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We used proton magnetic resonance spectroscopy (1H MRS) to compare the in vivo effects of olanzapine on prefrontal N-acetyl-

aspartate (NAA) levels in treatment remitters and nonremitters. Secondary aims of this study were to identify neurochemical predictors

of successful olanzapine treatment and other neurochemical effects of olanzapine. In all, 20 adolescents admitted for their first

hospitalization for bipolar disorder, type I, manic or mixed and 10 demographically matched healthy subjects were recruited. Manic

adolescents were treated with olanzapine monotherapy and scanned at three time points (N¼ 19). Medial and left and right lateral

ventral prefrontal NAA, choline, creatine/phosphocreatine, myo-inositol, and glutamate/glutamine were measured at baseline, prior to

receiving medication, and on days 7 and 28 of treatment. Healthy subjects did not receive medication but underwent 1H MRS scans at

the same time points to assess for normal variability in metabolites over time. Although there was no overall increase in NAA in manic

adolescents following 28 days of treatment with olanzapine, olanzapine remitters (N¼ 11, 58%) exhibited a greater increase in medial

ventral prefrontal NAA compared with nonremitters (N¼ 8, 42%, p¼ 0.006). Specifically, from baseline to end point, NAA levels

decreased in nonremitters (p¼ 0.03) and increased in remitters (p¼ 0.05). Manic adolescents treated with olanzapine had an increase

from baseline to day 7 in medial (p¼ 0.002) and right lateral (p¼ 0.02) ventral prefrontal choline. Baseline medial ventral prefrontal

choline was greater in olanzapine remitters than in nonremitters (p¼ 0.001). Successful treatment of mania with olanzapine may lead to

increased ventral prefrontal neuronal viability and/or function as compared to unsuccessful treatment with olanzapine. Additionally,

olanzapine-induced increases in choline may lead to alteration of abnormalities in cell membrane metabolism or second messenger

pathways that are thought to be involved in the pathophysiology of bipolar disorder.
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INTRODUCTION

Although the onset of bipolar disorder commonly occurs
during adolescence (Lish et al, 1994), there have been
relatively few pharmacological treatment studies involving
patients in this age group. As a result, children and
adolescents with bipolar disorder must often undergo

several unsuccessful medication trials prior to achieving
mood stabilization. A recent study found that children and
adolescents with bipolar disorder were treated with 3.471.5
medications and had an average of 6.373.7 trials of
psychotropic medication (Bhangoo et al, 2003). Several
open-label and controlled investigations suggest that
atypical antipsychotics are effective for the treatment of
adolescent mania (Frazier et al, 2001; McConville et al,
2000; DelBello et al, 2002). However, the mechanisms by
which these medications exert mood-stabilizing properties
remain unknown. Understanding the neurochemical effects
and predictors of response to specific pharmacological
agents used to treat bipolar disorder would permit targeted
treatment interventions so that the optimal mood stabiliza-
tion can occur for children and adolescents with BP early in
their illness course.
Proton magnetic resonance imaging (1H MRS) provides

in vivo information regarding the concentration of specific
biochemicals in localized brain regions. Therefore, 1H MRS
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can be used to identify the neurochemical effects and
predictors of response to medications commonly used to
treat bipolar disorder. N-acetyl aspartate (NAA) is one
neurochemical that is quantified using 1H MRS. NAA is
primarily localized to neurons and therefore, decreases in
NAA may indicate loss of or impaired neuronal functioning
or decreased neuronal viability (Urenjak et al, 1993).
Alternatively, NAA is reduced by mitochondrial respiratory
chain inhibitors so that decreases in NAA may indicate
impaired mitochondrial energy production (Bates et al,
1996). Decreased NAA levels have been reported in the
cerebellar vermis (Cecil et al, 2003) and dorsolateral
prefrontal cortex (Chang et al, 2003) of unmedicated
children and adolescents with bipolar disorder compared
with healthy controls.
Recent neuroimaging studies have revealed that lithium

may have neurotrophic effects as demonstrated by an
increase in cortical NAA and gray matter in bipolar adults
following lithium treatment (Moore et al, 2000a, b). In
contrast, several studies report decreased or no change in
NAA in bipolar patients following treatment with valproate
(Silverstone et al, 2003; Cecil et al, 2002). Olanzapine, an
atypical antipsychotic, may increase brain-derived neuro-
trophic factor (BDNF) (Parikh et al, 2004a) and restore
loss of cholinergic neurons (Parikh et al, 2003) in rats.
Moreover, a recent investigation revealed that exposure
to olanzapine leads to increases in nerve growth factor
(NGF) in rats, whereas haloperidol decreases, and risper-
idone does not alter, NGF levels (Parikh et al, 2004b).
Together, these data suggest that olanzapine may have
neuroprotective and neurotrophic properties. In contrast,
another recent study reported a reduction of NAA levels
in rat brains following 7 days of olanzapine treatment
(Lindquist et al, 2000). However, to our knowledge, the
effect of olanzapine therapy on brain NAA in patients with
bipolar disorder has not been examined.
With these considerations in mind, the aim of this study

