site. The small value for Li relative to
23Na or 39K reflects Li’s small size and simple electronic
structure. Thus,7Li yields relatively longT1’s (2–15 s) and
narrow resonance lines, relative to23Na (T1;10–50 ms).

We previously found that7Li has substantial dipolar spin
relaxation from interaction with1H in erythrocytes (10). At
high concentrations (40 mM),7Li has 100% NMR visibility
(10–12) for erythrocytes, which we found to be slightly re-
duced (84%) at 1 mM (10). No strongly bound fraction of Li or
double-quantum behavior was seen (10). However, such a
strongly bound, NMR-invisible fraction has been observed for
Li in halotolerant bacteria (19).

The present results suggest essentially full visibility for7Li
in muscle, and somewhat reduced visibility in brain under the
single set of conditions used here. These conclusions are some-
what clouded by the considerable scatter in the visibility de-
terminations, which probably arises from the necessarily low
signal-to-noise (S/N) ratio of the7Li NMR image. In particular,
the results for cerebellum and medulla are highly scattered, to
the extent that there is no statistical difference between thein
vivo and correspondingin vitro Li concentrations for these
regions. For forebrain and midbrain, we can at this point report
a reducedin vivo visibility with statistical confidence. The
problem associated with lowS/Nratio in the7Li images can be

FIG. 3. Plot of mean apparent Li concentrations for rat muscle, forebrain,
midbrain, cerebellum, and medulla, determined byin vivo 7Li NMR imaging
relative to a known standard. The bars give standard deviations, and the
rectangles standard errors of the mean.

FIG. 2. Plot of meanin vivo 7Li visibilities for various tissue regions
relative toin vitro concentrations determined by high-resolution7Li NMR. The
bars give standard deviations, and the rectangles standard errors of the mean.
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addressed by a visibility determination using localized spec-
troscopy, for which a larger voxel size will yield a largerS/N
ratio, or other improvements in S/N ratio.

Our assumptions concerningT1 andT2 in vivo also require
confirmation. If thein vivo T1 is substantially longer (or thein
vivo T2 substantially shorter) than the preliminary value (13)
used in our calculation, then the apparent Li concentrationin
vivo would be reduced. With our TR of 5.2 s,T1 (typically
about 3.5–4.6 sin vivo) affects the measured intensities. At our
relatively short TE of 3.8 ms (for spin-echo NMR imaging), the
influence ofT2 variations for any slowly relaxing component
should be minimal. Variations inT1 or T2 among tissue re-
gions, although not likely, could result in relative differences in
reduced visibility among regions.

Sources of error associated with thein vitro determinations
(15) or with partial volume effects in thein vivo image should
be small relative to the lowS/Nproblem discussed earlier.

It is legitimate to ask how relevant the present work is to the
situation of ultimate interest—the state of Liin vivo in human
brain as probed by7Li NMR on a clinical scanner at 1.5 T.
Some differences are expected when employing an animal
model because of the differing size, morphology, and neuro-
chemistry of the brain. However, the similarity of spin relax-
ation times and other parameters for a particular NMR nucleus,
including 7Li, in similar tissues in different species suggests
that reduced visibility will also be observed in human brain (5).
The phenomenon of reduced visibility for spin-3/2 nuclei due
to biexponential relaxation is not field dependent (8), and
hence would be expected to occur in the same tissue at lower
magnetic field also. Additional reduction of signal, arising
from the particular choice of TE within the normal ranges for
spin-echo imaging or localized spectroscopy on a clinical scan-
ner, may also be observed. Thus, the7Li visibility measured on
a clinical scanner may vary substantially from that determined
here.

Li Distribution

Previous results on Li distribution in animal brain have been
conflicting (13, 14, and references therein). Although most
studies concluded that the distribution of Li in brain is uneven,
some reported relatively small variations of 20–30%, while
others found large differences among different regions. Most
studies agreed that muscle contains substantially more Li than
brain, and that cerebellum and brain stem contain less Li than
other brain regions. Our initialin vivo work found the7Li
signal intensity in muscle to be about twice that overall in
brain, with the level in cerebellum about 30% lower than that
in the forebrain (13).

