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Abstract
Background—This study was conducted to corroborate prior evidence of an effect of the BDNF
Val66Met polymorphism on measures of N-acetyl aspartate containing compounds (NAA) in healthy
subjects.

Methods—The NAA to creatine (Cre) ratio (NAA/Cre), NAA to choline (Cho) ratio (NAA/Cho),
and Cho to Cre ratio (Cho/Cre) were measured in the left and right hippocampi, left and right
dorsolateral prefrontal cortices, occipital lobe, anterior cingulate and white matter of the centrum
semiovale of 69 carefully screened healthy volunteers utilizing proton magnetic resonance
spectroscopic imaging (MRSI) at 3T.

Results—Val/Met subjects exhibited significantly reduced levels of left hippocampal NAA/Cre
and NAA/Cho compared to Val/Val subjects. This effect was independent of age, IQ, number of
voxels, hippocampal volume or gray matter content in the voxels of interest. Analysis of other brain
regions showed no effect of BDNF genotype on NAA measures.

Conclusions—We confirmed the association between the Met-BDNF variant and reduced levels
of hippocampal NAA found with a similar technique at 1.5T. The consonance of our results with
prior findings adds to the evidence that the BDNF Val/Met genotype affects hippocampal biology
with implications for a variety of neuropsychiatric disorders.

Introduction
Brain-derived neurotrophic factor (BDNF) has been implicated in hippocampal plasticity and
hippocampal-dependent memory in both human and nonhuman species in numerous studies
(1-5). The most abundant of the neurotrophins in the brain, BDNF has been hypothesized to
play a role in the pathophysiology of substance-related disorders (6), eating disorders (7),
schizophrenia (8) and affective disorders (9-11), though some of these associations remain
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controversial (12-15). Several observations support BDNF as a candidate gene for various
mental illnesses. For example, BDNF gives trophic support to cholinergic, dopaminergic, and
5-hydroxytryptamine containing neurons whose neurotransmitter systems are thought to be
dysfunctional in numerous psychiatric disorders (16). Moreover, BDNF is widely distributed
in the central nervous system, prevalent in key regions that regulate mood and behavior such
as the hippocampus, amygdala, cerebellum, hypothalamus and neocortex (17).

A frequent single nucleotide polymorphism in the 5’ pro-region of the human BDNF gene
results in a valine to methionine amino acid substitution at codon66 (Val66Met: rs6265).
Although the substitution does not affect BDNF protein function per se, it impacts the regulated
secretion of the mature peptide by dramatically altering intracellular trafficking and packaging
of pro-BDNF, the precursor peptide (2,18). Egan et al. (2) previously found the Met allele to
be associated with deficits in episodic memory, abnormal hippocampal activation assayed with
functional magnetic resonance imaging (fMRI) and diminished levels of hippocampal N-acetyl
aspartate (NAA), a putative marker of neuronal integrity and synaptic abundance (2). The work
of our group has been supported by several other studies reporting an association between
BDNF genotype and episodic memory (1,3,4,19), hippocampal activation during fMRI (3) and
hippocampal volume (20-23). Concentrations of NAA containing compounds (N-acetyl-
aspartate and N-acetyl-aspartyl-glutamate, referred to for simplicity as NAA) positively
correlate with measures of cognitive function in normal subjects (24-26) and reduced levels of
NAA have been found in patients with various mental illnesses including bipolar disorder
(27,28), post-traumatic stress disorder (29), anorexia nervosa (30), social phobia (31) and
schizophrenia (32-34).

The present study aimed to directly assay the impact of the BDNF Val/Met polymorphism on
in vivo measures of NAA using MRSI in a new cohort of healthy subjects studied on a 3T
scanner, offering improved signal-to-noise and spatial resolution as compared to widely used
1.5T systems. In consideration of the findings documented earlier by our group at 1.5T (2), we
hypothesized that Met allele carriers would exhibit reduced levels of hippocampal NAA
compared to non-Met allele carriers.

