
JOURNAL OF NEUROPSYCHIATRY 133

Magnetic Resonance
Spectroscopy in Affective
Disorders
Tadafumi Kato, M.D.
Toshiro Inubushi, Ph.D.
Nobumasa Kato, M.D., Ph.D.

Magnetic resonance spectroscopy (MRS) is a non-
invasive tool for in vivo chemical analysis that
has been applied to neurobiological or psychophar-
macological studies of affective disorders. Studies
employing 31P-MRS and 1H-MRS have indicated
possible abnormalities in membrane phospholipid
metabolism, high-energy phosphate metabolism,
and intracellular pH in affective disorders. They
have also suggested that lithium increases the
phosphomonoester (possibly inositol-1-phosphate)
peak in the brain but does not increase that of
choline-containing compounds in the brain. Stud-
ies employing 7Li-MRS and 19F-MRS have eluci-
dated the pharmacokinetic properties of lithium,
fluoxetine, and fluvoxamine in the brain in pa-
tients treated with these drugs.

(The Journal of Neuropsychiatry and Clinical
Neurosciences 1998; 10:133–147)

The nuclear magnetic resonance (NMR) phenome-
non was discovered in 1946, and since that time

NMR spectroscopy has been widely used in chemistry
for analysis of molecular structure. Since Chance and
colleagues in 1978 first obtained in vivo phosphorus-31
NMR spectra in the mouse brain, this technique has
been applied to in vivo chemical analysis in animals or
in human skeletal muscles. The development of mag-
netic resonance imaging (MRI) has facilitated applica-
tion of NMR spectroscopy in the human brain.

Whereas MRI depicts the spatial distribution of pro-
tons of water, MRS detects various molecules present at
concentrations on the order of mM (millimolar). Some
of these molecules detectable with MRS are involved in
high-energy phosphate or membrane phospholipid me-
tabolism. The metabolism of these molecules in the brain
has not been well studied because researchers in neu-
rochemistry have focused on molecules such as neuro-
transmitters and receptors, which directly relate to neu-
ronal function. Therefore, data obtained by MRS are
sometimes difficult to interpret because of a lack of basic
knowledge. In this regard, MRS not only represents a
tool by which to study the neurochemical basis of neu-
ropsychiatric diseases, but it also opens up an entirely
new field in neurochemistry.
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FIGURE 1. Phosphorus-31 magnetic resonance spectra in the left
frontal lobe detected by one-dimensional chemical
shift imaging method (1D-CSI). PME$phospho-
monoester; Pi$inorganic phosphate; PDE$phos-
phodiester; PCr$phosphocreatine; ATP$adenosine
triphosphate; ppm$parts per million.

MRS of several nuclei, such as 1H, 31P, 7Li, and 19F, has
already been applied in psychiatric research since the
late 1980s. (Please see recent reviews for details of the
principles of MRS and its applications in psychiatry.1–5)

In this article, we present a review of the basic prin-
ciples of MRS and recent advances in research on the
neurochemical correlates of MRS spectra, followed by a
review of the applications of MRS in affective disorders
and a discussion of the implications for the pathophys-
iology of affective disorders.

BASIC PRINCIPLES OF MRS

Because MRS data are dependent on the technique used
in the experiment, knowledge of MRS technique is im-
portant to interpret the results appropriately. We will
briefly review here the basic principles; for detailed re-
view of principles, see other review articles.1–5

The nuclei of many species of atoms, such as 1H or
31P, have magnetic properties. When the radio frequency
pulse (RF pulse) of a particular frequency (Larmor fre-
quency) is applied to a nuclear spin under a static mag-
netic field, the nuclear spin resonates and absorbs en-
ergy. When it then returns to the previous state, it emits
electromagnetic waves known as free induction decay
(FID). This process is referred to as relaxation. When the
spin-echo method is used, the second pulse is applied
after the echo time (TE), and another signal, the echo, is
observed. The concentration of nuclei is related to the
intensity of FID or echo observed. Generally, many FID
or echoes must be averaged to obtain enough signals for
application of quantitative analysis. FID or echoes are
averaged with a specific interval of repetition time (TR).
Usually, the TR is set comparable to the T1 relaxation
time. Under this condition, the signals are partly satu-
rated and the signal intensity is decreased, which com-
plicates the interpretation of data.

The Larmor frequency changes not only with the type
of nuclei, but also with the type of chemical bonding
with other nuclei. The small difference of resonance fre-
quency dependent on the position of the nuclei in a mol-
ecule, the chemical shift, enables us to discriminate dif-
ferent molecules containing the same nuclei.

To obtain MR signals from a certain region of the
brain, the signal localization method is used. The sim-
plest method of signal localization is that employing a
surface coil. Other signal localization methods include
depth-resolved surface coil spectroscopy (DRESS),
stimulated-echo method (STEAM), image-selected in
vivo spectroscopy (ISIS), and magnetic resonance spec-
troscopic imaging (MRSI). These pulse sequences utilize
field gradient and/or phase encoding, of which the lat-

ter is the principle of MRI. Multiple voxels can be si-
multaneously obtained by using MRSI.

Obtaining MR spectra from FID or echoes requires
many kinds of data processing. For the quantitation of
the metabolite peaks observed, a number of methods
have been used to calculate the peak area. Because all
of these processes may lessen the reliability of measure-
ment, these processes should be performed by a re-
searcher who is blind to the diagnosis of the patients.6

Neurochemical Correlates of MR Spectra

31P-MRS
Because phosphorus-31 magnetic resonance spectros-
copy (31P-MRS) has been used for clinical research since
the beginning of clinical application of MRS, a wealth
of data has been accumulated. In 31P-MR spectra of the
brain, typically seven peaks are resolved; these are phos-
phomonoester (PME), inorganic phosphate (Pi), phos-
phodiester (PDE), phosphocreatine (PCr), and c-, a- and
b-adenosine triphosphate (ATP). These are illustrated in
Figure 1. Because these peaks, especially PME, Pi, and
PDE, overlap each other, it is not easy to quantitate them
accurately.

