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Abstract
Objectives—Both diabetes mellitus and magnetic resonance image (MRI) deep white matter
hyperintensities (WMHs) are more common in bipolar disorder (BD) patients than in matched
controls. Deep—as opposed to periventricular—WMHs and diabetes are associated with treatment
resistance and poorer outcome. This study investigated whether brain glucose metabolism by the
polyol pathway—a pathway linked to nervous tissue disease in diabetes—is related to deep WMH
volume and treatment resistance in BD patients.

Methods—Volumes of fluid-attenuated inversion recovery WMHs were quantified and
correlated with cerebrospinal fluid (CSF) concentrations of glucose metabolites in 20 nondiabetic
patients with BD and nondiabetic comparison subjects with schizophrenia (n = 15) or transient
neurologic symptoms (neurologic controls, n = 15).

Results—BD patients, but not schizophrenic patients, had significantly greater volumes of deep
but not periventricular WMHs compared to neurologic controls. BD subjects also had significantly
greater CSF concentrations of sorbitol and fructose (the polyol pathway metabolites of glucose)
compared to controls. Significant positive correlations between CSF metabolites and WMH
volumes were found only in the BD group and were between deep WMH volumes and CSF
sorbitol (ρ = 0.487, p = 0.029) and fructose (ρ = 0.474, p = 0.035). An index of treatment
resistance correlated significantly with deep WMH volume (ρ = 0.578, p = 0.008), sorbitol (ρ =
0.542, p = 0.013), and fructose (ρ = 0.692, p = 0.001) in BD subjects but not in other subjects.

Conclusions—This is the first reported evidence of relationships between abnormal brain
glucose metabolism and both deep WMHs and treatment resistance in a group of BD patients.
Further studies are necessary to determine the significance of these findings to BD
pathophysiology.
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Recent studies suggest a relationship between treatment resistance and magnetic resonance
image (MRI) hyperintensities in deep—as opposed to periventricular—white matter in
bipolar disorder (BD) patients (1, 2). White matter hyperintensities (WMHs) are the most
consistent structural neuro-imaging finding in BD patients (3), and may represent lesions
that interrupt axons, resulting in disconnection among cortical and limbic structures.

Investigators have studied the relationship of WMHs in general—in both deep and
periventricular white matter—to numerous demographic and clinical features of BD
patients. WMHs have been reported to increase with age in some studies of BD patients (4–
7), but not in others (8–11). WMHs do not appear to be related to severity of depression in
BD (4, 9, 10) or to psychosis (4, 11–13). A relationship to cognitive impairment,
demonstrated by neuropsychological testing, has been reported in some (9, 10) but not all
studies (13). Finally, WMHs in general (9, 10), but not periventricular WMHs (4), have been
associated with a greater number of psychiatric hospitalizations in BD patients. Although
there have been inconsistencies in the literature, the associations of WMHs with treatment
resistance, increased hospitalization, cognitive impairment, and most recently increased
suicide risk in individuals with BD or recurrent major depression (1, 2, 9, 10, 14, 15) suggest
that WMHs represent clinically relevant brain disease in patients with major affective
disorders.

WMH pathogenesis is diverse and can include inflammatory, vascular, toxic, metabolic,
infectious, traumatic, hydrocephalic, and neoplastic processes (16). The strongest risk
factors for WMHs in the general population are advanced age, hypertension, diabetes
mellitus, and cardiac disease (17, 18). Accordingly, WMHs in late-life-onset affective
disorders are associated with vascular risk factors (19); however, the pathogenesis of WMHs
in younger patients is unclear. Investigators who have controlled for vascular risk factors in
younger adult samples of BD patients have found increased WMHs compared to controls
after excluding individuals with vascular risk factors (4) and have found that the ability of
vascular risk factors to predict WMHs is lost after entering age as a predictor variable (5). At
least four hypotheses have been advanced: in-utero infection or toxic insult; platelet
hypercoagulability; cerebral autosomal dominant arteriopathy; and inflammation (1, 20–22).

We have proposed a metabolic hypothesis of WMH pathogenesis based on increased
diabetes prevalence in BD patients (23–26); associations between diabetes mellitus and
WMHs in the general population (18); and associations between treatment resistance and
diabetes in BD patients (25). We hypothesized that abnormal brain glucose metabolism,
specifically increased conversion of glucose to sorbitol through the polyol pathway,
contributes to white matter lesions, manifested by WMHs that underlie treatment resistance.
We have also previously reported elevated cerebrospinal fluid (CSF) sorbitol concentration
in nondiabetic patients with bipolar and unipolar disorders (27) and a positive correlation
between elevated CSF sorbitol and deep WMHs in patients with treatment-resistant affective
disorders (28).

