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Abstract

N-acetylaspartate (NAA) is an index of neuronal integrity. We hypothesized that in healthy
subjects its whole brain concentration (WBNAA) may be related to formal educational attainment,
a common proxy for cognitive reserve. To test this hypothesis 97 middle aged to elderly subjects
(51-89 years old, 38% women) underwent brain MRI and non-localizing proton spectroscopy.
Their WBNAA was obtained by dividing their whole-head NAA amount with the brain volume.
Intracranial volume and fractional brain volume, a metric of brain atrophy, were also determined.
Each subject’s educational attainment was the sum of their years of formal education. In the entire
group higher education was associated with larger intracranial volume. The relationship between
WBNAA and education was observed only in younger (51-70 years old) participants. In this
group education explained 21% variance in WBNAA. More WBNAA was related to more years
of formal education in adults and younger elders. Prospective studies can determine whether this
relationship reflects a true advantage from years of training versus innate characteristic
predisposing to higher achievements later in life. We offer that late life WBNAA may be more
affected by other like factors acting at midlife and later.
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1. Introduction

At 0.1% of the brain's wet weight (Birken and Olendorf, 1989) the A-acetylaspartate (NAA)
is the second most abundant amino acid in the mammalian brain. Although NAA’s precise
role(s) remain controversial, its almost exclusive sequestration in neurons and the coupling
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of its synthesis to energy production in mitochondria, make it a suitable marker of neuronal
integrity (Moffett et al., 2007).

Among the resonances identified in proton MR spectroscopy (H-MRS) none has yielded
more diagnostic information than the NAA whose concentration declines in most focal or
diffuse brain disorders (Schuff et al., 2006). Relative to the abundant evidence of NAA
reductions across many diseases (Schuff et al., 2006; Moffett et al., 2007) its physiological
role in healthy subjects still requires elucidation (Rigotti et al., 2007). However, there is a
growing body of work demonstrating convincing associations between a variety of
neuropsychological tests or general cognitive abilities and NAA in healthy populations
(Ross and Sachdev, 2004). Both occipito-parietal white matter NAA (Jung et al., 1999; Jung
et al., 2000) and fontal cortical NAA (Pfleiderer et al., 2004) were positively related to an
intelligence quotient — 1Q. There also are reports on associations between medial temporal
lobe NAA and memory (Gimenez et al., 2004) or NAA concentration in centrum semiovale
and executive functions (Charlton et al., 2007). Given the connection between NAA levels
and neuronal density or mitochondrial energy production, these mostly positive NAA-
cognition associations are not surprising. Nonetheless, recent evidence indicates that not
always more NAA correlates with higher 1Q. Jung at al. observed that lower right anterior
gray matter NAA predicted better verbal 1Q while higher right posterior gray matter NAA
predicted better performance 1Q, suggesting that increased neuronal number or greater
energy production, may not be sufficient to explain superior cognitive performance. Some
other hypothesis i.e. neural efficiency must be taken into account (Jung et al., 2009).

General cognitive capacities are closely related to educational achievement (Gottfredson,
1997; Yeo et al., 2011). However education is also seen as a common proxy for cognitive
(active) reserve (Stern et al., 1994). The “reserve” hypothesis conjectures the existence of
factors modulating the relationship between cognitive decline and brain pathology. These
factors are seen both as passive (brain size) or active (cognition, compensation) phenomena.
The last ones imply a high functioning of intact neural tissue, possibly as a result of acquired
functional changes of neural networks (Stern, 2002). Unfortunately, biological
underpinnings of an active reserve are poorly understood. Changes in tissue composition
(higher levels of markers indicative of neuronal metabolic health such as NAA) could
conceivably reflect more efficient network utilization, making NAA potential index of a
built-up reserve. Education is related to a more complex dendritic system and denser
interneuronal connections (Jacobs et al., 1993). Since these tissue changes may be reflected
by NAA (Moffett et al., 2007), higher education could be related to higher NAA
concentration. However, we are unaware of any report on the relationship between
education and NAA.

In this study we tested the hypothesis that in cognitively healthy middle aged and elderly
whole brain NAA (WBNAA) concentration is related to their formal educational attainment.
Moreover, since it remains unclear to what extent education reflects predominantly general
intellectual capacity (Yeo et al., 2011) and to what extent it may be a marker of actively
built-up reserve, we also we examined relationships between the general mental ability (g),
education and brain metrics.