Methods and Materials
We studied 87 Caucasian American healthy volunteers recruited as part of the National Institute
of Mental Health Genetic Study of Schizophrenia (NCT00001486: the Clinical Brain Disorders
Branch “Sibling Study”), a study of neurobiological abnormalities related to genetic risk
(35). Demographic information is presented in Table 1. Participants underwent a
neuropsychological evaluation and structured clinical diagnostic interview (SCID) by a
psychiatrist or PhD psychologist with decades of clinical experience. The SCID included a
questionnaire derived from the SCID for Axis II disorders and particular attention was devoted
to ruling out cluster A personality disorders. Those with any current medical illness, past or
current psychiatric or neurological diagnosis, or history of psychosis in first degree relatives
were excluded. Written informed consent was obtained from all participants. As outlined by
Egan et al. (2), subjects were genotyped at rs6265 of the 5’ pro-region of the BDNF gene using
the Taqman 5’-exonuclease assay. MRSI was performed on a 3T GE NMR imaging system as
described in earlier reports (36,37). The 1H-MRSI pulse sequence acquired four spectroscopic
slices positioned parallel to the main axis of the hippocampi with a spin-echo slice selection,
water suppression, and octagonal outer volume suppression to suppress lipid signal from the
skull and scalp (TR = 2300 msec, TE = 280 msec). Each volume element (“voxel”) had nominal
dimensions of 7.5 × 7.5 × 7.5 mm. Regions of interest (ROIs), including the left and right
hippocampi, left and right dorsolateral prefrontal cortices, occipital lobe, anterior cingulate and
white matter of the centrum semiovale were drawn on 1.5 mm-thick T1-weighted structural
MRI images acquired during the same session as the MRSI using a three-dimensional spoiled
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gradient recalled (SPGR) pulse sequence (TR = 24 ms, TE = 3.2 ms, flip angle = 17 degrees,
in-plane resolution = 0.9 mm2).

Metabolite values were calculated as the integral of the area under the peaks for NAA, Creatine
(Cre) and Choline (Cho) and were reported as NAA/Cre, NAA/Cho and Cho/Cre ratios, as
outlined in earlier reports (34). We eliminated voxels that were judged to be of poor quality,
especially in the hippocampal regions, usually due to effects of susceptibility (see
Supplementary Methods). Since susceptibility artifacts are a disadvantage of working at higher
fields, single voxel techniques have demonstrated a precision of ~ 13% at 4T for NAA in the
hippocampus (38). In addition, an insufficient number of voxels in a ROI, defined as less than
3 in the hippocampi and less than 5 in all other ROIs, resulted in the discarding of a subject’s
data for that particular ROI in statistical analyses. This procedure was performed blind to
genotype status and served as a strict quality control mechanism. It resulted in the rejection of
12 scans because of poor quality spectra in all ROIs. Moreover, we omitted three outlier
subjects, defined by any metabolite ratio greater/lesser than three standard deviations above/
below the mean for the entire group, from analysis of all metabolite ratios within the particular
ROI. Three subjects with Met/Met genotype were excluded to avoid large variability associated
with such a small sample size, resulting in a final sample of 69 carefully screened subjects with
usable data in the top MRSI slice (Val/Val: n=50 and Val/Met: n=19). The individuals with at
least 3 usable voxels in either hippocampal ROI were a further subset of these: 38 and 39 of
the 50 Val/Val subjects had quality left and right hippocampal data, respectively, whereas 12
of the 19 Val/Met subjects had quality left and right hippocampal data.