was to identify the neurochemcial effects of treatment with
olanzapine in first-hospitalization manic adolescents with
bipolar disorder. Evaluating first-hospitalization manic
adolescents is advantageous in that many of the confound-
ing variables associated with illness chronicity, such as
co-occurring substance use disorders and medication
exposure, are either absent or present to a lesser extent.
We hypothesized that prefrontal NAA would increase
following olanzapine treatment, consistent with olanza-
pine’s putative role as a neurotrophic agent. As secondary
aims of this study, we compared the effects of successful and
unsuccessful treatment with olanzapine on NAA, as well as
examined other neurochemical effects and predictors of
response to olanzapine.

MATERIALS AND METHODS

Subjects

Adolescents admitted for their first hospitalization for
bipolar disorder, type I, manic or mixed (N¼ 20) were
recruited from consecutive inpatient admissions to the
Adolescent Psychiatric Unit at Cincinnati Children’s
Hospital Medical Center. Patients were included in the
study if they were 12–18 years old, met DSM-IV criteria for

bipolar disorder, type I, currently mixed or manic, had a
Young Mania Rating Scale (YMRS) (Fristad et al, 1992;
Young et al, 1978) score ofX20, and had no prior treatment
with anticonvulsant, antidepressant, or antipsychotic
medications.
Healthy comparison subjects (HC, N¼ 10) between the

ages of 12 and 18 years, group-matched for age, education,
race, and sex were recruited from the community. The
purpose of the HC group was to assess for normal
variability in 1H MRS metabolite concentrations between
time points. HC adolescents were excluded by a history of
psychiatric illness in themselves or any first-degree relative
or current treatment with any medications. HC adolescents
did not receive medication.
All subjects were excluded by (1) a positive pregnancy

test; (2) a history of a substance use disorder within the
previous three months or a positive toxicology screen at
baseline; (3) a diagnosis of mental retardation (IQo70); (4)
an unstable medical or neurological disorder; (5) any
contraindication to undergoing an MRI scan (such as
ferromagnetic implants or claustrophobia); (6) a history of
head trauma resulting in a loss of consciousness for more
than 5min; or (7) a Tanner stage of o3. Adolescents with
bipolar disorder were also excluded by treatment with a
benzodiazepine or psychostimulant within 72 h.
Adolescents provided written assent and their parents/

legal guardians provided written informed consent after
study procedures were fully explained. This study was
approved by the University of Cincinnati and the Cincinnati
Children’s Hospital Medical Center Institutional Review
Boards.
Diagnoses were established using the Washington Uni-

versity at St Louis Kiddie-Schedule for Affective Disorders
and Schizophrenia (WASH-U-KSADS) (Geller et al, 2001)
by trained child and adolescent psychiatrists with good
diagnostic reliability (k¼ 0.94) (DelBello et al, 2002).
Adolescents and their parents/legal guardians were inter-
viewed separately. Primary caregiver and child responses
were combined in order to ascertain diagnoses. All
diagnoses were reviewed in a conference attended by the
WASH-U-KSADS interviewer and at least one other child
and adolescent psychiatrist and from which a consensus
diagnosis was made for each patient. Demographic infor-
mation was obtained by interviewing the adolescent and
their parent/legal guardian. The Self-Rated Tanner Scale was
used to assess the stage of adolescent sexual development
(Morris, 1980).

Efficacy and Tolerability Measures

The primary efficacy measure was the YMRS (Fristad et al,
1992; Young et al, 1978). Secondary efficacy measures
included the Clinical Global Impression-Bipolar Disorder
Version Improvement scores (CGI-BP-I) (National Institute
of Mental Health, 1985) (1¼ very much improved to
7¼ very much worse) to assess the overall improvement
at each visit after olanzapine was initiated. Other secondary
efficacy measures included the Clinical Global Assessment
Scale (CGAS, 1¼ poor functioning to 100¼ outstanding
functioning) (Schaffer et al, 1983) and the Children’s
Depression Rating Scale-revised (CDRS-R) (Poznanski
et al, 1985) to assess overall level of functioning and
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severity of depressive symptoms, respectively. A child and
adolescent psychiatrist with previously established relia-
bility for each rating scale (MPD) completed all ratings
by interviewing the subject and their primary caregiver
(ICCX0.9).
Extrapyramidal symptoms (EPS) were assessed using the

Simpson-Angus (Simpson and Angus, 1970), Barnes
Akathisia (Barnes, 1989), and Abnormal Involuntary Move-
ment Scales. (AIMS, 1976) Laboratory tests obtained were a
complete blood count (CBC), thyroid-stimulating hormone
(TSH), liver function tests (LFTs), including alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
and total bilirubin, and a random glucose level. Vital
signs obtained included weight, height, and orthostatic
blood pressure and pulse. Electrocardiograms (EKGs) were
monitored throughout the study. Additionally, physical
examinations were performed on each subject at baseline
and end point. Adverse events were assessed at each visit
by asking the adolescents and their primary caregiver’s
open-ended questions about potential side effects.