Phosphomonoester (PME): The phosphomonoester
(PME) peak contains the signals from numerous metab-
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olites, including metabolites related to membrane phos-
pholipid synthesis, such as phosphocholine (PC) or
phosphoethanolamine (PE),7 and sugar phosphates
such as a-glycerophosphate or inositol phosphates.8

In the PME region, PE is the most abundant and PC
is the second most abundant metabolite.9 If proton de-
coupling technique is applied, PC and PE can be shown
as peaks discrete from those of other PME. In this pulse
sequence, protons that interact with phosphorus are ir-
radiated to improve spectral resolution deteriorated by
spin-spin coupling.

Increase of turnover of membrane phospholipid has
been speculated to cause increase of the PME peak. This
phenomenon, accompanied by increased membrane
phospholipid synthesis, has been observed in the neo-
nate brain, tumor,10,11 and regenerating liver.12 How-
ever, even if the PME peak was increased in 31P-MR
spectra, it cannot be presumed that the membrane phos-
pholipid turnover is increased, because this peak origi-
nates from many metabolites, and we cannot know
which metabolite in this region is increased.

Renshaw et al.13 have examined the effect of lithium
administration on this peak in the cat brain. Chronic ad-
ministration of lithium increased this peak. In a study
employing in vitro NMR spectroscopy in brain extracts,
this change was attributed to increase of inositol-1-
phosphate (I-1-P). Preece et al.,14 using in vitro NMR
spectroscopy, also showed that lithium-induced increase
of the PME peak is due to increase of I-1-P. This increase
of the PME peak was enhanced by pilocarpine, an ago-
nist of acetylcholine receptor.15 Accumulation of I-1-P is
caused by strong inhibition of inositol-1-phosphatase by
lithium,16 and this effect is enhanced when phosphoino-
sitide metabolism is activated by agonist stimulation.
Silverstone et al.17 have examined the effect of lithium
on the PME peak in normal volunteers. They did not
find any alteration of the PME peak after lithium ad-
ministration only. However, using a placebo-controlled
double-blind protocol, they detected changes in PME
peak area in volunteers treated with lithium for a week
who were then subjected to amphetamine challenge (Sil-
verstone et al., personal communication).

Phosphodiester (PDE): The PDE peak has been re-
garded as reflecting membrane degeneration products
such as glycerophosphocholine (GPC) and glycerophos-
phoethanolamine (GPE). Therefore, the PME/PDE ratio
was formerly regarded as representative of membrane
phospholipid turnover.9 Pettegrew et al.9 examined the
constitution of the PME and PDE region by using in
vitro NMR spectroscopy of brain extracts and found that
89% of metabolites in the PME region appeared only in
anabolic pathways, whereas all metabolites in the PDE

region appeared only in catabolic pathways of mem-
brane phospholipid metabolism. They concluded that
the PME/PDE ratio might be an approximate represen-
tative of membrane phospholipid turnover. However,
this concept is not generally accepted now. The main
reason is that most of the signals in the in vivo PDE peak
were found to arise from membrane phospholipid it-
self.12,18 Soluble PDEs such as GPE and GPC would con-
tribute only 5% of the in vivo PDE peak.12 Because the
behavior of signals from the phospholipid bilayer is
complex,18 a change of the peak area of the PDE peak
observed by in vivo 31P-MRS is difficult to interpret. If
T2-weighted MR spectra are obtained by using spin-
echo pulse sequence, the signals from the membrane
phospholipid bilayer that have short T2 can be virtually
eliminated.18 On the other hand, concentration of the
membrane phospholipids can be examined under cer-
tain experimental conditions.19

The PDE peak is higher in white matter than in gray
matter.20 In our preliminary study of 31P-MRS in eating
disorders,21 the PDE peak in patients with anorexia ner-
vosa was significantly higher than that in age- and sex-
matched normal control subjects. Therefore, severe mal-
nutrition may affect this peak. Because decreased
weight and appetite loss are common in depressed pa-
tients, this should be taken into consideration in inter-
preting the 31P-MRS data in mental disorders, especially
in affective disorders. It has been reported that the PDE
peak in the human occipital lobe decreased during pho-
tic stimulation,22 and it was speculated that this decrease
is caused by hydrolysis of GPC and GPE by activation
of phospholipase D. However, this finding was not con-
firmed in our study.23

Inorganic Phosphate (Pi): The Pi peak appears between
the PME and PDE peaks. Because of this overlap, it is
difficult to quantitatively analyze this peak accurately.
Pi appears in many metabolic pathways. Although the
Pi peak contains both PO4

– and PO4
2–, they are shown

as one peak because of the fast exchange between these
two molecules. Because the position of this peak reflects
the equilibrium of these two ions, pH can be calculated
from the chemical shift of the Pi peak.24 Because these
phosphate ions exist intracellularly, this pH reflects in-
tracellular pH (pHi). However, there may be intracel-
lular compartmentation with regard to pHi, since two
different pHi can be observed in brain ischemia. In
chronic infarction, pHi was found to be increased, which
may result from high pHi in macrophages filtrated into
infarct tissues.10,11 Intracellular pH increases during hy-
perventilation.25 Photic stimulation also increases pHi in
the occipital cortex.23,26 This increase might be caused
by activation of Na`/H` antiporter, a principal deter-
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FIGURE 2. Proton magnetic resonance spectra in the left basal
ganglia detected by stimulated echo method
(STEAM). Echo time is 20 ms. Ino$myo-inositol;
Cho$choline-containing compounds; Cr$creatine
and phosphocreatine; NAA$N-acetyl-Laspartate; Glu/
Gln$glutamate and glutamine.

minant of brain pHi, by photic stimulation.27 An inter-
esting correlation between pHi and IQ was reported.28

Phosphocreatine (PCr): PCr is a high-energy phosphate,
abundant in the brain and muscles, in which high activ-
ity of energy metabolism is required. This peak is the
most prominent peak in the 31P-MR spectra in the brain.
However, because muscles have much higher concen-
tration of PCr, it is difficult to completely avoid contam-
ination from muscles, even when a signal localization
method is used. PCr is formed from ATP and creatine
by a catalyzing agent of creatine kinase. PCr conveys
high-energy phosphates from mitochondria to the cy-
tosol. When ATP is consumed, PCr transfers its high-
energy phosphate group to ADP (adenosine diphos-
phate), replenishing ATP. In this regard, PCr behaves as
a buffer of ATP.29