The polyol pathway, also called the ‘sorbitol pathway,’ is a minor metabolic pathway of
glucose running parallel to glycolysis and found throughout the body. Its initial and rate
limiting enzyme, aldose reductase, uses NADPH to reduce glucose to sorbitol, which can
then be oxidized to fructose by sorbitol dehydrogenase through reduction of NAD+ to
NADH. Under normal conditions, glucose flux through this pathway is limited due to the
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100-fold lower affinity of aldose reductase for glucose compared to hexokinase, the initial
enzyme of glycolysis. However, under certain conditions, which include hyperglycemia,
hyperosmotic stress, and ischemia, polyol pathway activity increases significantly through
enzyme activation and increased glucose availability. Increased metabolism of glucose by
the polyol pathway, and the consequent intracellular accumulation of sorbitol—a six-carbon,
straight chain polyol (polyhydric alcohol)—have been implicated in diabetic complications
including neuropathy (29). Increased polyol pathway activity is hypothesized to cause
axonal disease through several mechanisms, including osmotic stress due to intracellular
sorbitol accumulation as well as through oxidative and ischemic cellular stresses (30).
Although polyol pathway activity has not been directly linked to white matter disease in
diabetes, sorbitol does accumulate in the CSF of individuals with diabetes (31) and in the
cerebral cortex of animals with experimentally induced diabetes (32). Pharmacologic
blockade of the pathway improves central nerve conduction in an animal model of diabetes
(33). Furthermore, early-life-onset white matter disease has been linked to inborn errors of
polyol metabolism (34–36).

Animal studies indicate that CSF and brain sorbitol can increase dramatically with
hyperglycemia without a parallel increase in plasma sorbitol (37). This is a function of the
brain’s far greater rate of glucose metabolism and the limited movement of sorbitol across
the blood-brain barrier. The CSF to plasma sorbitol ratio is approximately 15:1 (38). Based
on the disproportionate accumulation of sorbitol in CSF, and reports of impaired glucose
tolerance in BD patients that precede frank diabetes mellitus (23, 39), we hypothesized
further that hyperglycemia predisposes individuals with BD to pathologic increases in brain
polyol pathway activity without significantly increasing peripheral polyol pathway activity.
This could explain the presence of polyol pathway-related white matter disease without
peripheral neuropathy.

In this study, we combined in vivo neuroimaging with in vitro biochemistry to investigate
the relationship of WMHs to brain polyol pathway metabolism in BD patients. We included
comparison groups of schizophrenic and neurologic control patients to assess the specificity
of this relationship.

Patients and methods
Patients

Subjects, aged 18 to 59 years, provided written informed consent to participate in this
Institutional Review Board approved study. Psychiatric subjects were recruited from
inpatient and outpatient services at the University of Maryland Medical Center (UMMC).
BD subjects (n = 20) had bipolar I disorder confirmed by a board-certified psychiatrist
(WTR) based on Structured Clinical Interview for the Diagnostic and Statistical Manual, 4th
edition (SCID) criteria (40). Specific diagnoses were: manic, severe with catatonic features
(n = 3); manic, severe with psychotic features (n = 4); manic, severe without psychotic
features (n = 2); manic, in partial remission (n = 3); depressed, severe, without psychotic
features (n = 3); and depressed, in partial remission (n = 5). Three bipolar subjects were
recruited after having lumbar punctures during evaluation for altered mental status by
clinicians unaffiliated with this study. In all cases, there was no infectious, toxic, or
neurologic cause found, and altered mental status was determined to be a catatonic
manifestation of BD. Mood state was assessed within 24 hours of lumbar puncture by the
21-item Hamilton Rating Scale for Depression (41) and the Young Mania Rating Scale (42).
The sum of these scores was an index of acute mood symptom severity. Using life chart data
(43), we obtained an index of treatment resistance, which was the average number of
relapses requiring inpatient admission per year over the previous five years, despite
compliance with a standard treatment regime and without the emergence or exacerbation of
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a comorbid disorder. A standard regime was one that included therapeutic range dosing of
either lithium or valproate (44).