Study Protocol

This study was a 4-week open-label prospective study of
olanzapine monotherapy. After meeting all inclusion and
exclusion criteria, subjects received an initial olanzapine
dose of 10mg at bedtime. Doses were adjusted based on
clinical effectiveness and side effects until day 5. A dose
range of 10–20mg/day was permitted. No concomitant
medications were permitted at any point during the study.
Compliance was measured by pill count at each visit.
Additionally, each subject was asked to keep a medication
log in order to encourage compliance and identify missed
doses. Subjects were discontinued from the study if they
missed more than two doses of medication during any
7-day period.
Efficacy and tolerability ratings were performed at

baseline and days 7, 14, and 28 or termination from the
study. Vital signs were monitored at each visit. Serum
monitoring was performed at baseline and end point of
study participation.
In-patient attending physicians discharged study partici-

pants from the in-patient psychiatry unit when they
determined that the subjects were clinically stable
(mean7SD number of days hospitalized¼ 6.873.0 days).
All subsequent visits were performed in an outpatient
setting.

Proton Magnetic Resonance Spectroscopy (MRS)
Procedures

Subjects underwent an MRS scan at baseline, prior to
receiving medication and days 7 and 28 or termination from
the study. The scans on days 7 and 28 were performed in
order to differentiate between the acute biochemical and
antimanic effects of olanzapine, respectively. MRS scans
were acquired on a 1.5 T Signa General Electric MR scanner
(Milwaukee, WI).
All subjects (patients and controls) were scanned during

the same 13-month period, during which the scanner had
the same software and no major upgrades were performed.
Additionally, all participants were scanned at approximately

the same time in the afternoon to minimize biological
variability.
For each subject, a three-plane echo localizer was

performed. An axial three-dimensional, inversion recovery
prepped, fast spoiled gradient echo (3D IR FSPGR) was also
acquired (echo time (TE)¼ 5.4ms, repetition time (TR)¼
12.5ms, inversion time¼ 300ms, field of view¼ 24 cm,
1.5-mm thick contiguous slices) in order to provide an
anatomic template for MRS voxel placement. Single voxel
spectra were prescribed from the axial 3D IR FSPGR series
based upon anatomical landmarks. In the event a subject
moved or needed to be removed from the scanner, a reloca-
lization imaging sequence was performed. Single voxel
magnetic resonance spectroscopy was acquired with the
proton brain examination (PROBE) software (General
Electric Medical System, Milwaukee, WI) using a point
resolved spectroscopy acquisition mode (PRESS) sequence
with a TR of 2 s, a TE of 35ms, and 64 averages and with
automatic shimming to achieve water line widths of o5Hz.
A reference spectrum, acquired within the PROBE acquisi-
tion, collected eight acquisitions of unsuppressed water
signal for eddy current correction.
Three single voxels, each approximately 8 cc in volume

(2 cm3), were positioned in the medial ventral prefrontal
cortex (predominately gray matter) and in the left and right
ventral lateral prefrontal cortex (predominately white
matter). A spectroscopist (KMC), blind to subject diagnosis,
positioned the voxels to ensure consistent placement. To
minimize variability in voxel relocalization, the position of
each subject’s head was noted by using the angle of the
interpupillary line, which was compared with the transverse
landmark light on the scanner. The angle of head flexion-
extension was determined by moving the subject and table
so that the outer canthus and the external auditory meatus
were aligned with the transverse landmark light and the
position of the intersection with longitudinal light along the
midline, typically on the nose. The heads were comfortably
secured within the quadrature head coil to minimize head
motion.
Each of the three voxels was positioned at the same level

to avoid signal artefacts from the orbits. The level was
chosen such that the inferior portion of the lateral
prefrontal white matter voxels would not include any
orbital gyri. The lateral prefrontal white matter voxels were
positioned lateral to Brodmann areas 10, 45, and 46. The
medial ventral prefrontal (predominately gray matter) voxel
included the orbital frontal, middle frontal, and cingulate
gyri, which corresponds to Brodmann areas 9, 10, 24, 32,
and 47 (Figure 1) (Cecil et al, 2002).
Metabolite concentrations for NAA, choline (Cho),

creatine/phosphocreatine (Cr), myo-inositol (mI), and
glutamate/glutamine (Glx) in each of the subjects’ three
spectra were quantitatively measured using a Linear
Combination Model of in vitro spectra (LCModel), a
commercially available, automatic (user-independent) fre-
quency-domain fitting routine (Provencher, 1993). The
method employs a basis set of concentration-calibrated
model spectra of individual metabolites to estimate absolute
concentrations of similar brain metabolites from in vivo
spectral data correcting for residual eddy current effects and
actual coil loading by using the transmitter reference
amplitude (Provencher, 1993). Each concentration is