The present results are in agreement with our previous work
(13). With the dosing protocol used here, we find the apparent
Li concentration in muscle to be typically about 10 mM, twice
the 4.2–5.3 mM found on average in the various brain regions.
Forebrain had somewhat higher average apparent concentra-
tion (5.3 mM) than the other brain areas (4.2–4.5 mM).

Some individual variation in response to a constant Li dos-
age is expected. However, the tissue levels for one rat (#5,
Table 1) fall about two standard deviations below the corre-
sponding regional averages. A possible explanation for this
relates to the ambiguity inherent in the ip method of Li admin-
istration. A single, ineffective dose in our three-dose protocol,
particularly if it were the last dose, could result in substantially
reduced tissue concentrations of Li. However, because we have
no evidence to support this possibility, we attribute the devia-
tion to abnormally efficient Li elimination in this particular
animal.

CONCLUSIONS

The apparent concentration of Liin vivo was determined for
several regions in the brain and muscle of rats by7Li NMR
imaging at 4.7 T with inclusion of an external standard of
known concentration and visibility. The average apparent con-
centrations were 10.1 mM for muscle, and 4.2–5.3 mM for
various brain regions under the dosing conditions used. The
results suggested essentially full visibility (96%) for Li in
muscle, and somewhat reduced visibility (74–93%) in the
various brain regions. The lowS/N ratio of the visibility
determinations and the considerable scatter in repeat measure-
ments on different rats preclude a definitive statement on the
extent of reduced visibility of7Li in vivo. Further work using
localized spectroscopy for higherS/Nratio and more accurate,
localized spin relaxation parameters is required.

EXPERIMENTAL

In Vivo Analysis

The procedures used here were approved by the Institutional
Animal Care and Use Committee. Five male Sprague-Dawley
rats weighing 200–380 g were administered Li intraperitone-
ally (ip) in a multiple-dose protocol consisting of two doses
(morning and evening) of 5 meq/kg of aqueous LiCl on the first
day, and 5 meq/kg on the morning of the next day. Anesthe-
tization for7Li NMR imaging took place at 6–8 h after the last
Li dose using 15 mg/kg xylazine followed by 80 mg/kg ket-
amine administered intramuscularly. Within 2 h, 1.5% isoflu-
rane gas with oxygen was administered to prolong anestheti-
zation. The magnet bore temperature was maintained at
ambient with sufficient warm air flow.

Images were acquired at 10–12 h after the last Li dose
(Table 1). Lithium-7 NMR images were acquired at 77.8 MHz
on a General Electric Omega CSI-4.7 T system with a Sun
Microsystems 3/160 computer and Acustar actively shielded
gradients (0.2 T/m, bore diameter 155 mm). For localization,
1H images were acquired at 200.1 MHz using conditions
previously determined as optimum for brain visualization (20).
Images for both nuclei were acquired using the two-coil as-
sembly designed for these studies and described previously
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(13). The size andB1 field homogeneity of these coils were
adequate for the present studies (13). Conventional spin-echo
images were acquired with phase encoding alongz (or y) and
frequency encoding alongy (or z). Since the7Li signal is much
weaker than the1H signal, the7Li images were recorded at
lower resolution and larger slice thickness. The raw1H data
was double Fourier transformed after appropriate apodizations.
The 7Li data was handled similarly except that only one zero-
filling was used in each dimension to yield a 643 64 matrix.
The parameters for1H imaging were as follows: 2563 256
matrix; echo time (TE), 45 ms; pulse delay (TR), 3.6 s; acqui-
sitions, 1; slice thickness, 2 mm; field of view (FOV), 160 mm;
in-plane resolution, 0.6 mm. For7Li imaging the parameters
were 323 32 matrix; TE, 3.8 ms; TR, 5.2 s; acquisitions, 108;
slice thickness, 10 mm; FOV, 160 mm; in-plane resolution, 5
mm; data accumulation time, 5 h.