The PCr peak decreases in the occipital cortex during
photic stimulation.23,26 This decrease is thought to be
caused by increased energy demand in this region. Al-
though glucose uptake is also increased in the occipital
cortex during photic stimulation, the accompanying in-
crease of oxygen consumption is not enough to com-
pensate for the increase of glucose metabolism, which
results in stimulation of anaerobic glycolysis.30 Because
glycolysis is not as efficient as aerobic metabolism, this
energy gap is compensated with decrease of PCr con-
centration. Metabolic flux of PCr through the creatine
kinase reaction can be measured in vivo in human brain
by using saturation transfer MRS.31 The PCr level in the
frontal lobes increases with age in healthy subjects.32–34

Adenosine Triphosphate (ATP): Adenosine triphosphate
(ATP) forms three distinct peaks, c, a, and b, of which
the doublet of the c-ATP peak is resolved in 31P-MR
spectra in vivo. ATP is a high-energy phosphate that can
serve as a substrate of many kinds of biochemical pro-
cesses in the brain. The ATP concentration is maintained
constant during physiological stimulation. Because a
magnesium ion binds to the a and b phosphates of ATP,
the magnesium concentration affects the chemical shifts
of these two peaks. The intracellular magnesium con-
centration ([Mg]i) can be calculated from the chemical
shift difference between a and b-ATP.35 However, this
method has recently come to be regarded as an oversim-
plification, and a new titration curve was proposed.36

Especially when the pHi is not in a normal range, the
equation by Gupta et al.35 is not valid. Moreover, the
chemical shift of each of these peaks is difficult to de-
termine in in vivo 31P-MR spectra because the b-ATP
peak is relatively broad owing to a short T2.

Lithium is known to compete with magnesium ion in

binding to ATP, and it also affects the chemical shifts of
the three peaks of ATP.37

1H-MRS
Because hydrogen is a ubiquitous atom and the chemi-
cal shift range of the proton is relatively small, 1H-MR
spectra in the brain are crowded with signals from many
metabolites. Because water is present in the brain at very
high concentration, this signal should be suppressed to
obtain signals from other molecules present in smaller
concentrations. Of these, three prominent signals, those
from N-acetyl-l-aspartate, creatine/phosphocreatine,
and choline-containing compounds, have been well
studied. These three peaks are well resolved in long-TE
1H-MRS (TE4135–270 ms); many other metabolites can
be observed in short-TE 1H-MRS (TE#20). The peaks are
illustrated in Figure 2.
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N-acetyl-l-aspartate (NAA): Because NAA has not
drawn attention since 1H-MRS has come to be used in
clinical medicine, its neurochemical properties are rela-
tively unknown. It is metabolically very inactive and
localized mainly in neurons rather than glial cells.38,39

At first, decrease of the NAA peak was regarded as re-
flecting neuronal death.38 Decrease of this peak in the
brain in neurodegenerative disorders is a consistent
finding. More recently, however, decrease of NAA was
reported to be transient in brain ischemia and multiple
sclerosis. Therefore, NAA is now regarded as reflecting
not only the death but also the dysfunction of neu-
rons.10,11

Creatine (Cr): The Cr peak contains both creatine and
phosphocreatine. Creatine is a substrate of creatine ki-
nase. Because the sum of creatine and PCr was thought
to be maintained constant, this was previously used as
an internal standard. Recently, water or an external stan-
dard has been used as the standard. The Cr concentra-
tion is higher in the gray matter than in the white mat-
ter.40

Choline-Containing Compounds (Cho): The peak of
choline-containing compounds includes many metabo-
lites that have trimethylamine residues. In the brain, PC,
GPC, phosphatidylcholine, sphingomyelin, choline, and
acetylcholine are assumed to contribute to this peak.38

Acetylcholine and choline are assumed to make minor
contributions because of their relatively small concen-
trations in the brain.

In neurodegenerative disorders, this peak sometimes
increases accompanied by decrease of the NAA peak.
The Cho peak also increases in active plaques in multi-
ple sclerosis, and the increase is thought to be related to
demyelination.10,11

It has been reported that this peak was increased after
ingestion of 50 mg/kg choline but that this uptake de-
creased with age.41

Inositol: This peak contains myo-inositol. Myo-inositol
has two important functions, as an osmolite and as a
substrate for phosphoinositide cycle. The inositol peak
was reported to decrease in hyponatremia in humans.42

As stated before, lithium strongly inhibits inositol-1-
phosphatase, which is the last process in the phospho-
inositide cycle.16 When agonist stimulation increases the
hydrolysis of inositol phospholipids in the presence of
lithium, I-1-P accumulates in the brain. This results in
shortage of myo-inositol in neuronal cells, which may
explain the mechanism of action of lithium.43 Preece et
al.14 have reported that this decrease of myo-inositol was
detectable by in vitro NMR spectroscopy in brain ex-

tracts, but not by in vivo 1H-MRS. Because the protons
of myo-inositol and I-1-P in the 1H-NMR spectra have
similar chemical shifts,44 these signals cannot be dis-
criminated from each other in vivo. Therefore, decrease
of the myo-inositol signal may be obscured by increase
of the I-1-P signal. As expected, decrease of inositol
could not be detected in patients with bipolar disorder
treated with lithium45 or normal volunteers who were
taking lithium for 1 week.17

Lactate: In the normal brain, a distinct peak of lactate
is not detectable. This peak becomes visible, however,
in many types of brain dysfunction such as ischemia,
infarction, brain tumor, Huntington’s disease, and mi-
tochondrial encephalopathy.10,11 Because this peak is
near the lipid peak, it must be confirmed that the ob-
served peak originates from lactate. Use of spectral ed-
iting techniques can confirm lactate signal.46

The lactate peak is known to increase during hyper-
ventilation.25,47 It is also reported to increase in the oc-
cipital cortex during photic stimulation.26,48,49 Dager et
al.50 have reported that lactate infusion increased the lac-
tate peak in the brain in humans. The lactate signal in-
creases during panic attacks in patients with panic dis-
order.47

Lipids: Because the fat surrounding the brain contains
high concentration of lipids, lipid signals in the in vivo
1H-MR spectra can be easily contaminated by signals
originating from outside the brain. Therefore, it should
be noted that even slight motion of the subject can result
in contamination of the lipid signals in the 1H-MR spec-
tra.