Olanzapine MRS in bipolar adolescents
MP DelBello et al

1266

Neuropsychopharmacology



reported with a confidence measurement (SD%) reflecting
maximum likelihood estimates and their uncertainties
(Cramer–Rao lower bounds) (Provencher, 2001). Metabolite
concentrations with an SD% of o10 were included in the
study. Using this criterion, one patient had unusable data in
the left ventral prefrontal cortex at baseline and therefore,
this patient was not included in any analyses of left ventral
prefrontal metabolites. Two other patients did not have
usable data in the right ventral prefrontal cortex at day 7
and therefore, these patients were only included in analyses
of right ventral prefrontal metabolites that examined
baseline predictors of remission.
Gray and white matter and cerebral spinal fluid(CSF)

contribution to voxel volumes were determined using a
K-means segmentation algorithm employed for analysis
of the FSPGR sequence incorporated into custom software
(Table 1). Metabolite concentrations were adjusted for
amount of CSF in each voxel (Cecil et al, 2002). Specifically,
the LC Model software determines the metabolite concen-
trations assuming a parenchymal volume as prescribed
(8 cc). However, particularly in the medial prefrontal gray
matter voxel, CSF contributions within the gyral sulcus
were approximately 15% of the total volume. There were
negligible CSF levels in the white matter voxels (see Table 1).
To compensate for the parenchymal assumption, we used
custom software to determine gray, white, and CSF
contributions to each voxel for each subject for each scan.
We then applied a scale factor based upon the ratio of
volume of CSF to total volume and adjusted each metabolite
concentration accordingly.

Statistical Analyses

Demographics and clinical characteristics of bipolar and
comparison subjects are listed in Table 2. All HC
adolescents (N¼ 10) underwent three MRS scans at the
same time points, and were included in analyses. Within the
bipolar group, one patient failed to return for any follow-up.
Therefore, only 19 adolescents with bipolar disorder were
included in the intent-to-treat (ITT) sample and in the
clinical outcome analyses. Demographic variables were
identified as potential covariates for group differences
between bipolar and HC adolescents, as well as between
bipolar adolescents who were remitters and those who were
nonremitters using t-tests or Fisher’s Exact tests and a
liberal p-value of 0.2 for differences between groups.

Analyses of variance (ANOVAs) were utilized to calculate
change in total YMRS and CDRS-R scores over time, using
the last observation carried forward (LOCF) from the ITT
sample of bipolar adolescents (N¼ 19). Response was
defined by a X50% reduction in YMRS score from baseline
to end point. Remission was based on previously published
criteria and defined by (1) an end point YMRS score of
p12, (2) an end point CDRS-R p40, (3) an end point CGI-
BP-I score of 1 or 2 (much or very much improved), and (4)
an end point CGAS score X51 (Pavuluri et al, 2005;
Findling et al, 2005). Paired t-tests were used to compare
change from baseline to end point in rating scale scores
between remitters and nonremitters. Individual adverse
events were summarized by frequency. Paired t-tests were
also used to compare change from baseline to end point in
laboratory measures, EPS rating scale scores, and vital
signs.
Within the each group (HC and bipolar adolescents),

change over time in NAA concentrations in each of the
three voxels of interest (medial, left, and right prefrontal

Figure 1 Placement of medial, and left and right lateral ventral prefrontal voxels.

Table 1 Percent of Gray (GM), White Matter (WM), and
Cerebral Spinal Fluid (CSF) in Medial and Left and Right Lateral
Ventral Prefrontal Voxels of Bipolar (N¼ 19) and Healthy
Comparison (N¼ 10) Subjects

Region of interest
BP remitters

(N¼ 11)

BP
nonremitters

(N¼8)
HC

(N¼10)

Medial VPFC, mean (SD)

% GM 65 (4) 63 (5) 67 (5)

% CSF 16 (3) 16 (2) 14 (5)

Left lateral VPFC, mean (SD)

% WM 82 (6) 83 (5) 85 (6)

% CSF 0.9 (0.8) 0.7 (0.6) 0.5 (0.7)

Right lateral VPFC, mean (SD)

% WM 85 (6) 82 (5) 87 (6)

% CSF 0.5 (0.5) 0.8 (0.9) 0.4 (0.4)