Given that several studies have found an association between the Val66Met polymorphism and
hippocampal volume (20-23), we attempted to control for the amount of gray matter
contributing to the particular voxels that were examined and for hippocampal volume as a
whole. For those subjects with available hippocampal data as defined by MRSI, we calculated
the average percent gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) over
total tissue in these voxels. In order to do this, T1-weighted MRI scans acquired for MRSI
localization and judged visually to be in spatial alignment with the spectroscopic slices were
segmented into GM, WM and CSF using FLIRT (39), an application in the FSL software suite
(http://www.fmrib.ox.ac.uk/fsl/). A program developed by one of the authors (ASB) was used
to simulate the effects of the MRSI point spread function on the various compartments,
providing a measure of the relative contribution of GM, WM and CSF to the voxels entering
the analysis. In addition, volumes of the entire left and right hippocampal formation were
calculated from the T1-weighted structural MRI scans acquired during the same session as the
MRSI using Freesurfer (version 3.0.2) as previously described (40,41). Freesurfer
automatically classified the brain into a series of structures based on a template, individual
intensity properties and relative known positions of structures and allowed for the
determination of the total volume of each structure and of total brain GM. It has been shown
that this method yields regional volumes with accuracy comparable to manual ROI tracing
(40). Both absolute and relative (scaled to the whole forebrain GM) volumes were obtained
for the hippocampus bilaterally.

Differences in metabolite ratios between Val/Val and Val/Met genotype groups were analyzed
separately for each ROI using analysis of variance (ANOVA). Independent t-tests were used
to assess differences between genotype groups in absolute and relative hippocampal volumes,
average percent GM, WM and CSF of the voxels examined in the hippocampus, number of
voxels in each ROI, and demographic variables including age, gender, and IQ (assessed by the
Wechsler Adult Intelligence Scale), as seen in Table 1. We also tested whether these variables
had an effect on metabolite ratios using regression models. When either of these conditions
was met, the variable was included as a covariate in the ANCOVA model. Smoking was
considered as potential covariate due to its reported association with BDNF genotype (42,43)
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and its effects on NAA (44). Given the lack of differential distribution of smoking across
genotype groups (see Table 1) and the lack of an association with metabolite ratios (data not
shown), smoking was not considered in our models. Alcohol consumption was not investigated
since our participants were free of history of alcohol abuse or dependence, only 8 individuals
drank 1-3 drinks/day and data on current alcohol consumption was missing for approximately
20% of participants. One-tailed statistics were used for the hippocampal regions, given the
prior hypothesis generated by the 1.5T studies, while two-tailed statistics were used for all
other ROIs. The significance level of analyses was set at p<0.05. No correction for multiple
comparisons was performed as we were testing a specific hypothesis based on prior results.
Post-hoc regression models were used to assess the amount of variance accounted for by the
variables used in the model.

Results
Consistent with the earlier report by Egan et al. (2), we found that normal subjects who are
Val/Met heterozygotes exhibited significantly reduced levels of left hippocampal NAA/Cre
and NAA/Cho compared to Val homozygotes, as shown in Figure 1. The effect of genotype
on left hippocampal NAA/Cre and NAA/Cho was significant after adjustments for the effect
of age on these ratios and for significant differences in IQ between genotypes (see Table 2 for
results of the full ANCOVA model). Post-hoc analyses revealed that BDNF genotype
accounted for 9% and 13% of the variance in left hippocampal NAA/Cre and NAA/Cho,
respectively. Two way interactions of BDNF with age and IQ accounted for less than 1-3% of
the variance and were dropped from the model (see Supplementary Table 1). Three way
interactions between BDNF, age and IQ could not be tested due to the sample size. Analysis
of other brain regions showed no effect of BDNF genotype on NAA measures (see Table 2).
In addition, there was no effect of BDNF genotype on bilateral absolute and relative volumes
of the hippocampal formation or average percent GM of hippocampal voxels entering the MRSI
analysis (see Table 1).