Others: Many other substances can be detected by 1H-
MRS when their concentrations are increased due to cer-
tain pathological conditions or their exogenous admin-
istration. These include glutamine/glutamate in hepatic
encephalopathy, glucose in diabetes mellitus, ethanol af-
ter ingestion of alcohol, phenylalanine in phenylketo-
nuria, and ketone bodies in diabetic coma.10,11 Recently,
c-aminobutyric acid (GABA) was detected and mea-
sured by use of spectral editing techniques in epileptic
patients treated with vigabatrin.51 Relatively broad sig-
nals from proteins also appear in 1H-MR spectra in the
brain.

7Li-MRS, 19F-MRS: Both lithium and fluorine exist in
negligible concentrations in the brain. Therefore, no sig-
nal of these nuclei can be detected in the normal human
brain. Lithium-7 has high natural abundance (92%). Flu-
orine has only one isotope, fluorine-19. Both of these
nuclei have high NMR sensitivity comparable with the
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TABLE 1. Magnetic resonance spectroscopy in affective disorders

Number of
Subjects

Study/First Author Method/Location D M E C Major Findings

Bipolar disorder
31P-MRS

Kato 199152 DRESS, frontal — 9 9 11 PME was elevated in the manic state
Kato 199254 DRESS, frontal 10 — 10 10 Depressed patients with higher Ham-D had lower PCr
Kato 199353 DRESS, frontal — 17 17 17 Euthymic patients had low PME and pHi
Kato 199433 DRESS, frontal 25 10a 21 59 Depressed patients had low PCr; PCr was low in BPII in all

psychiatric states
Kato 199458 DRESS, frontal 40 60 PME and pHi were low in BP; PME did not correlate with

ventricular enlargement
Deicken 199557 MRSI, frontal 12 16 PME was low and PDE was high in both frontal lobes;

BP had high PCr in the right
Deicken 199564 MRSI, temporal — — 12 14 PME was low in both temporal lobes
Kato 199568 1D-CSI, frontal 11 12 21 21 Left PCr was low in depressed patients; right PCr was low

in all mental states
1H-MRS

Sharma 199276 STEAM, basal ganglia,
occipital

— — 5 9 BP had high NAA/Cr, Cho/Cr, Ino/Cr in basal ganglia; no
difference in the occipital lobe

Stoll 199266 STEAM, temporal — — 7 6 No difference between BP and control subjects
Bruhn 199345 STEAM, cortex — — 8 80 No difference in Cho and Ino; glutamate was higher in BP
Yurgelun-Todd 199365 STEAM, temporal — — 12 14 No difference between BP and control subjects
Kato 199472 STEAM, basal ganglia 8 — 15 8 Depressed patients had high Cho/Cr
Lafer 199478 STEAM, basal ganglia — — 19 14 BP had higher Cho/Cr; no effect of lithium
Kato 199679 STEAM, basal ganglia — — 19 19 BP had higher Cho/Cr; no effect of lithium
Stoll 199682 STEAM, basal ganglia — — 5 — Responders to choline had high Cho levels

Major depression
31P-MRS

Kato 199254 DRESS, frontal 12 12 10 High variability of pHi in euthymic patients
Felber 199384 ISIS, central 3 — — No change after ECT
Christensen 199473 ISIS, basal ganglia 9 — 12 PDE was high in depressed patients
Moore 199674 ISIS, basal ganglia 36 — 17 b-ATP was low in depressed patients

1H-MRS
Woods 199083 STEAM, frontocentral 7 — — Large increase of lipid peak after ECT
Felber 199384 STEAM, central 3 — — No change after ECT
Charles 199470 STEAM, basal ganglia 7 7 10 Cho/Cr was high in depressed patients
Renshaw 199471 STEAM, basal ganglia 25 13 15 Cho/Cr was high in depressed patients

Note: D4depressed; M4bipolar manic; E4euthymic; C4normal control. ATP4adenosine triphosphate; BP4bipolar disorder;
Cho4choline-containing compounds; Cr4creatine/phosphocreatine; DRESS4depth-resolved surface coil spectroscopy;
ECT4electroconvulsive therapy; Ham-D4Hamilton Rating Scale for Depression; Ino4inositol; ISIS4image-selected in vivo spectroscopy;
MRSI agnetic resonance spectroscopy imaging; NAA4N-acetyl-l-aspartate; 1D-CSI4one-dimensional chemical shift imaging;
PDE4phosphodiester; PME4phosphomonoester; PCr4phosphocreatine; pHi4intracellular pH; STEAM4stimulated-echo method.

aHypomanic state, bipolar disorder.

proton. For these reasons, these techniques can be used
for pharmacokinetic studies of lithium- and fluorine-
containing drugs in the brain in patients treated with
these drugs.

APPLICATIONS TO AFFECTIVE DISORDERS

Investigations in which MRS was used to study affective
disorders are listed in Table 1.

Membrane Phospholipid Metabolism
Phosphomonoester (PME): We observed that the PME
peak was increased in the frontal region in 9 manic pa-

tients treated with lithium compared with those in the
euthymic state and normal control subjects.52 In the sec-
ond study of 17 patients with bipolar disorder, including
9 patients previously reported, the difference of the PME
peak between the manic state and the euthymic state
was confirmed, but no difference of the PME peak was
observed between 17 medicated manic patients and 17
control subjects. It was also found that the PME peak in
the remission state was lower than that in age-matched
normal control subjects.53 This decrease of the PME peak
in the euthymic state was not observed in patients with
unipolar depression54 or bipolar II disorder.33 Patients
with bipolar disorder in the depressive state also had
higher PME levels compared with those in the euthymic
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state.54 Renshaw et al.13 have reported that in the cat
brain lithium increased the PME peak, with the maxi-
mum PME value observed 1 week after the initiation of
lithium treatment. The PME peak then decreased to the
normal range. Our first report52 included 4 manic pa-
tients examined 4–8 days after the initiation of lithium
treatment. The PME/PDE peak ratio in these 4 manic
patients was 0.8950.33 (mean5SD), which was sub-
stantially higher than that in 5 other manic patients
treated for 12 days or more (0.6650.14), euthymic pa-
tients who were treated for 26 days or more (0.4950.12),
and normal control subjects (0.5750.12). In that report,
the time course of the PME peak in a patient after the
initiation of lithium treatment is also presented; the
highest PME value was found 7 days after the initiation
of lithium treatment. Therefore, the data for the few pa-
tients examined soon after the initiation of lithium treat-
ment might have increased the average PME level in
manic patients in the first report compared with the sec-
ond report, which included more patients treated for a
longer period.