VPFC¼ ventral prefrontal cortex; BP¼ bipolar subjects; HC¼ healthy
comparison subjects.
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cortex) was evaluated using repeated measures ANOVA
(PROC MIXED). Post hoc t-tests were performed to identify
the time period during which any significant change in NAA
occurred. We then divided the bipolar adolescent sample
into remitters and nonremitters, in order to examine the
effects of categorical symptom resolution on MRS measures.
Change in NAA from baseline to day 28 within each voxel of
interest for each individual was calculated and the mean
change was compared between bipolar remitters and
nonremitters, as well as within each group, using t-tests.
Pearson correlations were performed to identify statisti-

cally significant associations among change in NAA
concentrations and clinical variables, including change in
YMRS and CDRS-R scores.
As secondary analyses, changes in other metabolite

concentrations were also examined using repeated measures
ANOVAs (PROC MIXED), Bonferroni corrected for multi-
ple comparisons (po0.004). Additionally, differences in
baseline metabolite concentrations between remitters and
nonremitters were evaluated using t-tests, Bonferroni
corrected for multiple comparisons (po0.003). All analyses
were performed using the Statistical Analysis System (SAS)
for the PC (SAS Institute, Cary, NC, 1999). Other analyses
were performed as necessary.

RESULTS

Baseline Characteristics of Bipolar and Healthy
Comparison Adolescents

Of the 19 bipolar adolescents, 18 (95%) completed the
4-week trial of olanzapine. One patient discontinued
prematurely (at day 18) due to lack of efficacy. All of the
healthy comparison subjects (N¼ 10) completed MRS scans
at baseline and on days 7 and 28. There were no significant
group differences in age, sex, race, or Tanner stage between
bipolar and comparison adolescents (Table 2). The mean
(SD) dosage of olanzapine at day 5 until end point was 12.7
(4.8) mg/day.

Efficacy Measures

A repeated measures ANOVA revealed a statistically
significant reduction over time in YMRS score (baseline,
mean (SD)¼ 33.6 (6.6), end point, mean (SD)¼ 13.0 (10.3),
F(3, 52)¼ 26.2, po0.0001) (Figure 2). In total, 74% (14/19)
of the bipolar adolescents were YMRS responders. A total of
59% (11/19) of the bipolar adolescents were remitters (end
point YMRSp12, CDRS-Rp40, CGI-Ip2, and CGASX51)
following treatment with olanzapine. CDRS-R scores were
significantly reduced and CGAS score significantly in-
creased from baseline to end point (baseline CDRS-R, mean
(SD)¼ 52.3 (18.5), end point CDRS-R, mean (SD)¼ 29.7
(12.4), F(3, 52)¼ 12.2, po0.0001) (baseline CGAS, mean
(SD)¼ 31.8 (7.2), end point CGAS, mean (SD)¼ 63.2 (12.8),
t¼ 9.8, po0.0001). There were no statistically significant
differences in demographic or baseline clinical variables
between bipolar adolescents who were and were not
remitters (Table 2).

Tolerability and Side Effects

There were no significant changes from baseline to end
point in glucose level, QTc interval, TSH, white blood count
(WBC), hematocrit, platelet count, EPS ratings, or LFTs.
Mean (SD) random serum glucose level at baseline was 85
(3) and at end point was 81 (4). There were no occurrences
of orthostatic hypotension. There was a statistically and

Table 2 Comparison of Demographic and Clinical Variables
Among First-Hospitalization Manic Bipolar Adolescents who were
Olanzapine Remitters (N¼ 11) and Nonremitters (N¼ 8) and
Healthy Comparison Subjects (N¼ 10)

Variable
BP remitters

(N¼11)

BP
nonremitters

(N¼ 8)
HC

(N¼10)

Age, mean (SD) 14 (2) 15 (2) 15 (2)

Sex, females, N (%) 7 (64) 6 (75) 6 (60)

Race, Caucasian, N (%) 10 (91) 6 (75) 8 (80)

Tanner stage 3.8 (1.1) 3.8 (1.2) 3.6 (1.0)

ADHD, N (%) 5 (45) 3 (38) N/A

Psychotic features, N (%) 5 (45) 2 (25) N/A

YMRS, mean (SD) N/A

Baseline 33 (7) 34 (6)

End pointa 6 (2) 23 (9)

CDRS-R, mean (SD) N/A

Baseline 51 (17) 53 (22)

End point 25 (6) 37 (16)

CGAS, mean (SD) N/A

Baseline 33 (6) 30 (9)

End pointb 71 (10) 52 (7)

at¼ 5.5, p¼ 0.0006, nonremitters4remitters.
bt¼ 2.3, p¼ 0.001, remiiters4nonremitters.
BP¼ bipolar subjects; HC¼ healthy comparison subjects; ADHD¼ attention
deficity hyperactivity disorder; YMRS¼Young Mania Rating Scale; CDRS-
R¼Children’s Depression Rating Scale, revised; CGAS¼Children’s Global
Assessment Scale.
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Figure 2 Change in YMRS (po0.0001) and CDRS (po0.0001) scores
over 28 days in manic BP adolescents (N¼ 19) treated with olanzapine.
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clinically significant increase in weight from baseline to
end point (weight gain, mean (SD)¼ 5.3 (3.6) kg, t¼ 10.3,
po0.0001).
There were no serious adverse events. The most common

adverse events were sedation (13/19, 68%), nausea (7/19,
37%), and increased appetite (6/19, 32%). Sedation was
more frequent in nonremitters (8/8, 100%) than in remitters
(5/11, 45%, Fisher’s exact test, p¼ 0.04). All side effects were
rated as mild to moderate by the subjects and their
caregivers.