Discussion
We report an association between the functional BDNF Val66Met polymorphism and reduced
hippocampal NAA. Specifically, BDNF Met allele carriers have reduced left hippocampal
NAA/Cre and NAA/Cho, consistent with findings documented earlier by our group at 1.5T
(2). The results of the present study have several important implications. First, it is remarkable
that genetic variation at a single BDNF locus would result in detectable differences within the
range of normal human values in a relatively small sample of healthy individuals, thereby
highlighting the importance of BDNF in regulating hippocampal function and possibly,
hippocampal-dependent learning and memory. Results of a post-hoc regression analysis
indicated that BNDF genotype accounted for 9% of the variance in NAA/Cre and 13% of the
variance in NAA/Cho, suggesting that BDNF genetic variation considerably impacts
hippocampal function in healthy individuals. Second, the current findings, obtained with higher
resolution on a 3T scanner in a new sample of healthy comparison subjects, strengthen existing
evidence that Met-BDNF alters hippocampal function and thus, may impact susceptibility to
or expression of psychiatric disorders where hippocampal integrity is disrupted. The effect size
for left hippocampal NAA/Cre in the current study (d=0.68) was larger than that in the earlier
investigation by our group at 1.5T (d=0.51 when including the Met/Met group and d=0.30
when including only the genotypes considered here) (2), which may be the consequence of a
more ethnically homogeneous sample in the present investigation. Genotype groups were either
well-matched on demographic variables and number of voxels in each ROI (see Table 1) or
effects of age and IQ were accounted for statistically, thus minimizing the potential for these
confounding factors to have obscured the contribution of BDNF genetic variation to
hippocampal NAA measures. Moreover, the observation that hippocampal volume and partial
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voluming of hippocampal GM did not differ between genotype groups suggests that these
variables did not account for the reduced metabolite ratios in Met allele carriers in this sample.
As only Caucasians of European ancestry were studied to avoid stratification artifacts, we are
not able to comment on the impact of ethnicity on the frequency of the BDNF polymorphism
or on hippocampal metabolite values. However, the genotype frequencies in our dataset are
similar to those reported by the Hapmap project for Caucasian populations
(http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=6265).

We did not detect an effect of genotype on hippocampal volume, which contrasts with the
reports of several others including our group (20-23). Nevertheless, other studies have failed
to detect differences in hippocampal volume (19,45), while some found differences exclusively
in the parahippocampal gyrus (5,46,47), which was not measured in our Freesurfer based
determination. In our sample, absolute hippocampal volumes tended to be slightly larger in the
Val/Met group, therefore excluding this as a possible cause for our spectroscopic findings. The
lack of difference between genotypes in relative hippocampal volume could be a consequence
of reduced power, since we studied a relatively small sample of twelve Val/Met subjects. In
prior investigations, mean volume differences between genotype groups ranged between 2%
(46) and 14% (22). Based on the literature where means and standard deviations were reported
(19,20,22,23,46), power analysis indicates that >1000 individuals would be needed to detect
a 2% volumetric difference, whereas only 62 individuals to detect a 6-8% difference with a
power of 0.8 (assuming a 0.4 ratio for the frequency of Val/Met to Val/Val, as is typical for
Caucasian populations). Thus, although our sample is slightly underpowered to demonstrate a
biologically meaningful difference between genotype groups, the main reason for our lack of
significance appears to be a small effect size of 0.13 (see also (45,47), where no finding was
present in sample sizes of ~100 subjects).

Alternatively, differences in methodology in determining the volume of the hippocampus or
in the MRI acquisition may explain discrepancies with the literature. The method employed
here is completely automatic and has been demonstrated comparable in accuracy to manual
labeling (40). This method is largely disparate from voxel based morphometry used by (5,22,
47), however should yield similar results to other ROI based methods (19-21,23,45,46). An
additional major distinction is that our data were acquired on a 3T rather than a 1.5T system
with a sequence optimized for speed of acquisition rather than gray-white contrast. No efforts
were made to correct inhomogeneities and distortions, which are more prominent at higher
fields. While this acquisition was adequate to rule out an effect of hippocampal volume on the
MRSI measures (obtained with much coarser resolution), it may not have been sufficiently
sensitive to identify volumetric differences between genotype groups.