It should be noted that Silverstone et al.17 could not
detect any increase of the PME peak after 1 week treat-
ment of lithium in normal volunteers. On the other
hand, they found increase of the PME peak during am-
phetamine challenge after 7 days’ treatment of lithium
(Silverstone et al., personal communication). Therefore,
increased PME peak in the manic patients may suggest
that catecholaminergic system was activated in the
manic state.

On the other hand, manic patients treated with anti-
psychotics alone also had higher PME values than those
for euthymic patients treated with lithium.53 In schizo-
phrenic patients, no effect of antipsychotics on the PME
peak was found.55,56 Therefore, it is unlikely that anti-
psychotics increase the PME level. The two possibilities
are that chronic lithium treatment reduced the PME
peak or that PME changes state-dependently in bipolar
disorder. The first possibility is not supported by the
results presented by Deicken et al.,57 who found lower
PME levels both in the left and right frontal lobes in
drug-free patients with bipolar disorder in the euthymic
state compared with normal control subjects. However,
these patients were drug-free for just 1 week, and this
may not be enough time to discount effect of medica-
tions. PME did not correlate with brain lithium concen-
tration53 or duration of lithium treatment,58 which also
suggests that long-term lithium treatment does not de-
crease the PME peak. Therefore, we speculate that both
lithium-induced transient accumulation of I-1-P and
state-dependent alteration of other PME species contrib-
ute to the elevated PME peak in the manic state com-
pared with that in the euthymic state.

Decrease of the PME peak in the frontal lobes was also
reported in schizophrenia,55,56,59–61 and it may relate to
hypofrontality because it was correlated with negative
symptoms.55 Not only decrease of the PME peak but also
many other neuroimaging findings noted in schizophre-
nia have been found in bipolar I disorder.62

The cause of the decreased PME peak in the euthymic
state or of the state-dependent alteration of this peak in
patients with bipolar disorder is not yet known. De-
creased PME peak is not correlated with ventricular en-
largement in bipolar disorder.58 Although decreased
PME peak is correlated with age in bipolar disorder,58

this also may be observed in normal aging.63 The di-
minished PME peak cannot be interpreted as a result of
disease because there is no correlation between the PME
peak and the duration of illness.

Deicken et al.64 also reported that decrease of the PME
peak in bipolar patients in the euthymic state was also
observed in the temporal lobes. In schizophrenia, PME
was normal in the temporal lobes.5 No marked abnor-
mality was detected by using 1H-MRS in the temporal65

and parietal lobes66 in patients with bipolar disorder in
the euthymic state. NAA was normal in the frontal lobes
in euthymic bipolar patients (Hamakawa et al., unpub-
lished findings). On the other hand, NAA has been re-
ported to be decreased in the temporal lobes5,65 and pos-
sibly in the frontal lobes in schizophrenia.

The decreased PME peak in patients with bipolar dis-
order in the euthymic state might relate to trait-
dependent abnormal membrane phospholipid metabo-
lism, since trait-dependent abnormality of membrane
molecular dynamics in red blood cells was reported in
bipolar disorder.67

Phosphodiester (PDE): Deicken et al.,57 using MRSI, ob-
served that the PDE peak was increased in both left and
right frontal lobes in patients with bipolar disorder in
the euthymic state. This alteration of PDE peak was not
observed in the temporal lobes.64 On the other hand, we
have failed to observe any difference of the PDE peak
between bipolar patients and normal control sub-
jects52–54,58 by the DRESS method, in which slice selec-
tion is applied only to one direction. Although the val-
ues of PDE were not reported in our study using the
one-dimensional chemical shift imaging (1D-CSI)
method,68 in that study we found no significant differ-
ence of the PDE peak between patients with bipolar dis-
order in the euthymic state and normal control subjects
(bipolar disorder [n417]: L: 34.553.0, R: 33.755.8; nor-
mal control subjects [n421]: L: 35.254.4, R: 32.554.8).
In our studies of schizophrenia, increase of the PDE
peak in the frontal lobes, which is a relatively consistent
finding across studies,59–61 was not observed.55 This dif-
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ference may be due to our method of spectral process-
ing. Because we have been using the convolution differ-
ence method69 to eliminate broad signals, a broad
component of the PDE peak relating to the membrane
phospholipid bilayer is substantially suppressed.

Choline-Containing Compounds (Cho): Charles et al.70

first reported that the Cho peak observed by 1H-MRS
was increased in the subcortical region including
the basal ganglia in elderly patients with major depres-
sion who were not treated with any psychotropic
drugs. The Cho peak returned to the normal range after
antidepressant treatment was begun. Whether this was
due to an effect of the drug or an effect of remission
could not be distinguished. This finding was confirmed
by Renshaw et al.71 in younger depressive patients. We
have also examined medicated patients with bipolar
and unipolar depression by 1H-MRS in the same region.
The Cho peak in this region was higher in patients
with bipolar depression compared with normal control
subjects.72 Only a nonsignificant trend toward increased
Cho peak was found in the unipolar depressive patients
in our study, although this lack of confirmation
may have been due to the effects of medication. These
findings suggest that the Cho peak in the basal ganglia
increases state-dependently in relation to depressive
symptoms, and that this finding is not a result of
partial volume effect caused by atrophy of the basal gan-
glia.62

