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Abstract The authors have previously reported de-
creased intracellular pH (pHi) in the frontal lobes in eu-
thymic bipolar patients treated with lithium using 3'P-
MRS. White matter hyperintensity (WMHI) is frequently
seen in bipolar disorder. To examine a possible effect of
lithium on pHi and the relationship between pHi and
WMHI, seven drug-free euthymic bipolar patients were
examined, and T,-weighted MRI were examined in 14
previously reported bipolar patients. Drug-free patients
showed significantly lower pHi than controls. WMHI was
associated with low pHi and increased phosphodiester
peak. These results suggest that decrease of pHi is not an
effect of lithium but isinstead related to the pathophysiol-
ogy of illness. Decrease of pHi and increase of the PDE
peak may be the biochemical basis of WMHI in bipolar
disorder.
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Introduction

Brain phosphorus metabolism in patients with bipolar dis-
order has been investigated using phosphorus-31 mag-
netic resonance spectroscopy (3!P-MRS) [11, 12, 15-20].
These studies have indicated (@) ateration of the phos-
phomonoester (PME) peak in the frontal [11, 15, 17, 19]
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and temporal lobes [12], (b) decrease of phosphocreatine
(PCr) predominantly in the left frontal lobe [16, 18, 20],
(c) decreased intracellular pH (pHi) in the frontal lobes
[17, 19], and (d) increase of the phosphodiester (PDE)
peak in the frontal lobes [11].

The finding that pHi was decreased in euthymic pa-
tients with bipolar disorder compared with normal con-
trolsis particularly intriguing. The 0.05 unit difference in
pHi seems to be a notable finding, given that pHi is
strictly regulated in the brain. In schizophrenia, moreover,
although changes in PME and PDE have been widely re-
ported, decreases in pHi have never been observed, sug-
gesting that pHi changes may be a potential clue in under-
standing the pathophysiology of bipolar disorder.

However, the following questions should be addressed:

1. Isthe decreasein pHi aresult of lithium treatment? All
the bipolar patients examined in our previous study were
treated with lithium [17, 19]. Although effects of lithium
on pHi have not been reported thus far, it cannot be ruled
out that lithium may affect pHi through the alteration of
Na'/H* exchanger activity [2].

2. Isthis finding related to the white matter hyperinten-
sity (WMHI) observed by T,-weighted magnetic reso-
nance imaging (MRI)? Recent MRI studies on bipolar dis-
order consistently noted that deep white matter hyperin-
tensity (DWMHI) and periventricular hyperintensity
(PVH) are more frequently seen in bipolar patientsthan in
age-matched normal controls [1]. On the other hand, it
was reported that WMHI is associated with decreased
ATP levels, decreased pHi [32] and PME levels [10]. Of
these findings in elderly patients, low pHi and decreased
PME are the same findings as those observed in bipolar
disorder. It seems possible, therefore, that there is a corre-
lation between low pHi and WMHI.

In this study, drug-free patients with bipolar disorder
were examined by 3IP-MRS to elucidate whether or not a
decrease in pHi in the brain is also observed in these pa-
tients, and previously reported 3!P-MRS data were reana-
lyzed in light of existence or absence of WMHI detected
by T,-weighted MRI.
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Subjects and methods
Study 1: Drug-free patients

Seven patients with bipolar disorder (seven men and two women;
mean age 44.1 = 16.9 years) were examined for drug-free study.
Four of them had DSM-I111-R bipolar-I disorder and three had bipo-
lar-11 disorder (Table 1). It was confirmed through an interview by
a senior psychiatrist that they were in the euthymic state and had
no mood symptoms over the 2 weeks prior to MRS examination.
None of the patients had been administered drugs of any kind for
at least 10 days (11365 days, mean 103 days) prior to examina-
tion. Six patients had been receiving lithium monotherapy before
the drug-free period. The remaining subject (case 7) had been
treated with trazodone and sulpiride but never with lithium. They
did not have any neurological disorders, major medical disease, or
substance abuse. They did not have major structural abnormalities
detected by T;-weighted MRI. Five of these patients had dropped
out of treatment in the outpatient clinic and were asked to join this
study by mail. In one patient, lithium had been stopped by an at-
tendant physician due to side effects. In the remaining patient (case
7), an attendant physician had stopped drugs in order to perform
light therapy.