Schizophrenic subjects (n = 15) had undifferentiated, chronic schizophrenia confirmed by
WTR, based on SCID criteria. Symptom severity was assessed within 24 hours of lumbar
puncture by the 30-item Positive and Negative Syndrome Scale (45) and the 18-item Scale
for the Assessment of Negative Symptoms (46). The sum of scores on these scales served as
an index of acute symptom severity. Treatment resistance index for schizophrenic subjects
was exactly like that of BD subjects except that a standard treatment regime had to include a
typical or atypical antipsychotic medication at a dose in or exceeding the recommended
range. Control subjects were 15 patients whose diagnoses were: headache not otherwise
specified (NOS) (n = 5); migraine headache (n = 2); complicated migraine headache (n = 2);
transient ischemic attack (n = 2); Bell’s palsy (n = 1); and facial or limb paresthesia NOS (n
= 3). In addition to age, inclusion criteria for control subjects were: clinical investigation for
transient neurologic symptoms, including lumbar puncture and MRI, and no history of
psychiatric illness other than substance abuse as determined by SCID interview. Exclusion
criteria for all subjects included: diagnosis of diabetes mellitus; glucocorticoid use within six
months; history of specific white matter disease; acquired immunodeficiency syndrome;
ischemic heart disease; stroke; brain tumor; meningitis; head injury with loss of
consciousness; neurodevelopmental disorder; hypoxia; seizures (other than
electroconvulsive seizures); and cognitive disorder. Additional exclusion criteria for
psychiatric subjects included: personality disorder; learning disorder; or diagnosis of any
additional Axis I disorder. The subject sample of this study overlapped by 13 subjects with
the sample studied in our previously reported pilot study (28). Data from five BD and eight
neurologic control subjects from the pilot study were included in the present study.

CSF and blood samples
CSF was obtained from non-fasting subjects by lumbar puncture performed either for
research by WTR or for clinical reasons by physicians unaffiliated with the study. Fluid was
placed on ice immediately, aliquots were sent to the UMMC Clinical Laboratory for cell
count and concentrations of glucose and protein, and the remainder stored at −70°C until
assay. All samples were clear with normal cell counts. Donated fluid was stored two days or
less at 4°C, and then retrieved for storage at −70°C until assay. Blood was obtained by
venipuncture concurrently with lumbar puncture. Tubes of blood with anticoagulant were
placed on ice immediately, and then centrifuged at 3,000 g and 4°C for 15 min to obtain
plasma, which was stored at −70°C until assay for plasma sorbitol. Blood for serum glucose
and glycosylated hemoglobin (HbA1c) was sent to the UMMC Clinical laboratory for assay.

Biochemical assays
Using a previously reported gas chromatographic-mass spectrometric (GC-MS) method
(27), we measured plasma concentrations of sorbitol and CSF concentrations of sorbitol,
fructose, and myo-inositol, blind to sample identity. Myo-inositol (also called ‘inositol’) was
measured for comparison because it is an abundant polyol glucose metabolite that is not
synthesized by the polyol pathway. We added [13C]6 sorbitol, [13C]6 fructose, and [2H]6
myo-inositol (Isotec, Inc., Miamisburg, OH, USA) as internal standards to samples, which
were deproteinized, and then derivitized with a 2:1 solution of acetic anhydride and
pyridine. Samples were assayed using an electron impact GC-MS system (Hewlett-Packard
5971B, Fullerton, CA, USA) with a 12 m × 0.25 mm HP-5MS column. Selected ion
monitoring was performed at mass values 275 and 280, 210 and 214, and 289 and 293 for
the endogenous and heavier, internal standard isotopes of fructose, myo-inositol, and
sorbitol, respectively. Endogenous concentrations were calculated from the mass area ratios
(corrected for natural abundance) and the known amount of internal standard added.
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Samples were analyzed in duplicate, and the average coefficients of variation (CV) within
and between sample runs were 1.7% and 7.8%, respectively. CSF and serum glucose
concentrations were determined by standard enzymatic methods using glucose oxidase, and
HbA1c was measured using the VARIANT II Hemoglobin Testing System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), all in the UMMC Clinical Laboratory.

MRI
Subjects were scanned by 1.5 Tesla MR scanners within seven days of lumbar puncture
using fluid attenuated inversion recovery (FLAIR) pulse sequences to generate axial images.
A total of 44 subjects were scanned using standard neuro-radiologic protocols in the UMMC
Department of Diagnostic Radiology. Twenty-eight were scanned by a Picker Eclipse
scanner (Philips Medical Systems, Inc., Cleveland, OH, USA) using the following pulse
sequence parameters: repetition time (TR) = 6628 ms; time to echo (TE) = 95.9 ms;
inversion time (TI) = 1800 ms; field of view (FOV) = 22.0 cm; number of excitations (NEX)
= 1; slice thickness (Thick) = 5.0 mm/separated by 1.0 mm. Sixteen subjects were scanned
by a Siemens Avanto scanner (Erlangen, Germany) with parameters identical to the Picker
scanner except for: TR = 8000 ms; TE = 102 ms; TI = 2500 ms.

Six control subjects were scanned at outside hospitals. Five were scanned by a GE Signa
Excite scanner (GE Healthcare, Piscataway, NJ, USA) with parameters: TR = 6628–9002
ms; TE = 95.9–162 ms; TI = 1800–2200 ms; FOV = 22.0 cm; NEX = 1; Thick = 5.0–7.0
mm/separated by 1.0 mm. One was scanned by a GE Signa Genesis scanner with
parameters: TR = 9002 ms; TE = 124.7 ms; TI = 1800–2200 ms; FOV = 22.0 cm; NEX = 1;
Thick = 5.0 mm/separated by 1.0 mm.