It is difficult to know which metabolite in the Cho
peak contributes to the observed change of this peak.
However, it should reflect alteration of membrane phos-
pholipid metabolism in this region rather than acetyl-
choline metabolism, because the latter contributes to this
peak very modestly.38 Therefore, these findings may re-
late to abnormality in membrane metabolism postulated
in affective disorders.67 Christensen et al.,73 after exam-
ining the basal ganglia region in medicated patients
with major depression by using 31P-MRS, reported that
the PDE peak was significantly increased in these pa-
tients compared with that in normal control subjects.
They speculated that these alterations may be attributed
to increase of GPC, a substance that contributes to both
the Cho and PDE peaks. However, the increase of the
PDE peak in the basal ganglia in major depression was
not confirmed in their subsequent study of drug-free pa-
tients.74

The choline concentration in human erythrocytes is
known to increase markedly after lithium treatment is
begun. This increase is caused by strong inhibition of
choline transport by lithium, which results in poor elim-
ination of the choline formed by breakdown of phos-
phatidylcholine intracellularly.75 Because this effect of

lithium is not seen in other animal species, it has been
difficult to examine the effect of lithium on choline
transport in the brain. Stoll et al.66 examined whether
or not lithium increases the Cho peak in the human
parietal cortex by 1H-MRS and found no significant
difference of the Cho peak between bipolar patients
treated with lithium and normal control subjects. Be-
cause free choline makes only a minor contribution to
the Cho peak observable by 1H-MRS, as noted above,
this result does not completely rule out the possible ef-
fect of lithium on free choline in the brain. However, it
is unlikely that lithium has a marked effect on Cho
transport in the human cerebral cortex like that in eryth-
rocytes, because lithium is also known to increase the
levels of other choline-containing compounds in eryth-
rocytes. Other investigators45,76 have also failed to find
any difference of the Cho peak in cerebral cortex be-
tween bipolar patients treated with lithium and normal
control subjects.

However, we could hypothesize that the Cho peak is
low in drug-free bipolar patients and that lithium in-
creases that peak. Moreover, it should be noted that the
distribution of lithium in the brain is not uniform. The
lithium concentration is higher in the basal ganglia re-
gion compared with the cerebral cortex.77 Sharma et al.76

reported that the Cho/Cr peak ratio in the basal ganglia,
but not in the cerebral cortex, was elevated in 4 patients
with bipolar disorder treated with lithium, suggesting
to us that the effect of lithium on the Cho peak may be
limited to the basal ganglia region. Lafer et al.78 and the
authors72,79 have reported that the Cho peak in the basal
ganglia was increased in patients with bipolar disorder
in the euthymic state. This increase may not be caused
by lithium; the Cho peak was higher in bipolar patients
treated without lithium than in patients treated with
lithium,79 although effects of other medications cannot
be ruled out. Therefore, this increase of the Cho peak in
the basal ganglia may relate to the pathophysiology of
bipolar disorder rather than to the effect of lithium. In-
crease of the Cho peak in the left basal ganglia was also
observed in patients with schizophrenia.80,81

Recently, Stoll et al.82 have examined 1H-MRS during
choline augmentation of lithium for rapid-cycling bi-
polar disorder. The four patients who had responded to
choline all showed a substantial rise in the basal ganglia
Cho peak, but two nonresponders did not. This inter-
esting observation needs further replication in a larger
patient population.

Lipids: It has been reported by Woods and Chiu83 that
lipid signals were increased and that no signal from lac-
tate was detected after electroconvulsive therapy (ECT)
in patients with major depression. They have speculated
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that the increase of the lipid signal is due to increased
levels of diacylglycerol and free fatty acids generated by
hydrolysis of phosphatidylinositol. However, this find-
ing was not confirmed by other investigators.84 Relevant
studies in animals also do not support this finding.85

Felber et al.,84 using 31P-MRS and 1H-MRS, did not find
any metabolic change in the brain in patients with major
depression after ECT. However, these findings of effects
of ECT on brain metabolism have major limitations of
very small sample size (N45 and N43, respectively),
and still need replication.

Energy Metabolism
Phosphocreatine (PCr): We found that depressive pa-
tients (either unipolar or bipolar) with higher scores on
the Hamilton Rating Scale for Depression (Ham-D) had
lower PCr levels in the frontal lobes than those with
lower Ham-D scores.54 In our subsequent study, patients
with bipolar depression (either bipolar I or bipolar II)
showed significantly lower PCr levels (12.451.9, n425)
compared with age-matched normal control subjects
(13.551.5, n459, t42.6, P,0.05).33 The PCr peak in the
whole frontal lobe seemed to be decreased consistently
in all three psychiatric states (depressive, euthymic, and
hypomanic) in patients with bipolar II disorder.33

Because left–right asymmetry (left lower than right)
of glucose metabolism has been noted in depression,
these results may be affected by the heterogeneity of PCr
distribution in the frontal lobes. To clarify these findings
further, we examined both the left and right frontal lobes
by using the 1D-CSI method.68 Depressive patients with
bipolar disorder had lower PCr levels in the left frontal
lobe compared with normal control subjects. This re-
duction of PCr in the left frontal lobe in bipolar depres-
sion was correlated with higher scores on the Ham-D
(r4–0.74, P,0.05). Therefore, this reduction of PCr in
the left frontal lobe may relate to depressive symptoms.
On the other hand, PCr was lower in the right frontal
lobe in bipolar patients in all three psychiatric states
compared with normal control subjects.68 These findings
of asymmetric brain energy metabolism in bipolar dis-
order are compatible with findings in other imaging
techniques, such as low glucose metabolism in the left
frontal lobe measured by positron emission tomography
and right-hemisphere dysfunction suggested by event-
related potential findings. These findings are also rele-
vant to studies of poststroke affective disorder, in which
left frontal lobe infarction is associated with depression
and right frontal lobe damage is associated with ma-
nia.62 On the other hand, Deicken et al.57 found signifi-
cant side-by-group interaction in the PCr peaks in the
left and right frontal lobes in patients with bipolar dis-
order in the euthymic state and normal control subjects.