The combination of reduced NAA and intact volume in the left hippocampus might also suggest
that NAA reductions are more sensitive than volumetric measures to BDNF genetic variation,
perhaps resulting from greater biological proximity to the effects of the gene. NAA production
is dependent on energy metabolism (48), reflecting the synthetic function of mitochondria, and
is potentially correlated with glutamatergic transmission (49). Differences in glutamate content
may account for greater than 80% of the variability in cellular NAA whereas differences in
hippocampal neuron loss may account for only 5% of cellular NAA variability (49). Since
impaired synaptic plasticity of glutamatergic synapses has been observed in diseases involving
compromised BDNF function such as Huntington’s disease, depression and anxiety, BDNF
may impact NAA via its influence on the glutamate system (50). Though the mechanism linking
BDNF expression and NAA metabolism remains obscure, volumetric reduction may occur
only in those people with more marked and advanced NAA deficits.

Converging evidence suggests that BDNF is involved in the promotion of neurogenesis,
particularly in the hippocampus, which might be an important link in explaining how
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antidepressants exert their action (51-54). Animal studies modeling depression have shown
that stress reduces neurogenesis (55,56), antidepressant treatments reverse this effect (57-59)
and concomitant changes in metabolites, including NAA, occur (60-63). Some studies in
humans have also demonstrated alterations in metabolites accompanying treatments known to
affect neuronal plasticity (64-67). Although none of these studies is fully consistent with the
pattern of changes in ratios observed in the present investigation, most studies have investigated
acute changes, while genetic variants in BDNF are presumed to operate throughout the course
of development. Thus, the “protective” Val allele might result in NAA increases, which may
well be associated with heightened neurogenesis and/or neuronal survival in the hippocampus.
Recently, novel spectroscopic methodology became available to study neurogenesis through
identification of a new metabolite that indexes neural stem and progenitor cells in the
hippocampus (68). We predict that BDNF genotypes would differ in the content of this
metabolite in the hippocampus and that this difference could potentially correlate with NAA
and Cho levels. Future studies utilizing this novel technique may aid in elucidating the potential
association between neurogenesis, BDNF and metabolites such as NAA.

Our finding of a unilateral reduction in left hippocampal NAA is unexpected, though consistent
with the earlier report by Egan et al. (2). To our knowledge, the present study and the earlier
investigation by our group are the only reports to have explored the relationship between BDNF
genotype and hippocampal NAA. The findings of these two studies are consistent with
volumetric analyses reporting BDNF genotype to have a greater impact on left than right
hippocampal volume (20,21), while evidence from functional MRI studies appears consistent
with a bilateral reduction of hippocampal or parahippocampal activation in Met-allele carriers
(2,3). We specifically tested the effect of hemisphere by conducting a repeated-measures
ANOVA with left and right hippocampal NAA/Cre or NAA/Cho as the dependent variable
and BDNF genotype as the categorical predictor, but found no significant interaction between
genotype and hemisphere (data not shown). We conclude that there is no evidence for a specific
effect of BDNF genotype on the left hemisphere hippocampal function, but this topic deserves
further systematic investigation.

Limitations of the present study include the need to reject most voxels belonging to the anterior
portion of the hippocampal formation due to susceptibility artifacts at 3T. Another limitation
is the use of ratios as the primary outcome measures rather than absolute values. While ratios
make data interpretation less certain because changes in either the numerator, denominator or
both may be invoked to explain the results, they also present some technical advantages. For
example, they do not require adjustment for CSF content in the voxel and they are immune to
changes in the B1 field. Thus, the use of ratios may be better suited at higher fields where the
B1 field is more inhomogeneous. A final limitation, which likely stems from power issues, is
that had we applied a rigorous multiple comparison testing for two ratios and two hemispheres,
our results for NAA/Cre would not have survived correction. It has been shown that up to 200
individuals would be needed to detect differences in NAA in the order of 5% (38) for studies
performed with single voxels and a short TE in the hippocampus. Despite this bleak scenario,
our data appears to be quite sensitive to genetic modifications and suggests a biologically
meaningful effect exists regardless of formal (and arbitrary) statistical thresholds (69). Given
the prior results of an effect of BDNF on hippocampal NAA measures that we sought
specifically to test, justification for such statistical correction is dubious.