The results in these seven patients were compared with previ-
ously reported data for 60 normal control subjects[19]. There were
no significant age differences between the seven patients and con-
trols. The data in the seven drug-free patients were collected dur-
ing the same period as with the controls, because they were gradu-
ally collected during the course of this study.

Study 2: Relationship between MRI and 3!P-MRS

Of the 40 patients treated with lithium in our previous report [19],
only 13 patients had been examined by T,-weighted MRI for clin-
ical purpose. Similarly, T,-weighted MRI was available in only
one of seven patients in the drug-free study. A total of 14 patients
were examined.

All subjects provided informed written consent before partici-
pating in the study.

Magnetic resonance spectroscopy (studies 1 and 2)

The method of MRS data acquisition and its reliability have been
described in our previous report [19]. Briefly, subjects were exam-
ined on a1.5-T Signa MR system (GE Medical Systems, Milwau-
kee, Wis.) equipped with a spectroscopy package. Surface coilsfor
1H and 3P (GE Medical Systems) were placed over the subject’s
head. The volume of interest was the 30-mm slice between the
front pole and the front edge of the corpus callosum parallel to
the coil [17]. 3!P-MR spectra were obtained using depth-resolved
surface coil spectroscopy (DRESS) [3]. The repetition time (TR)
was set at 3 s. One hundred twenty-eight scans were averaged.
The number of data points was 1024 and receiver band width was
4000 Hz.

FIDs were processed using a GE 1280 DATA station (GE
Medical Systems, Milwaukee, Wis.). Broad peaks and baseline
distortion were canceled using the convolution difference method
[6]. After Fourier transformation, baseline correction was applied
to the phase-corrected spectra (Fig. 1). Peak areas were calculated
by manual curve fitting. Metabolite data were shown as peak area
percent to the total phosphorus signal. Intracellular pH was calcu-
lated from the difference of chemical shifts between inorganic
phosphate and phosphocreatine [24]. Inter-assay intra-individual
coefficients of variation (CV) of peak area percentages were less
than 10%, except for Pi peak, and CV's of pHi was 0.80% [18, 19].

Magnetic resonance imaging (study 2)

Magnetic resonance images were also obtained using a Signa (GE
Medical Systems, Milwaukee, Wis.)) 1.5-TeslaMR system in ases-
sion independent from that using 3!P-MRS. Subjects lay with their
orbitomeatal (OM) line vertical to the stretcher. After scout sagit-
tal images were obtained, T,weighted and proton-density-
weighted double spin-echo axial images were taken with afield of
view (FOV) of 24 cm, adlice thickness of 5 mm with an inter-scan
gap of 2.5 mm, a256 x 256 matrix, a repetition time (TR) of 2000
ms, echo times (TE) of 80 ms and 20 ms, respectively, and a num-
ber of excitations (NEX) of 2. T,-weighted axial images were also
obtained with TR of 500 ms and TE of 20 ms.

These MRI films were first qualitatively inspected by a neuro-
radiologist, then quantitatively scored by two neuropsychiatrists.

Table 1 Phosphorus-31 magnetic resonance spectrum in drug-free patients with bipolar disorder (PME phosphomonoester; Pi inor-
ganic phosphate; PDE phosphodiester; PCr phosphocreatine; ATP adenosine triphosphate)

Diagnosis Case Subtype Age No. of Sex Drug-free pH Peak area [%0]
no. subjects period
[days] PME Pi PDE PCr B-ATP
Bipolar disorder 1 BPI 43 M 30 6.99 79 59 168 121 201
(Drug-free) 2 BPI 42 F 132 699 116 61 226 150 128
3 BPI 66 M 365 704 139 69 190 143 134
4 BPI 35 F 120 702 128 31 263 129 121
5 BPII 68 F 11 7.04 94 97 172 147 136
6 BPII 24 F 41 7.00 97 67 220 127 128
7 BPII 31 M 28 703 137 32 166 102 142
Mean  44.1 7 (4F, 3M) 103.8 701* 113 59 201 131 141
sD 16.9 124.5 0.02 23 23 35 16 27
Bipolar disorder? Mean 420 40 (24F, 16M) 701 106 57 207 134 135
(on Lithium) sD 12.4 0.04 17 15 29 19 19
Controls? Mean 396 60 (33F, 27M) 705 112 60 201 135 136
sD 13.9 0.04 15 13 25 15 19

aCited from Kato et a (1994)
* p < 0.05 to controls by Mann-Whitney U-test
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Fig. 1. Phosphorus-31 magnetic resonance spectrum in the frontal
lobes in anormal control subject

The PVH and DWMHI was scored by T,-weighted MR images us-
ing the four-point scale [8]. Representative images were prepared for
these four-point scales, and all images were compared with these
images. The scoring was performed blindly to the 31P-MRS find-
ings of the subjects. The two scores (PVH and DWMHI) were
summed to yield a total WMHI score. Patients having WMHI
scores of 1 or more were regarded as having WMHI.