This was caused by higher PCr peak in the right frontal
lobe in the bipolar patients. These two sets of results
acquired in patients with bipolar disorder in the eu-
thymic state are contradictory to each other. Although
the reason is not known, this discrepancy may be due
to the different drug status and/or methodology. Most
of the patients in our study were medicated, whereas
lithium was washed out for 1 week in the patients stud-
ied by Deicken et al.57 Because reduction of PCr in the
right frontal lobe was also found in medicated patients
with panic disorder,86 it cannot be ruled out that this
reduction may be due to an effect of medication. There
are also many methodological differences between these
two studies in terms of coils, pulse sequences, repetition
time, and data processing.

As is the case with bipolar disorder, the findings for
PCr in the frontal lobes in schizophrenia are also still
controversial. Studies using a surface coil tend to show
increased PCr peak in the left frontal lobe,56,60 whereas
studies using MRSI tend to show decreased PCr peaks
in both frontal lobes.87,88

We had initially speculated that decrease of the PCr
peak might be due to decrease of total creatine in the
brain, since the creatine concentration in cerebrospinal
fluid is reported to be decreased in patients with bipolar
depression compared with those with major depres-
sion.89 The Cr peak in the left frontal lobe detected by
quantitative 1H-MRS was state-dependently decreased
in patients with bipolar disorder in the depressive state
(Hamakawa et al., unpublished findings). Therefore,
still it cannot be ruled out that total creatine in the brain
is decreased in bipolar depression.

After we postulated that the decrease of the PCr peak
in the left frontal lobe was due to mitochondrial dys-
function,33 evidence suggesting abnormality of mito-
chondrial DNA in bipolar disorder was brought to
light.90,91 Bipolar disorder may be transmitted by mito-
chondrial inheritance,90 patients with mitochondrial en-
cephalopathy sometimes have affective disorder, and
some patients with bipolar disorder have 4,977 base pair
deletion in their mitochondrial DNA in leukocytes in the
brain.91 Recently, we applied a photic stimulation ex-
periment in patients with bipolar disorder and found
that the recovery of PCr in the occipital cortex after the
stimulation was significantly slower in the patients (Mu-
rashita et al., unpublished finding). This finding seems
compatible with the mitochondrial dysfunction hypoth-
esis because slow recovery of PCr after stimulation is a
characteristic of mitochondrial dysfunction, which has
been revealed by 31P-MRS studies in human skeletal
muscles. If the decreased PCr peak in the left frontal lobe
in bipolar depression is due to mitochondrial dysfunc-
tion, signals from lactate may be detected. However, no
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marked signal from lactate was detected in the frontal
lobes in patients with bipolar disorder in the euthymic
and depressive states (Hamakawa et al., unpublished
findings).

Adenosine Triphosphate (ATP): Recently, it was reported
that the concentration of ATP was decreased in the basal
ganglia in drug-free patients with major depression.74

Although the decrease of ATP without accompanying
decrease of PCr concentration is somewhat difficult to
interpret, this finding may also suggest the involvement
of abnormal energy metabolism in the pathophysiology
of affective disorders. This finding, together with in-
crease of the Cho peak in the basal ganglia, is compatible
with emerging evidence for basal ganglia abnormalities
in affective disorders in functional and structural neu-
roimaging studies.62 Similar decrease of the ATP peak
in the basal ganglia has been reported in schizophre-
nia.92

Intracellular pH (pHi): We found that pHi decreased in
patients with bipolar disorder in the euthymic state who
were treated with lithium compared with pHi in normal
control subjects.53 The pHi was higher in the manic and
depressive states compared with pHi in the euthymic
state.53,54 Although such findings were not observed by
Deicken et al.,57 the standard deviation of pHi was
higher in their study (0.06–0.28) than in our study (0.04–
0.06), which may have affected the results. Although de-
creased pHi can be seen in several pathological states,
including acute infarction and subarachnoid hemor-
rhage, the bipolar patients studied did not have such
major neurological abnormalities. There are two possi-
ble explanations for this: either accumulation of lactate
or abnormality in Na`/H` antiport activity in bipolar
disorder. Abnormality of many kinds of ion transport
systems in blood cells has been reported in bipolar dis-
order,93 and it is possible that this antiport activity is
decreased in bipolar disorder. Although lithium is
known to affect the Na`/H` antiport activity94 that reg-
ulates pHi in neurons,27 we observed reduction of pHi
in 7 patients with bipolar disorder who were drug-free
more than 10 days (Kato et al., unpublished finding). In
40 patients with bipolar disorder in the euthymic state
treated with lithium, pHi was positively correlated,
weakly but significantly (r40.33, P,0.05), with the du-
ration of lithium treatment.58 Long-term treatment with
lithium may augment pathologically decreased pHi in
bipolar patients.

Why is pHi abnormal in the euthymic state, but nor-
malized in the manic and depressive states? Na`/H`

antiport is activated by monoaminergic stimulation and
augmented by phosphorylation by protein kinase C

(PKC).95 It is reported that PKC activity in platelets is
increased in patients with bipolar disorder.96 According
to this evidence, we can hypothesize that alteration of
monoaminergic pathway through either increased activ-
ity of monoamines or hypersensitivity to them via
changes of second messenger systems in bipolar disor-
der might be a result of compensatory mechanisms of
these systems to restore decreased pHi. This hypothesis,
although very speculative, can account for why pHi is
abnormal in the euthymic state and normalized in the
manic and depressive states.

Pharmacokinetic Studies With 7Li-MRS
Review papers have summarized pharmacokinetic
studies using lithium-7 MRS.97,98 Please see these re-
views for details. The findings are briefly summarized
below.

1. Lithium accumulates in the brain more slowly than
in serum, with the peak time at 3–8 hours after the ad-
ministration. It is also eliminated from the brain more
slowly than from serum, with an elimination half-life
after steady state of 48 hours.99–102 However, the elimi-
nation half-life may be much longer if the signals from
muscles are eliminated.103 Lithium slowly accumulates
in the brain during chronic treatment. It takes more than
7 days to reach a steady state.99 This slow rate may
partly account for the delay of the clinical effect of lith-
ium in the treatment of mania.