In conclusion, we confirm the importance of BDNF in maintaining hippocampal levels of NAA
in a separate cohort of volunteers studied with high spectroscopic imaging resolution. The
results of the present analysis substantiate the formerly described role of BDNF in regulating
human hippocampal function.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a. Effect of BDNF val66met genotype on in vivo left hippocampal NAA/Cre. *F(1,46) = 5.01,
p = 0.03. Effect size (Cohen’s d) = 0.68 (medium-large). Vertical bars denote mean ± standard
error.
b. Effect of BDNF val66met genotype on in vivo left hippocampal NAA/Cho. *F(1,46) = 7.40,
p = 0.009. Effect size (Cohen’s d) = 0.85 (large). Vertical bars denote mean ± standard error.

Stern et al. Page 11

Biol Psychiatry. Author manuscript; available in PMC 2009 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stern et al. Page 12

Table 1
Demographic and Brain Volume Data of Study Subjects

Variable Val/Val Group Val/Met Group Statistic P
All Subjects

N 50 19
Gender 22 F, 28 M 9 F, 10 M χ2

(1)=0.06 p=0.80
Age (±SD) 31.1(±10.4) 33.9(±10.6) t(67)=-1.00 p=0.32
IQ (±SD) 107(±9.2) t(67)=-1.00 t(67)=-0.28 p=0.78
#Ever Smoked 11 Y, 39 N 3 Y, 15N χ2

(1)=0.23 p=0.63ˆ
#Vox Occ Cortex 14.9(±4.8) 15.7(±4.0) t(58)=-0.61 p=0.55
#Vox Left DLPFC 15.6(±4.7) 14.8(±4.5) t(58)=0.60 p=0.55
#Vox Right DLPFC 16.1(±3.4) 14.8(±3.2) t(59)=1.32 p=0.19
#Vox Acc 19.3(±6.2) 19.7(±5.8) t(58)=-0.22 p=0.83
#Vox White Matter 18.9(±7.2) 19.6(±6.5) t(57)=-0.32 p=0.75

Subjects with Left Hippocampal Data
N 38 12
Gender 11 F, 27 M 6 F, 6 M χ2

(1)=0.14 p=0.71
Age (±SD) 29.8(±9.82) 32.8(±10.1) t(48)=-0.94 p=0.35
IQ (±SD) 106(±9.08) 112(±7.19) t(48)=-2.37 p=0.02†
#Ever Smoked 8 Y, 30 N 1 Y, 10 N χ2

(1)=0.81 p=0.37ˆ
#Vox Left Hippo 7.68(±2.49) 6.67(±1.87) t(48)=1.30 p=0.20
Left Hippo % GM in MRSI Voxels 0.634(±0.07) 0.624(±0.09) t(48)=0.40 p=0.69
Left Hippo Volume (Unscaled in mm3) 4194(±457) 4374(±436) t(48)=-1.20 p=0.24
Left Hippo Volume (Scaled)* 0.374(±0.03) 0.370(±0.03) t(48)=0.40 p=0.70

Subjects with Right Hippocampal Data
N 39 12
Gender 15 F, 24 M 5 F, 7 M χ2

(1)=0.04 p=0.84
Age (±SD) 30.7(±10.3) 34.8(±10.8) t(49)=-1.20 p=0.23
IQ (±SD) 106(±9.92) 113(±7.37) t(49)=-2.12 p=0.04†
#Ever Smoked 6 Y, 33 N 2 Y, 9 N χ2

(1)=0.05 p=0.82ˆ
#Vox Right Hippo 6.77(±3.12) 6.36(±2.29) t(49)=0.40 p=0.69
Right Hippo % GM in MRSI Voxels 0.635(±0.06) 0.636(±0.05) t(49)=-0.03 p=0.98
Right Hippo Volume (Unscaled in mm3) 4352(±471) 4473(±474) t(48)=-0.78 p=0.44
Right Hippo Volume (Scaled)* 0.386(±0.02) 0.385(±0.03) t(49)=0.09 p=0.92

Abbreviations: Occ, occipital; DLPFC, dorsolateral prefrontal cortex; Acc, anterior cingulate cortex; Hippo, hippocampus

Data are presented as mean±SD unless otherwise indicated

Values are expressed as χ2 statistics for categorical measures and t statistics for continuous measures.