1H MRS

There was no statistically significant difference in percen-
tages of gray matter, white matter, or cerebrospinal fluid in
the medial, nor left or right lateral prefrontal voxels among
healthy controls, bipolar remitters, and bipolar nonremit-
ters (Table 1). Nonetheless, metabolite concentrations were
adjusted for amount of CSF in each voxel (Cecil et al, 2003).
Within the HC adolescents there were no statistically
significant changes over time in NAA, Cho, Cr, mI, Glx in
any of the voxels studied (all p40.1) (Table 3).
Bipolar adolescents did not exhibit a significant change

over time in NAA in any of the three prefrontal voxels
(p40.2). However, there was a statistically significant
difference in change over time in medial prefrontal NAA
between olanzapine remitters and nonremitters (t¼ 3.2,
p¼ 0.006). Specifically, from baseline to end point, NAA
levels decreased in nonremitters (t¼�2.9, p¼ 0.03) and
increased in remitters (t¼ 2.4, p¼ 0.05) (Figure 3). More-
over, within the bipolar adolescents change from baseline
to end point in medial prefrontal NAA was positively
associated with decrease from baseline to end point in
YMRS score (r¼ 0.68, p¼ 0.004) (Figure 4).
Bipolar adolescents had a statistically significant change

over time in medial prefrontal choline level (F(2, 28)¼ 15.7,
p¼ 0.0001). Specifically, there was a statistically significant
increase in choline concentration from baseline to day 7
(t¼�3.7, p¼ 0.002). Bipolar adolescents also exhibited a
change over time in right lateral prefrontal choline level
(F(2, 26)¼ 5.3, p¼ 0.02), although after correcting for
multiple comparisons this finding was no longer statistically
significant. Specifically, there was an increase in right lateral
prefrontal choline concentration from baseline to day 7
(t¼�2.3, p¼ 0.02). There were no statistically significant
differences in change from baseline to end point in medial
prefrontal or right lateral prefrontal choline between
remitters and nonremitters (p¼ 0.8 and 0.7, respectively).
There were no other statistically significant changes over
time in metabolite concentrations within the group of
bipolar adolescents. Baseline medial prefrontal choline was
significantly greater in olanzapine remitters as compared to
nonremitters (t¼�3.9, p¼ 0.001) (Figure 5). There were no
other statistically significant differences in baseline meta-
bolite concentrations or changes over time in metabolites
levels between remitters and nonremitters.

DISCUSSION

The results of our study suggest that manic bipolar
adolescents exhibit high response (74%) and remission

(59%) rates following treatment with olanzapine. Further-
more, olanzapine significantly reduces both symptoms of
mania and depression associated with adolescent bipolar
disorder. Although most of the patients in our study
experienced significant weight gain, olanzapine was well

Table 3 Metabolite Concentrations in the Ventral Medial
Prefrontal Voxel at Baseline, Day 7 and End Point in Bipolar
(N¼ 19) and Healthy (N¼ 10) Adolescents

Metabolite (mM)
BP remitters

(N¼ 11)

BP
nonremitters

(N¼8)
HC

(N¼10)

NAA, mean (SD)

Baseline 7.8 (0.5) 7.9 (0.4) 7.7 (0.3)

Day 7 7.8 (0.5) 8.1 (0.5) 7.9 (0.5)

End point 8.2 (0.8) 7.5 (0.5) 7.8 (0.3)

Myo-inositol, mean (SD)

Baseline 4.0 (0.4) 3.9 (0.4) 4.3 (0.4)

Day 7 4.0 (0.6) 3.7 (0.9) 4.0 (0.3)

End point 4.4 (0.3) 3.9 (0.6) 4.3 (0.3)

Choline, mean (SD)

Baseline 1.2 (0.09) 1.0 (0.1) 1.3 (0.2)

Day 7 1.4 (0.1) 1.3 (0.2) 1.2 (0.2)

End point 1.4 (0.1) 1.2 (0.1) 1.2 (0.2)

Creatine, mean (SD)

Baseline 5.4 (0.4) 5.4 (0.3) 5.7 (0.4)

Day 7 5.5 (0.4) 5.7 (0.4) 5.7 (0.6)

End point 5.7 (0.4) 5.4 (0.6) 5.6 (0.6)

Glx, mean (SD)

Baseline 13.2 (1.6) 12.6 (1.5) 12.0 (1.0)

Day 7 12.1 (1.4) 13.1 (1.1) 12.7 (0.9)