Statistical analysis
Two-way analysis of covariance (2-way ANCOVA), Spearman’s co-

efficient of correlation, and Mann-Whitney U-test were used for
stetistical analysis.

Results
Study 1: Drug-free patients

The results of the drug-free study are summarized in
Table 1. Intracellular pH was significantly lower in drug-
free bipolar patients compared with that in 60 normal con-
trols (U = 111, p < 0.05 by two-tailed Mann-Whitney U-
test). There was no significant difference in the PME peak
area between drug-free bipolar patients and controls.
Also, there was no significant difference in other peak
area ratios between these two groups.

Study 2: Relationship between MRI and 3'P-MRS

Eight of 14 patients were judged as having WMHI. These
8 patients had an average WMHI score of 2.7 + 2.2. The
WMHI score was significantly correlated with age (r =
0.71, p < 0.01) and with PDE peak area (r = 0.56, p <
0.05; Fig.2).

Bipolar patients with WMHI tended to have lower pHi
(7.02 £ 0.03; p = 0.10) compared with norma controls
(7.05 £ 0.04), whereas bipolar patients without WMHI did
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Fig. 2. Relationship between white matter hyperintensity scores by
T,-weighted MRI and phosphodiester peak area by 3!P-MRSin pa-
tients with bipolar disorder. Statistically significant correlation
was found (r = 0.56, p < 0.05)

not differ from controls (7.05 = 0.03; Table 2). Because
bipolar patients with WMHI were significantly older than
the controls (51.1 £ 12.9 years), the data in these patients
were compared with elderly controls more than 35 years
old who were selected from the 60 controls (n = 33; age
50.3 £ 9.0 years). When compared with elderly controls
(7.05 £ 0.04), the difference was close to significance (p =

0.06).

T)o further examine the relationship between 3P-MRS
findings and WMHI, two-way ANCOVA with factors of
diagnosis (bipolar with WMHI, bipolar without WMHI,
controls), gender, and covariate of age was applied. The
factor of age was found to be significant only for PCr
(F =10.0, p< 0.005), whereas that of diagnosiswas found
to be significant only for the PDE peak (F = 6.4, p <
0.005). The PDE peak area percent was significantly
higher in the bipolar disorder patients with WMHI (23.4 +
2.9) compared with 60 controls (20.1 + 3.6; p < 0.01) and
patients without WMHI (19.1 + 2.3; p < 0.05). This result
did not change even when it was compared with 33 el-
derly controls (20.0 + 2.8; p < 0.005).

Discussion
Study 1: Drug-free patients

We found significantly decreased pHi in the brains of
drug-free patients with bipolar disorder compared with
normal controls. This result suggests that the decrease in
pHi in the brain in euthymic patients with bipolar disorder
found in our previous study [17, 19] may be related to
pathophysiology of bipolar disorder rather than to the ef-
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Table 2 Relationship between phosphorus-31 magnetic resonance spectrum findings and subcortical hyperintensity observed by T,-
weighted MRI (F female; M male; PME phosphomonoester; PDE phosphodiester)

No. of Sex Age [years] pH PME [%] PDE [%]

subjects mean = SD mean = SD means + SD mean = SD
Bipolar disorder (WMHI +) 8 ( 5F, 3M) 51.1+ 129 7.02 + 0.03* 108+ 20 234+ 2.9**
Bipolar disorder (WHMI —) 6 (2F, 4m) 33.6+11.0 7.05+ 0.03 114+16 191+23
Controls? 60 (33F, 27M) 39.6 + 13.9 7.05+ 0.04 112+15 201+25
Elderly controls? 33 (22F, 11M) 50.3+9.0 7.05+ 0.04 11.2+£17 20.0+ 2.8

aFrom Kato et a. (1994)
*p = 0.06 for elderly controls using Mann-Whitney U-test
** p < 0.001 for elderly controls using Mann-Whitney U-tes

fects of lithium. In contrast to the present study, Deicken
et a. [11, 12] found no difference in pHi either in the
frontal or temporal lobes between drug-free patients with
bipolar disorder and normal controls, using magnetic res-
onance spectroscopic imaging. However, the standard de-
viation of pHi in their study (0.06-0.28) was much higher
than that in our study (0.01-0.04), which might have ob-
scured the difference.