2. The lithium concentration in the brain is correlated
with the serum concentration, with a brain:serum ratio
of 0.4–0.6, which is relatively constant across stud-
ies.99,100,102,104–107 However, there is still considerable in-
terindividual difference of brain:serum lithium ratios,
up to 2.5-fold, even when the most sophisticated
method for the absolute concentration determination is
used.108 This variability indicates that lithium concen-
tration in the brain may not be within the therapeutic
range even if a patient has relatively high lithium con-
centration in serum.

3. The T1 relaxation time of 7Li in the human brain is
3–4 seconds.101,103,107,109

4. 7Li-MRI can be performed in the human brain.101

5. The brain:serum lithium ratio may vary with clini-
cal status. In a patient whose brain lithium concentra-
tion was serially measured, the lithium concentration in
the brain increased markedly during manic switch.106

The brain lithium concentration was not correlated with
the serum lithium concentration in the manic state
(r40.12), but it was well correlated with the serum con-
centration in the euthymic (r40.57, P,0.01) or depres-
sive (r40.64, P.0.05) states.97 Patients in the euthymic
state tended to have a higher brain:serum lithium ratio
than did depressive or manic patients.108
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6. The lithium concentration in the brain was more
highly correlated with the concentration in serum
(r40.66, P,0.001) than with the concentration in eryth-
rocytes (r40.44, P,0.05).110

7. Clinical improvement of mania, determined by the
reduction in the Petterson Mania Rating Scale score 4
weeks after the initiation of lithium treatment, was sig-
nificantly correlated with the lithium concentration in
the brain (r40.65, P,0.05) and the brain:serum lithium
ratio (r40.60, P,0.05), but not with the concentration
in serum (r40.33) or the lithium dose:body weight ratio
(r40.02).111

8. There was no relationship between general side ef-
fects and brain lithium concentration (r40.01).112 The
brain lithium concentration when hand tremor was
present was significantly higher than that when it was
absent in bipolar patients treated with lithium and other
psychotropic drugs; there was no difference between the
serum lithium concentrations in these two groups.112 It
was also suggested by Sachs et al.,108 from clinical ex-
perience, that patients with tremor, sedation, and cog-
nitive impairment are likely to have brain lithium levels
higher than expected levels.

Pharmacokinetic Studies With 19F-MRS
Of several psychotropic drugs that have been measured
in the human brain,4,113 fluoxetine and fluvoxamine,
both serotonin selective reuptake inhibitors (SSRIs), are
of particular interest in the treatment of affective disor-
ders.

Renshaw et al.114 have reported that the concentration
of fluoxetine (FLX)`norfluoxetine (NFLX) in the brain
in patients who were treated with FLX (60–100 mg/day)
for more than 3 months ranged from 1.3 to 4.2 lg/ml.
The concentration in the brain was more highly corre-
lated with daily dose than with plasma concentration.
The brain:plasma ratio was 2—5 (mean 2.6).

Karson et al.115,116 have reported that the concentra-
tion of FLX`NFLX in the brain in patients who were
treated with FLX (20–40 mg/day) for more than 1 week
ranged from 0 to 10.7 lg/ml. The concentration in the
brain was correlated with cumulative dose as well as
with daily dose. In patients treated more than 3 months,
it was well correlated with serum concentration
(r40.81), and the brain:serum ratio was 20.1514.1. The
19F-MRS signal of FLX was found even 3.5 weeks after
the termination of FLX treatment.

The discrepancy of brain/plasma (or serum) ratios be-
tween these two studies seems to be due to the differ-
ence of methodology in determination of the drug con-
centration in blood.

Miner et al.117 reported that the concentration of
FLX`NFLX in the brain in patients with social phobia

who were treated with FLX (10–60 mg/day, 8–20 weeks)
was 0–16.5 lM (micromolar).

Strauss et al.118 have detected signals from fluvoxa-
mine (FVX) in the brain in patients with obsessive-
compulsive disorder treated with FVX at 100–300 mg/
day. The FVX levels in the brain reached the steady state
several weeks after the initiation of the treatment. There
was no correlation between brain levels and clinical out-
come, and there was substantial intersubject variability
in the relationship of the dose to brain levels.

CONCLUSION

Neurobiological studies of affective disorders using
MRS have suggested several possible abnormalities, in-
cluding decreased PME and increased PDE levels in
the frontal lobes and decreased PME level in the tem-
poral lobes in patients with bipolar disorder in the eu-
thymic state. Increased peak for Cho-containing com-
pounds in the basal ganglia is suggested in bipolar
disorder and major depression. In bipolar disorder, de-
crease of PCr may be a trait-dependent phenomenon
and augmented in the depressive state. Decreased pHi
is recognized in the frontal lobes in bipolar disorder in
the euthymic state. Of these, the decreased PME as well
as increased PDE and Cho peaks have been confirmed
by a few investigators. However, they are not specific to
bipolar disorder but are also observed in schizophrenia.
On the other hand, the decreased PCr peak and de-
creased pHi have not yet been confirmed by other in-
vestigators, but they might be specific findings in bi-
polar disorder.

Studies of the effect of lithium on brain metabolism
have suggested that lithium increases the PME (possibly
I-1-P) peak during the course of treatment of mania, but
it does not increase the Cho peak in either the cerebral
cortex or the basal ganglia. The latter finding has been
replicated by a few research groups.

Studies using 7Li-MRS and 19F-MRS in the treatment
of affective disorders have elucidated pharmacokinetics
of lithium and fluoxetine, and clinically useful infor-
mation has been obtained.

These neurobiological studies of affective disorders
using MRS are still at the basic research level. The stud-
ies in this field have had considerable methodological
limitations. However, some of the limitations in the past
studies might be overcome by using advanced MRS
techniques. For example, particular metabolite in the
PME peak might be quantitated by using a proton-
decoupling technique. Further studies—in vivo MRS in-
vestigations and other kinds of studies—are needed to
replicate these findings obtained from MRS in order to
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clarify the neurobiology of affective disorders. These
findings, if replicated, may introduce brand-new treat-
ment strategies, such as drugs that would improve mi-
tochondrial function or improve abnormalities in mem-
brane transport systems.
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