End point 13.3 (1.1) 12.5 (1.4) 12.6 (1.2)
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Figure 3 Percent change in medial prefrontal N-acetyl-aspartate(NAA)
concentrations 7 and 28 days following treatment with olanzapine between
first-hospitalization manic adolescents who were remitters (N¼ 11) and
nonremitters (N¼ 8)*, (F(1, 16)¼ 9.8, p¼ 0.007). *One nonremitter
discontinued treatment and received their end point MRS scan on day
14, but was included in the day 28 data.
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tolerated with few other side adverse effects. Our results are
consistent with the findings of other case and open-label
reports of olanzapine in bipolar children and adolescents
(Frazier et al, 2001; Chang and Ketter, 2000; Soutullo et al,
1999). However, in order to establish the efficacy of
olanzapine in manic youth, double-blind placebo-controlled
studies are needed.
Our findings indicate that bipolar manic adolescents who

were successfully treated with olanzapine have an increase
in medial prefrontal NAA levels, suggesting that remission
following olanzapine treatment is associated with neuro-
trophic effects, as suggested in the introduction (Parikh
et al, 2004a, b). Specifically, increases in NAA following
successful treatment of mania with olanzapine may lead to
increased MVPF neuronal viability and/or function as
compared to unsuccessful treatment with olanzapine.
Although the reason for finding NAA changes only in the
MVPF voxel is unclear, this voxel had the greatest amount
of gray matter, which may be more sensitive to NAA
changes, and was the only voxel to include the anterior
cingulate and orbital frontal cortex, both of which are
thought to be involved in the neurophysiology of mood
regulation (Strakowski et al, 2005). Healthy controls did not
demonstrate any significant difference in any metabolite

over the 28 days of this study, suggesting that without the
effects of medication there is stability and reproducibility in
our measurements of metabolite concentrations. However,
since healthy controls did not receive olanzapine, whether
the increase in NAA is secondary to the reduction in manic
or depressive symptoms, that is, indirectly related to
olanzapine therapy, or directly to olanzapine exposure
remains unclear. We observed an increase in medial
prefrontal NAA primarily between days 7 and 28 in
olanzapine remitters. Additionally, within the bipolar
adolescents (remitters and nonremitters), increases in
NAA were significantly associated with decreases in manic
symptoms, suggesting that NAA increases are related to
resolution of manic symptoms rather than a direct effect of
olanzapine treatment. However, not all medications that
successfully treat mania have similar effects on prefrontal
NAA concentrations. As noted previously, although lithium
has been associated with increases in prefrontal NAA levels
(Moore et al, 2000b), valproate has been associated with
decreases in NAA levels in adults with bipolar disorder
(Silverstone et al, 2003; Cecil et al, 2002).
Several MRS studies indicate abnormal NAA concentra-

tions in the brains of bipolar adolescents compared with
healthy subjects (Cecil et al, 2003; Chang et al, 2003). More
recently, Geller et al (2004) identified that the BDNF Val66
allele confers susceptibility to a prepubertal and early
adolescent bipolar disorder phenotype. Additionally, the
BDNF Met66 substitution has been associated with lower
hippocampal NAA in healthy subjects (Egan et al, 2003) and
a therapeutic response to atypical antipsychotics in patients
with schizophrenia (Hong et al, 2003). In another study,
cognitive functioning was significantly better in subjects
with Val/Val BDNF genotype compared with Val/Met
genotype (Rybakowski et al, 2003). Future studies examin-
ing whether the association between olanzapine-induced
remission and increases in prefrontal NAA is specific to
bipolar youth and whether bipolar youth with the Val66 or
Met66 BDNF gene are more likely to respond to olanzapine,
might clarify the meaning of these associations.
Alternatively, the observed increase in NAA may indicate

a correction of abnormal mitochondrial metabolism. Based
on recent findings of elevated lactate and glutamine/
glutamate/g-aminobutyric acid (GABA) in the frontal gray
matter of unmedicated bipolar adults and decreased purine
levels following choline administration (Lyoo et al, 2003),
investigators have hypothesized that mitochondrial ab-
normalities may be present in bipolar patients (Dager et al,
2004). NAA is reduced by mitochondrial respiratory chain
inhibitors (Bates et al, 1996), and therefore, increases in
NAA may indicate correction of impaired mitochondrial
energy production in olanzapine remitters.
Our findings also indicate that higher levels of baseline

medial prefrontal choline predicted olanzapine-induced
remission. Moreover, bipolar adolescents, regardless of
remission status, experienced an increase in medial
prefrontal gray and right lateral prefrontal white matter
choline within the initial week of olanzapine treatment,
suggesting that an increase in choline may be an immediate
and direct biochemical effect of olanzapine, rather than the
result of resolution of manic symptoms. Several investiga-
tors have hypothesized involvement of cholinergic neuro-
transmission in the pathophysiology of bipolar disorder
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Figure 4 Association between reduction from baseline to end point in
YMRS score and change from baseline to end point in medial prefrontal
NAA concentration in first-hospitalization manic adolescents (N¼ 19)
treated with olanzapine (r¼ 0.68, p¼ 0.004).
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(Stoll et al, 1991; Bymaster et al, 2003). Indeed, lithium
inhibits choline membrane transport and thus leads to an
increase in intracellular choline. However, it is unclear
whether choline transport inhibition is a direct therapeutic
property of lithium or is a secondary effect of lithium
treatment (Bymaster and Felder, 2002).
Choline is a precursor and metabolite of acetylcholine.