In contrast to the studies by Deicken et a. who re-
ported adecrease in the PME peak in bipolar patients who
were drug-free for 7 days [11, 12], no decrease in PME
level was found in this study. In this study the drug-free
period was more than 28 days in six of seven subjects,
which we regarded as sufficient to exclude any effects of
lithium. On the other hand, the wash-out period in the
studies by Deicken et al. may not be enough to exclude a
possible effect of lithium. Although the elimination half-
life of lithium detected by 7Li-MRS in the human brain
had been assumed to be approximately 2 days [30], it was
calculated to be much longer in an animal experiment
[27]. There are aso many technical differences between
these two studies, which might have caused this discrep-
ancy. Deicken et al. used a head coil and magnetic reso-
nance spectroscopic imaging technique, whereas we used
a surface coil and the DRESS method; therefore, the re-
gions examined were not completely the same between
these two studies.

There are only few studies of effects of lithium on
brain phosphorus metabolism. Renshaw et a. [28, 29] and
Preece et a. [26] examined effects of lithium on brain
phosphorus metabolism in experimental animals, and
found increase of the PME peak 1 week after theinitiation
of lithium treatment. After the initial increase, the PME
peak decreased to the normal levels. Silverstoneet al. [31]
found that brain phosphorus metabolism was not altered
after lithium treatment for 1 week in human volunteers.
Keshavan et al. [21] examined effects on lithium on brain
phosphorus metabolism in patients with schizophrenia af -
ter 2-week lithium treatment. None of these researchers
found a decrease in intracellular pH after lithium treat-
ment. There is no report on effects of long-term lithium
treatment for more than 1 month, comparable to the clini-
cal situation in bipolar disorder; therefore, it cannot be
ruled out that long-term lithium treatment may decrease
the PME peak. However, we cannot draw a definite con-

clusion because the number of subjects were very small,
mixed with bipolar | and bipolar 11, and the standard devi-
ation in PME in the patients was somewhat large.

Study 2: Relationship between MRI and 31P-MRS

A decrease in pHi was not found in bipolar patients with-
out WMHI but was found in patients having WMHI
(Table 2). Moreover, we also found — unexpectedly — that
the PDE peak area was significantly higher in patients
with WMHI than in those without WMHI or age-matched
controls (Fig.2; Table 2). Although we did not find in-
crease of the PDE peak in bipolar disorder, Deicken et al.
[11] reported a significant increase in PDE peak in the
frontal lobes of patients with bipolar disorder. These find-
ings suggest a possible close correlation between threein-
dependent findings in neurcimaging studiesin bipolar dis-
order, i.e., between high frequency of WMHI by MRI, de-
crease in pHi and increase in the PDE peak by 3!P-MRS.

What is the causal relationship of these parameters? To
date, there have been no histopathological studies in the
postmortem brains of patients with both bipolar disorder
and WMHI. Among the general population, WMHI has
been associated with myelin pallor and dilatation of the
perivascular space [7, 13]. These findings are thought to
be the results of ischemic changes. Although it is not
known whether the finding in bipolar disorder is histo-
pathologically the same as that observed in normal elderly
people, WMHI in bipolar disorder may also be associated
with ischemia.

Sappey-Marinier et a. [32] examined the WMHI areas
in elderly subjects using 3!P-MRS, and found both a sig-
nificant decrease in 3-ATP and a non-significant trend of
low pHi. In their subsequent study, however, only a de-
crease in PME peak was noted [10]. An increase in PDE
peak has never been reported in WMHI of elderly normal
subjects. Therefore, it is possible that WMHI in bipolar
disorder may be the result of a different mechanism than
WMHI in normal elderly subjects. In fact, it has been re-
ported that IH-MRS findings are different between the
WMHI region in Alzheimer’s disease and that in vascular
dementia [9].