Image analysis
FLAIR image sets were digitally registered within a standard orthogonal coordinate system.
Each FLAIR volume was aligned within a reference orthogonal coordinate space whose
origin was the intersection of (i) the median plane, (ii) an axial plane at the roof of the third
ventricle, and (iii) a coronal plane midway between the anterior-most and posterior-most
extent of the roof of the third ventricle in the median plane. Images were then post-
processed using custom-designed morphological analysis software routines written with IDL
v6.3 (Research Systems, Inc., Boulder, CO, USA) by KCH. We analyzed images of the
entire brain, with the exception of the brainstem and cerebellum. Parameters were taken
directly from the Digital Imaging and Communications in Medicine (DICOM) header of
each scan. Blind to clinical information, two individuals (TLP and WTR) defined WMHs for
each axial slice by visual inspection and mouse point selection contouring. Both individuals
inspected each contour, and a consensus was reached about each one. Contours were
encoded with an anatomical type code (e.g., left deep WMH) and entered into a point set
database that enabled automatic volume computations. Two senior board-certified
neuroradiologists (also blinded) validated contoured WMHs by inspecting images to exclude
contours representing normal anatomical structures (e.g., Virchow-Robin spaces, ventricular
lining, and choroids plexus) (AO) or procedural artifacts (e.g., motion artifact and flow
effects) (DML). Contoured WMHs were then divided into those continuous with the lateral
ventricles (periventricular WMHs) and those that were not (deep WMHs) according to the
method of Fazekas et al. (47). Deep, periventricular, and total WMH volumes were
calculated for each subject.

Statistical analysis
Data distributions were assessed for normality by the Kolmogorov–Smirnov (K-S) test. Data
with distributions significantly different (p < 0.05) from normal were transformed to ranks
by the method of Conover and Iman (48) to allow parametric statistics and/or analyzed using
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non-parametric statistics. Demographic and clinical variables were analyzed for differences
across subject groups and for relationships to CSF metabolite concentrations and WMH
volumes. We used analysis of variance (ANOVA) or the Kruskal–Wallis test for numerical
variables and Pearson’s chi square (χ2) for categorical variables. To minimize the chance of
type I error, variables that were found to be significantly related to WMH volumes or CSF
metabolite concentrations through bivariate correlations were entered as independent
variables (fixed factors or covariates) into two separate multivariate analyses of covariance
(MANCOVA) with CSF metabolite concentrations or WMH volumes as dependent
variables. If groups differed by MANCOVA, then individual univariate analyses were
performed for each WMH volume or CSF metabolite concentration. If there were no
significant effects of covariates, we compared group means by ANOVA followed by
Bonferroni post hoc tests. If there were significant effects of covariates, we compared group
means by analysis of covariance (ANCOVA) followed by Bryant-Paulson post hoc tests on
adjusted means. Where appropriate, values for degrees of freedom between groups (dfbg)
and within groups (dfwg) are reported with dfbg first, followed by dfwg. Two-group
comparisons were made by Student’s t-test (with Levene’s test for equality of variances) or
by the Wilcoxon rank-sum test-derived Z statistic. Correlation was assessed by Pearson’s
product-moment correlation coefficient (r) or by Spearman’s rank correlation coefficient (ρ)
for correlations that included data that were ordinal or not normally distributed. Finally, we
used partial correlation analysis to assess the independence of relationships between WMH
volumes and CSF metabolite concentrations. All tests were two-tailed, with an alpha of p =
0.05, and most were performed using SPSS 12.0 (SPSS Inc., Chicago, IL, USA).

Results
Demographic and clinical variables

Groups did not differ significantly on demographic variables; however, they did on certain
clinical variables (Table 1). Control subjects had a smaller proportion of smokers compared
to BD and schizophrenic subjects. Groups also differed significantly by MR scanner use. To
assess the effect of using different scanners, we compared, slice-by-slice, WMH volumes for
three bipolar subjects scanned by the Picker Eclipse and Siemens Avanto scanners.
Correlation coefficients for these data sets were r = 0.995, r = 0.906, and r = 0.915 (p <
0.001).

All psychiatric subjects but seven (six BD and one schizophrenic) had been taking
psychotropic medication within one week of lumbar puncture. Seventeen subjects took at
least one antipsychotic: atypical antipsychotics (n = 14) and typical antipsychotics (n = 9).
Of these, eight took olanzapine (and none clozapine), an atypical antipsychotic most often
associated with glucose intolerance and new-onset diabetes mellitus (49, 50). Fifteen took at
least one mood stabilizer: sodium divalproex (n = 10); lithium (n = 3); trileptal (n = 3); and
lamictal (n = 1). Seven took antidepressants, either selective serotonin reuptake inhibitors or
serotonin and norepinephrine reuptake inhibitors. Finally, three subjects took
benzodiazepines.