†
IQ used as a covariate in ANOVA for comparison of metabolite ratios by genotype group

*
Scaled volume is expressed as a ratio of absolute hippocampal volume to total brain volume minus the cerebellum.

ˆ
Results include only those subjects with available smoking history data
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Table 2
Comparison of Metabolite Ratios by Genotype in all ROIs

Region Val/Val Val/Met Statistic P
Left Hippocampus n=38 n=12

NAA/Cre 1.82(±0.21) 1.68(±0.20) F(1,46)=5.01 p=0.03†
Effect of Age 28.9(±9.17) 34.3(±11.5) F(1,46)=7.71 p=0.007

Effect of IQ 107(±9.9) 113(±7.1) F(1,46)= 1.40 p=0.24
NAA/Cho 1.25(±0.14) 1.15(±0.09) F(1,46)=7.40 p=0.009†

Effect of Age 28.9(±9.17) 34.3(±11.5) F(1,46)=4.64 p=0.04
Effect of IQ 107(±9.9) 113(±7.1) F(1,46)=0.02 p=0.89

Cho/Cre 1.46(±0.16) 1.46(±0.19) F(1,47)=0.002 p=0.78ˆ
Right Hippocampus n=39 n=12

NAA/Cre 1.80(±0.22) 1.80(±0.23) F(1,48)=0.17 p=0.69ˆ
NAA/Cho 1.28(±0.18) 1.24(±0.15) F(1,48)=1.40 p=0.24ˆ

Cho/Cre 1.41(±0.16) 1.46(±0.15) F(1,48)=2.72 p=0.11ˆ
Occipital Cortex n=44 n=15

NAA/Cre 2.19(±0.19) 2.17(±0.16) F(57)=0.13 p=0.72
NAA/Cho 2.21(±0.29) 2.26(±0.26) F(57)=0.36 p=0.55

Cho/Cre 1.00(±0.12) 0.97(±0.14) F(57)=0.64 p=0.43
Left dlPFC n=45 n=15

NAA/Cre 2.22(±0.20) 2.11(±0.22) F(1,57)=1.53 p=0.22*
NAA/Cho 2.12(±0.20) 2.07(±0.24) F(1,57)=0.001 p=0.97*

Cho/Cre 1.05(±0.11) 1.03(±0.11) F(58)=0.70 p=0.41
Right dlPFC n=45 n=16

NAA/Cre 2.23(±0.18) 2.24(±0.20) F(58)=0.86 p=0.36*
NAA/Cho 2.14(±0.22) 2.11(±0.23) F(58)=0.21 p=0.65*

Cho/Cre 1.05(±0.09) 1.07(±0.14) F(59)=0.57 p=0.45
Anterior Cingulate n=44 n=15

NAA/Cre 2.02(±0.15) 1.97(±0.13) F(1,56)=1.16 p=0.69*
NAA/Cho 1.49(±0.20) 1.45(±0.17) F(1,56)=0.01 p=0.92*

Cho/Cre 1.37(±0.14) 1.38(±0.18) F(57)=0.55 p=0.46
White Matter n=45 n=14

NAA/Cre 2.57(±0.22) 2.46(±0.20) F(1,56)=1.43 p=0.24*
NAA/Cho 1.98(±0.24) 1.92(±0.17) F(1,56)=0.51 p=0.48*

Cho/Cre 1.31(±0.14) 1.29(±0.11) F(57)=0.42 p=0.52

Abreviations: dlPFC, dorsolateral prefrontal cortex

Data are presented as mean±SD in parentheses

†
Age and IQ used as covariates in the ANCOVA

ˆ
IQ used as a covariate in the ANCOVA

*
Age used as a covariate in the ANCOVA
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