A quantitation reference was prepared with relaxation
parameters similar to those expected for7Li in vivo, permit-
ting better optimization of acquisition parameters for thein
vivo image than a LiCl solution. Melted agarose solution
(2.6 mL of 4.0 mM LiCl, 2.5% w/w agarose powder and
0.35% CuSO4 z 5H2O in deionized water) was poured into a
4.5-mL polystyrene cuvette, and allowed to gel overnight at
room temperature. The open end of the cuvette was trimmed
to yield a 103 10 3 23 mm3 volume and sealed with Teflon
tape and Parafilm. During imaging, this reference was af-
fixed above the throat of the supine rat with the longer axis
horizontal, centered at midline and perpendicular to the
coil/bore axis. The measured relaxation parameters of the
standard were aT1 of 3.1 s and aT2 of 324 ms. To measure
the 7Li visibility of the reference, a one-pulse spectrum
under quantitative conditions (90° RF pulse, 16 s TR) was
obtained for the reference (vs a LiCl solution) centered in a
30-mL bottle containing an aqueous solution of LiCl (0.48
mM) and shift reagent (Na3H2TmDOTP z NaCl, 0.48 mM).
The TmDOTP52 is an NMR shift reagent, developed for
separate observation of intracellular and extracellular cat-
ions in vivo (21), which is well suited for the present
purpose. Using identical conditions, a spectrum was then
obtained with the quantitation reference replaced by a cu-
vette containing 2.3 mL of aqueous 4.00 mM LiCl and 1%
w/w CuSO4 z 5H2O. The visibility so measured was 101%,
which we take as full visibility (100%).

Regions of interest were located in the1H image. Raw image
intensities were obtained at the corresponding coordinates in
the7Li image. Limitations in7Li image resolution necessitated
the selection of a single voxel to represent each region. A
single voxel centered within the quantitation standard was also
chosen. All voxels chosen were totally within the tissue of
interest. The slice of 10-mm thickness was totally within brain
(about 14 mm wide) at the points of interest. Thus, errors from
partial volume effects were minimized to the extent possible
within our experimental limitations. Depending on region and
animal, theS/N ratios in a single voxel ranged from 4 to 22.

The Li concentration at a given voxel was calculated by mul-
tiplying the standard concentration by the ratio of the raw
intensities for region and standard after extrapolation to TE5
0 and infinite TR using7Li relaxation parameters reported
previously for rat head (13), and measured for the standard. It
was assumed that the7Li T1 andT2 did not vary substantially
among the various tissue regionsin vivo in a single animal, or
among different animals.

In Vitro Analysis

Each rat was sacrificed at the end of thein vivo run by
immersion in liquid N2 for 24 s and dissected immediately. The
rat brain was removed essentially intact and dissected into four
regions (22): (1) forebrain and cortex; (2) ‘‘midbrain,’’ con-
sisting of the remainder of cortex, hypothalamus, midbrain,
and hippocampus; (3) cerebellum; (4) medulla oblongata and
pons. Where possible, 0.5–1.0 cm3 of neck muscle, approxi-
mately at dorsal midline, was also excised. All dissected tissue
samples were stored at270°C.

The Li extraction procedure was a modification of that used
by Schou (23). The details of the sample preparation and
quantitation have been reported elsewhere (15). A 2.5-mm o.d.
spherical insert containing a shifted reference solution (5.00
mM LiCl, 1 mM Na3H2TmDOTP z NaCl in 15% D2O at pH
6.6) was used forin vitro NMR quantitation. High-resolution
7Li NMR spectra were acquired at ambient temperature at
116.8 MHz under quantitative conditions on a General Electric
GN-300 spectrometer using a 10-mm broadband probe, 90° tip
angle of 14.6ms, 75-s pulse delay (based on a7Li T1 of 14.8 s
determined by inversion recovery on two samples), and signal
averaging times of 2–8 h. The Li visibilityin vivo was deter-
mined by dividing the apparentin vivo concentration (mM) by
the correspondingin vitro concentration [mM, determined
from tissue wet weight (15)].

Data were analyzed using the Pearson product-moment cor-
relation, multivariate analysis of variance, andt-test for depen-
dent samples in Statistica (Statsoft, Inc., Tulsa, OK).
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