Effects of demographic and clinical variables on metabolites and WMH volumes
We compared psychiatric subjects taking olanzapine to those who were not and found no
significant differences (p ≥ 0.533) between groups on any variable. We similarly assessed
the influence of taking either lithium or sodium divalproex, two putative neuroprotective
medications (51), and found no significant differences between groups (p ≥ 0.102). We
analyzed the 50-subject database to assess potentially confounding effects of age, gender,
race, body mass index (BMI), smoking, substance abuse, hypertension, and MR scanner on
CSF metabolite concentrations and WMH volumes. MANCOVA found no significant
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relationships of these variables to CSF metabolite concentrations, but did find significant
relationships between age and deep (F = 31.1, df = 1, 43, p < 0.001), periventricular (F =
7.98, df = 1, 43, p = 0.007), and total (F = 35.3, df = 1, 43, p < 0.001) WMH volumes.
MANCOVA also found significant relationships between subject group and CSF
concentrations of sorbitol (F = 3.25, df = 2, 43, p = 0.05) and fructose (F = 6.21, df = 2, 43,
p = 0.005), as well as deep WMH volume (F = 3.86, df = 2, 43, p = 0.029).

Group differences on metabolites and WMH volumes
The MANCOVA results for CSF concentrations of glucose, myo-inositol, periventricular
WMH volume, and total WMH volume are shown in Table 2, along with the ANCOVA or
ANOVA results for sorbitol, fructose, and deep WMH volume. Of note, groups differed
significantly on CSF concentrations of both polyol pathway metabolites but not on myo-
inositol or glucose. CSF sorbitol of BD patients significantly exceeded that of controls, and
BD patient CSF fructose exceeded that of controls and schizophrenic patients. BD patients
also had significantly higher serum glucose concentrations compared to controls. Groups
differed significantly on volumes of deep and total, but not periventricular, WMHs.
However, after rank transformation and adjustment for age, groups differed significantly
only on deep WMH volume, with BD deep WMH volume significantly exceeding that of
control, but not schizophrenic groups.

Correlations among clinical, metabolic, and WMH variables
We determined correlations between CSF metabolites and WMH volumes for each subject
group. Significant positive correlations between CSF metabolites and WMH volumes were
found only in the BD group and were between deep WMH volumes and CSF sorbitol (ρ =
0.487, p = 0.029) and fructose (ρ = 0.474, p = 0.035) concentrations. Scatter plots of CSF
polyol pathway metabolite concentration data and rank transformed deep WMH volume data
are shown in Fig. 1. We next assessed correlations among CSF metabolites, WMH volumes,
and indices of treatment resistance and acute illness severity in BD and schizophrenic
subjects. In the BD group, treatment resistance index correlated significantly with deep
WMH volume (ρ = 0.578, p = 0.008), sorbitol (ρ = 0.542, p = 0.013), and fructose (ρ =
0.692, p = 0.001). The relationship between CSF polyol pathway metabolites and treatment
resistance score is illustrated by Fig. 2. Fig. 3 depicts the relationship between rank
transformed deep WMH volume and treatment resistance. There were no significant
correlations with treatment resistance index in the schizophrenic group. In the BD group,
acute symptom severity index correlated significantly with deep (ρ = 0.691, p = 0.001),
periventricular (ρ = 0.547, p = 0.013), and total (ρ = 0.678, p = 0.001) WMH volumes, as
well as with CSF sorbitol (ρ = 0.530, p = 0.016) and fructose (ρ = 0.455, p = 0.016). In the
schizophrenic group, acute symptom severity index correlated significantly with CSF
fructose (ρ = 0.651, p = 0.009). In the BD group, but not in the schizophrenic group,
treatment resistance index correlated significantly (ρ = 0.640, p = 0.002) with acute
symptom severity index.

Finally, we performed further correlations to assess the relationships of other metabolic
variables, including plasma sorbitol, serum and CSF glucose, HbA1c, and BMI, to CSF
sorbitol and fructose concentrations in BD subjects. We found significant correlations of
CSF sorbitol with (i) CSF glucose (ρ = 0.670, p = 0.001), (ii) CSF fructose (ρ = 0.653, p =
0.003), (iii) serum glucose (ρ = 0.460, p = 0.041), and (iv) HbA1c (ρ = 0.650, p = 0.030, n =
11). CSF fructose correlated significantly with CSF glucose (ρ = 0.470, p = 0.037).
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Discussion
Similar to other studies (1, 2), we found an association between deep WMHs and treatment
resistance in BD patients. The moderate positive correlations of both deep WMH volume
and treatment resistance score with CSF concentrations of sorbitol and fructose in BD
subjects suggest a relationship between brain polyol pathway activity, white matter disease,
and treatment resistance in BD. This finding is consistent with our previous results in
treatment-resistant affective disorder subjects (28). Correlation between CSF polyol
pathway metabolites and deep WMH volume is intriguing, but does not establish a causal
relationship. There are at least four explanations for the correlation.