Results from prior studies demonstrate that olanzapine has
a high affinity for muscarinic receptors, specifically the M2
autoreceptor (Raedler et al, 2000), and increases acetylcho-
line release in prefrontal regions (Ichikawa et al, 2002),
which may lead to increases in choline. Choline is also
precursor and metabolite of membrane phospholipids, such
as phosphatidylcholine. The membrane choline constitutes
the bulk of the Cho peak in 1H MRS, which may represent a
marker for membrane phospholipid metabolism. Phospha-
tidylcholine is an important source of second messenger
diacylglycerol. Increases in choline lead to inhibition of
phosphatidylcholine hydrolysis and decreases second mes-
senger signaling through inhibition of the phosphatidylcho-
line system. Indeed, abnormalities in second messenger
signaling pathways have been associated with bipolar
disorder (Moore et al, 1999; Brunello and Tascedda,
2003), and choline supplementation has been useful as
adjunctive treatment for patients with bipolar disorder
(Stoll et al, 1996). Although purely speculative, perhaps
olanzapine may exert its antimanic effects by increasing
choline levels, which subsequently initiates a cascade of
events, possibly through inhibition of overly active second
messenger systems or membrane effects, which eventually
leads to symptom response, similar to the hypothesized
mechanism of action of lithium (Moore et al, 1999).
Furthermore, we observed that bipolar adolescents with
higher baseline choline may be more likely to experience
remission with olanzapine, suggesting that adolescents with
higher baseline choline who are treated with olanzapine
may be more likely to have enough choline to inhibit cell
membrane breakdown and second messenger systems as
opposed to those with lower baseline choline levels.
One previous MRS study examined medication effects or

predictors of response in bipolar children and adolescents.
In this study, response to lithium treatment in bipolar
children and adolescents was associated with significant
decreases in anterior cingulate myo-inositol concentrations.
However, this study was confounded by patients receiving
multiple medications. Moreover, baseline predictors of
response were not identified in this study (Davanzo et al,
2001). Although the results of our study should be
considered preliminary and interpreted with caution
because of the limited number of patients evaluated,
perhaps, in the future MRS may be utilized at the time of
initial diagnosis to determine which medications will be
most effective for a specific bipolar adolescent and thereby,
would decrease the morbidity and mortality associated with
ineffectively treated mania in youth. Obviously, an initial
step towards this goal is to replicate and expand upon the
findings of these investigations.
There are several limitations to this study that should be

considered when interpreting the results. First, we studied
bipolar adolescents at the time of their first hospitalization
for a manic or mixed episode. Since most of these
adolescent were relatively early in their illness, they may

exhibit a greater treatment response rate and different
metabolite profiles than samples of bipolar adolescents or
adults who are more chronically ill. On the other hand, the
findings are not confounded by prior treatment or the
nonspecific effects of illness chronicity. Second, the small
sample size of our study limited the power of this study to
detect other differences in metabolites that might exist.
Third, we used an arbitrary definition of clinical remission
to divide the sample of bipolar adolescents into remitters
and nonremitters. Although correlations between ratings
and metabolite changes support the findings, the results
may have been different had we used other definitions of
remission. Fourth, from this study we are unable to
determine whether our findings are specific to neurochem-
ical effects of olanzapine in manic bipolar adolescents,
olanzapine treatment in general, or resolution of mania.
Future studies comparing the effects of atypical antipsy-
chotics and mood stabilizers on choline and NAA in healthy
subjects as well as in patients with bipolar and other
psychiatric disorders will clarify the specificity of our
results. Fifth, since we used a short echo time of 35ms, we
cannot rule out the possibility that alterations in macro-
molecules may have contributed to the changes in NAA
peaks. Finally, recent findings suggest the presence of
neurochemical and neurofunctional abnormalities in the
prefrontal cortex of bipolar youth (Cecil et al, 2003; Chang
et al, 2003, 2004; Blumberg et al, 2004). We, therefore,
investigated the effects of olanzapine on prefrontal meta-
bolite concentrations. However, future studies should assess
the effect of olanzapine on metabolites in other brain
regions; for example, choline abnormalities have been
implicated in the basal ganglia of adults with bipolar
disorder (Strakowski et al, 2005).
Despite the limitations of this study, the results suggest

that further investigations, of longer duration and in larger
samples of bipolar patients, of patients with other
psychiatric disorders, and healthy controls, clarifying the
effects of olanzapine on neuronal viability, function, and
metabolism, as well as on second messenger systems are
necessary.
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