In this study most of the patients had only slight
WMHI, i.e., scores of 1-2, which were much milder than



the cases in the study of 31P-MRSin WMHI in normal el-
derly subjects [10, 32]. In our patients with WMHI, most
of the white matter region appeared normal; therefore, the
decrease in pHi and increase in the PDE peak cannot re-
flect the biochemical properties of the WMHI tissues
themselves, but must reflect the metabolism in normal-ap-
pearing white matter. We should thus assume that some
biochemical process accompanying the decrease in pHi
and increase in PDE causes WMHI.

To our knowledge, a decrease in pHi has only been re-
ported in afew pathological statesin the human brain, i.e.,
WMHI [32], acute stroke [34], and subarachnoid hemor-
rhage [4], all of which reflect ischemic insult. While de-
crease in pHi in WMHI (7.02) is comparable to bipolar
disorder, that in other diseases is much larger (6.90) than
bipolar disorder.

Implications for pathophysiology of bipolar disorder

In bipolar disorder, pHi decrease might be caused by an
accumulation of lactate due to ischemia, or decreased ac-
tivity of the Na*/H* exchanger. Lactate accumulation has
never been found either in the subcortical region [14] or
the frontal lobes (H. Hamakawa et a., unpublished data)
in euthymic patients with bipolar disorder using 'H-MRS.
The Na*/H* exchanger (NHE) is a main determinant of
pHi in neuronal cells[33]. It was reported that the Na*/Li*
counter transport activity was decreased in red blood cells
of patients with bipolar disorder, although it is still con-
troversial [23]. Recently, it has been determined that Na*/
Li* counter transport activity is mediated by the Na*/H*
exchanger isoform 1 (NHE-1) in NHE-1 cDNA-injected
oocytes [5]; therefore, it is possible that dysfunction of
NHE-1 may be responsible for these findings in bipolar
disorder.

The PDE peak originates mainly from the membrane
phospholipid itself [22]. It also includes signals from sol-
uble membrane degenerating products, such as glycero-
phosphocholine or glycero-phosphoethanolamine. The ob-
served large increase in PDE peak area might be caused
by prolongation of the T, relaxation time of membrane
phospholipid molecules due to increased mobility, or ac-
cumulation of membrane degenerating products.

Limitations

The major limitation of this study is the small number of
subjects mixed with bipolar-1 and bipolar-11 cases, which
limits the generalization of this finding. However, it is not
easy to recruit drug-free euthymic patients with bipolar
disorder in aclinical situation. Before maintenance treat-
ment, these patients are generally not diagnosed as having
bipolar disorder, and by the time the patients diagnosed as
having bipolar disorder become euthymic, they are gener-
aly receiving maintenance treatment. It is not ethically
approved to stop lithium treatment for research purposes,
since such termination may induce relapse or treatment-
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resistant rapid cycling [25]; therefore, we looked for bipo-
lar patients who had dropped out of lithium treatment of
their own accord, which limited the number of subjects
for recruitment. We did not select only bipolar-1 or bipo-
lar-11 cases, because the decrease in pHi has been ob-
served in both of these disorders [19]. We must also con-
sider that the drug-free patients who dropped out of
lithium treatment may not be representative of bipolar dis-
order on the whole. Therefore, alarger and more homoge-
neous group would be required to fully validate the find-
ings in this study.

It should be noted that, in this study, the 3!P-MRS re-
sults were obtained over a relatively large region that in-
cluded many kinds of tissues, such as gray matter, normal
appearing white matter, a white matter hyperintensity re-
gion, muscles, skin and cerebrospinal fluid. Although it is
necessary to locate the VOI of 31P-MRS to the WMHI re-
gion only, thisis not easily done, since the minimum mea-
surable volume of 31P-MRS is approximately 27 cm3. In
this study T,-weighted MRI was not obtained in normal
controls. It would be required to see the relationship be-
tween WMHI and intracellular pH in other diagnostic
groupsin the future. Because WMHI was scored based on
the MRI films of 5-mm-thick and 2.5-mm inter-scan gap,
small WMHI might have been dismissed. There are many
other factors to be taken into consideration in interpreting
SIP-MRS data, as we discussed in our previous study [19].

Despite these limitations, this is the first report to con-
firm decreased intracellular pH in drug-free bipolar pa-
tients and to reveal a possible biochemica background of
WMHI in bipolar disorder.
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