First, increased brain polyol pathway activity resulting from hyperglycemia could, as
hypothesized, contribute directly to demyelinating lesions in white matter as it does in
diabetic peripheral nerve. Although none of our subjects was diabetic, the mean (non-
fasting) serum glucose of BD subjects was significantly greater than that of controls, and the
mean HbA1c for BD subjects was on the high end of the clinically normal range of 4–6%.
Furthermore, CSF sorbitol concentration correlated significantly with both serum glucose
and HbA1c, suggesting a relationship between increased brain polyol pathway activity and
hyperglycemia. CSF sorbitol also correlated strongly with CSF glucose; however, BD
patients did not have significantly greater CSF glucose concentration relative to controls.
One reason for this is the slow rate of sorbitol clearance from CSF. CSF, but not plasma,
sorbitol was significantly elevated in BD subjects. As suggested by a CSF/serum
concentration ratio of approximately 0.7, glucose is readily cleared from the CSF, while
sorbitol, with a ratio of approximately 15, accumulates in the CSF during hyperglycemia.
Fructose also accumulates in CSF for the same reason; however, its CSF concentration is far
greater than that of sorbitol because it is less polar and is therefore not retained
intracellularly. A further reason is that the polyol pathway could be upregulated by enzyme
activation under the pathological conditions discussed below.

Whether increased polyol pathway activity and the resulting intracellular accumulation of
sorbitol actually contribute to brain white matter disease in BD patients is unclear.
Hyperglycemia has been reported to increase regional brain glucose metabolism far more in
the centrum semiovale than in cortical regions or subcortical nuclei (52), possibly resulting
in a greater accumulation of polyol pathway metabolites in white matter. BD CSF sorbitol
was, however, only 1.4 times greater than controls. CSF polyol concentrations in patients
with leukoencephalopathies related to polyol metabolism are more than 100 times that of
healthy controls (36), albeit their WMHs are more extensive. A prospective trial of an aldose
reductase inhibitor would be necessary to determine whether this modest elevation of CSF
sorbitol signifies sufficient brain polyol pathway activity to cause disease detectable by
WMHs. Presently, there is no aldose reductase inhibitor approved by the U.S. Food and
Drug Administration, although they are available in Europe and Japan for treating diabetic
neuropathy.

The second explanation is that increased brain polyol pathway activity could be a
consequence rather than a cause of the lesions represented by deep WMHs. Postmortem
studies have found that deep WMHs have an ischemic etiology both in the general elderly
population (47) and in patients with late-life depression (53). Aldose reductase, the initial,
rate limiting enzyme of the polyol pathway, is activated by tissue ischemia (54). Therefore,
increased CSF sorbitol could derive from increased polyol pathway activity in ischemic
deep WMH regions.

Third, increased polyol pathway activity could be both a consequence and a cause of white
matter lesions manifested by deep WMHs. Activation of aldose reductase in ischemic
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myocardium exacerbates tissue ischemia (54). Inhibition of aldose reductase reduces
ischemia-reperfusion injury by preserving adenosine triphosphate generation by glycolysis
and by attenuating oxidative stress (55). Recently, Lo et al. (56) reported that deletion of the
aldose reductase gene protects against cerebral ischemic injury in transgenic mice by
decreasing oxidative stress.

Finally, CSF sorbitol and deep WMHs might be linked by a third factor causing both. We
suggest that mitochondrial dysfunction, which has been implicated in BD pathophysiology
(57–59), could be this third factor. Mitochondrial dysfunction, resulting in a shift from
oxidative to less efficient anaerobic glucose metabolism, is associated with an upregulation
of both the glycolytic (Embden-Meyerhoff pathway) (60) and the polyol pathways (61).
Task-dependent brain activation results in a brain energy deficit in individuals with
mitochondrial disorders (62), which might particularly affect deep white matter because of
its limited perfusion (63). Individuals with mitochondrial disorders evidence both WMHs
(64–67) and neuropsychiatric syndromes, including psychosis, depression, and mania (68–
71). Interestingly, Munakata et al. (68) have reported that a mitochondrial DNA point
mutation (3243A>G) associated with the MELAS (mitochondrial myopathy,
encephalopathy, lactic acidosis, and strokes) syndrome may have a pathophysiologic role in
BD and schizophrenia.

The relationship of our findings to those of our previous postmortem studies should be
noted. Finding significantly increased CSF sorbitol and fructose only in the BD group
contrasts with our previous report of increased sorbitol in postmortem brain of individuals
with BD, schizophrenia, and unipolar depression (72). This might be explained by agonal
changes in glucose metabolism. Agonal hypoxia is associated with changes in
mitochondrial-related gene expression, increased anaerobic glycolysis, and decreased brain
pH (73, 74). We found a significant inverse correlation between tissue sorbitol and pH in our
postmortem samples (72), suggesting that agonal hypoxia could, like ischemia, increase
polyol pathway activity. Agony might therefore cause significantly increased brain polyol
pathway activity in individuals whose tendency toward polyol pathway activity under other
physiologic conditions was significantly less than that of BD patients.

In terms of limitations, our study sample was small, and thus our conclusions are more
tentative. There were also several potential confounds. Our controls were not healthy
subjects. However, recruitment of a control group of individuals with headaches and
transient ischemic attacks who would be expected to have WMHs (75, 76) was intentional
and necessary. Otherwise, we could not have determined the group specificity of
correlations between metabolites and WMHs. In terms of central nervous system polyol
pathway metabolism, our neurologic control mean CSF sorbitol was comparable to,
although slightly higher than, values for adult healthy control means of 13.8, and 14.6 μM
previously reported by other investigators using the same technique (77, 78).

Although we used statistics to assess and control for the effects of demographic and clinical
variables in our group comparisons, we cannot completely exclude confounds including the
heterogeneous mood and medication states of the participants. It is noteworthy, however,
that the use of multiple MR scanners did not appear to affect group comparisons on WMH
volumes. This is not surprising given the largely consistent finding of increased WMHs in
BD subjects throughout numerous studies using disparate scanners and protocols (3, 4).

This study was cross-sectional; therefore, we cannot say for certain whether metabolic
differences between groups are trait and/or state-related phenomena. Though WMHs are
stable over one year in BD patients (9), metabolic changes could be transient. CSF polyol
pathway metabolites and deep WMH volume correlated positively with both acute symptom
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severity index and treatment resistance index (derived from the previous five years of
clinical history) in BD subjects. These correlations imply relationships to illness state as
well as to the more trait-like phenomenon of treatment resistance. They suggest further that
the most treatment-resistant bipolar patients are also those with the most severe symptoms of
acute illness. This is consistent with our finding a moderate positive correlation between our
indices of treatment resistance and acute symptom severity in BD subjects.

In summary, we report the first evidence of relationships between abnormal brain glucose
metabolism and both deep WMHs and treatment resistance in a group of BD patients. While
these novel findings could lead to new insights into disease mechanisms, they are
correlational, and only further investigation, including novel therapeutic interventions, can
determine their significance to BD pathophysiology.
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Fig. 1.
Scatter plots of the relationships between (A) cerebrospinal fluid (CSF) sorbitol and (B) CSF
fructose concentrations and rank-transformed deep white matter hyperintensity (WMH)
volumes in bipolar disorder patients; n = 20. Higher rank means greater deep WMH volume
(50 = highest). R2 = 0.293 for CSF sorbitol and 0.195 for CSF fructose.
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Fig. 2.
Scatter plots of the relationships between (A) cerebrospinal fluid (CSF) sorbitol and (B) CSF
fructose concentrations and treatment resistance score in bipolar disorder patients; n = 20.
Treatment resistance is defined as the number of hospitalizations for bipolar disorder per
year over the past five years. R2 = 0.488 for CSF sorbitol and 0.428 for CSF fructose.
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Fig. 3.
Scatter plot of the relationship between rank-transformed deep white matter hyperintensity
(WMH) volume and treatment resistance score; n = 20. Higher rank means greater deep
WMH volume (50 = highest). Treatment resistance is defined as the number of
hospitalizations for bipolar disorder per year over the past five years. R2 = 0.281.
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Table 1

Demographic and clinical characteristics by subject group

Variable

Subject group

AnalysisBipolar disorder Schizophrenia Neurologic controls

n 20 15 15 N/A

Age (years) 44.3 ± 11.8 41.1 ± 11.9 42.5 ± 9.8 F = 0.346, df = 2, 47, p = 0.709

Race 10 C, 10 AA 6 C, 9 AA 9 C, 6 AA χ2 = 1.20, df = 2, p = 0.549

Gender 11 M, 9 F 5 M, 10 F 5 M, 10 F χ2 = 3.46, df = 2, p = 0.177

Body mass index (BMI)(kg/m2) 27.5 ± 5.5 26.9 ± 4.6 27.2 ± 3.6 F = 0.076, df = 2, 47, p = 0.927

History of smoking (yes:no)a 14:6 11:4 5:10 χ2 = 6.39, df = 2, p = 0.041

History of hypertension (yes:no) 5:15 3:12 3:12 χ2 = 0.75, df = 2, p = 0.916

Lifetime prevalence of substance abuse
disorder (yes:no)

9:11 8:7 4:11 χ2 = 1.60, df = 2, p = 0.450

Duration of psychiatric illness (years) 18.9 ± 9.4 22.4 ± 9.6 0 t = 1.08, df = 33, p = 0.288

Acute symptom severity indexb 21.5 ± 30.0 83.9 ± 18.0 N/A N/A

Treatment resistance indexc 0.62 ± 0.38 0.59 ± 0.24 N/A t = 0.321, df = 33, p = 0.751

MR scannera 12 P, 8 S 7 P, 8 S 9 P, 6 GE χ2 = 21.7, df = 4, p < 0.001

Values for numerical variables are means ± standard deviation or medians (interquartile range).

a
Groups differ significantly (p < 0.05) on this variable.

b
Acute symptom severity index is the sum of the scores on the 21-item Hamilton Rating Scale for Depression and the Young Mania Rating Scale

for each bipolar disorder subject, and the sum of scores on the 30-item Positive and Negative Syndrome Scale and the 18-item Scale for the
Assessment of Negative Symptoms for schizophrenic subjects.

c
Treatment resistance index is the average number of relapses requiring inpatient admission per year over the previous five years, despite

compliance with a standard treatment regime and without the emergence or exacerbation of a comorbid disorder.

N/A = not applicable or not available; MR = magnetic resonance; P = Picker Eclipse scanner; S = Siemens Avanto scanner; GE = GE scanner.
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Table 2

Metabolic and white matter hyperintensity (WMH) parameters by subject group

Variable

Subject group

AnalysisBipolar disorder (BD) Schizophrenia (SCHZ) Neurologic controls (NC)

n 20 15 15 N/A

CSF sorbitol (μM)a 24.7 ± 7.4 20.6 ± 8.0 17.8 ± 4.0 F = 4.51, df = 2, 47, p =

0.016c
BD > NC, p = 0.015

CSF fructose (μM)a 263 ± 96 192 ± 75 146 ± 46 F = 10.1, df = 2, 47, p <

0.001c
BD > NC, p < 0.001
BD > SCHZ, p = 0.032

CSF myo-inositol (μM) 182 ± 68 192 ± 59 177 ± 64 F = 2.12, df = 2, 43, p =

0.133d

CSF glucose (mg/dL) 67.4 ± 10.9 59.9 ± 9.6 63.3 ± 8.0 F = 1.12, df = 2, 43, p =

0.336d

Serum glucose (mg/dL)a 106.5 ± 14.8 95.6 ± 23.8 90.7 ± 17.2 F = 3.37, df = 2, 47, p =

0.043c
BD > NC, p = 0.049

HbA1c (%)b 5.43 ± 0.57 5.30 ± 0.48 N/A t = 0.604, df = 23, p =
0.551

Plasma sorbitol (μM) 1.00 (0.65) 0.80 (1.15) N/A Z = 0.254, p = 0.799

Deep WMH volume (cm3) 0.168 (0.568) 0.022 (0.114) 0.000 (0.057) χ2 = 9.34, df = 2, p =

0.009e

Deep WMH volume (rank-

transformed)a
31.9 ± 14.8 25.2 ± 13.5 17.3 ± 18.6 F = 8.50, df = 2, 46, p =

0.001f
BD > NC, p < 0.01

Periventricular WMH
volume (cm3)

0.00 (0.266) 0.00 (0.228) 0.00 (0.000) χ2 = 3.56, df = 2 p =

0.169e

Periventricular WMH
volume (rank-transformed)

27.7 ± 14.4 27.7 ± 12.7 20.4 ± 8.1 F = 1.98, df = 2, 43, p =

0.151d

Total WMH volume (cm3)a 0.279 (0.821) 0.111 (0.432) 0.000 (0.067) χ2 = 7.60, df = 2, p =

0.022e

Total WMH volume (rank-
transformed)

30.8 ± 15.4 26.4 ± 14.0 17.5 ± 18.6 F = 2.83, df = 2, 43, p =

0.070d

Values are unadjusted means ± standard deviation or medians (interquartile range).

a
Groups differ significantly (p < 0.05) on this variable.

b
n = 11 for BD subjects, and n = 14 for SCHZ subjects.

c
ANOVA.

d
MANCOVA.

e
Kruskal-Wallis test.

f
ANCOVA on age-adjusted means.

CSF = cerebrospinal fluid; N/A = not applicable or not available.
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