2. Methods

2.1. Human Subjects

Ninety seven (37 women, 60 men) cognitively healthy subjects: 71.7+8.2 (mean + standard
deviation; range: 51-89) years old were recruited at the outpatient Memory clinic of the
Basel University Hospital, and gave written informed consent to the Institutional Review
Board approved protocol. They were volunteering as controls for ongoing studies. Major
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depression was ruled out according to the ICD-10 criteria (World Health Organization
1992). Cognitive abilities were assessed with the Mini Mental State Examination [MMSE
(Folstein et al., 1975)] and the battery of tests including the California Verbal Learning Test
(Delis et al., 1987), the CERAD Neuropsychological Assessment Battery (Morris et al.,
1989); the Rey-Osterrieth Complex Figure (Schreiber et al., 1999), Digit Span and Corsi
Blocks (Wechsler, 1987), a computerized test of attention (Zimmerman and Fimm, 1994),
the Stroop Color-Word Interference Test (Perret, 1974), the Trail Making Test, part A & B
(Army, 1944), phonemic fluency tests (Thurstone, 1938), the Clock Drawing Test
(Thalmann et al., 2002), Boston Naming Test (Kaplan et al., 1983) and Design Fluency
(Regard et al., 1982).

To confirm subjects' preserved cognitive status a knowledgeable informant was questioned
using the modified Informant Questionnaire on Cognitive Decline in the Elderly (1Q-CODE)
(Ehrensperger et al., 2010). For inclusion in the study, subjects’ demographically adjusted
standard scores had to be within normal limits. All subjects were well functioning with a
MMSE score of 29.2+0.9 (mean + standard deviation, range: 26 — 30) and in good general
health.

2.2. Education

2.3. General

2.4. Imaging

Each subject’s formal educational attainment was the sum of their years in elementary
school, gymnasium (secondary or apprenticeship schools), university and subsequent
advanced degrees.

mental ability g

The general mental ability g was estimated based on factor analysis of heuropsychological
tests. The z-scores of the following tests were entered in factors analysis: California Verbal
Learning Test (Delis et al., 1987), Digit Span and Corsi Blocks (Wechsler, 1987), the Stroop
Color-Word Interference Test (Perret, 1974), the Trail Making Test, part A & B (Army,
1944), phonemic fluency tests (Thurstone, 1938), Boston naming Test (Kaplan et al., 1983)
and Design Fluency (Regard et al., 1982). The first unrotated factor was extracted and
served as a g approximation. The selection was guided by the availability of z-scores. Data
was available for 91 participants.

2.4.1. MRI—AII MR experiments were done in a 3 T scanner (Magnetom Allegra (Siemens
AG, Erlangen, Germany) using its manufacturer-provided transmit-receive head-coil. Field
homogeneity was then adjusted with our chemical-shift-imaging based auto-shim procedure
to yield a consistent 27+4 Hz head water linewidth across our cohort (Hu et al., 1995). This
was followed by sagittal Magnetization-Prepared-Rapid-Acquisition-Gradient-Echo (MP-
RAGE): TE/TR/T1=3.49/2150/1000 ms, 7°flip angle, 144 slices 1.1 mm thick, 256x224
matrix, 256x224 mm? field-of-view MRI.

2.4.2. Image segmentation - Brain volumetry—Brain parenchyma volume, Vg, was
segmented from MP-RAGE images using our in-house FireVVoxel package (Mikheev et al.,
2008). It starts by automatic placement of a seed region in periventricular WM to obtain its
signal intensity, /4, (see Fig. 1a). Following selection of all pixels at or above 0.550f /4,
a brain mask is constructed for each slice. Pixels of intensity below 0.55/,,were defined
as CSF (cerebrospinal fluid). The masks were truncated at the foramen magnum to include
the stem and cerebellum and Vg was the product of the number of pixels in the mask by
their volume. The precision of the process was established at 3.4% for T1-weighted MRI
(Rusinek and Chandra, 1993).
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A hard threshold for tissue segmentation could have caused a systematic bias toward
younger brains, since T1 contrast in MP-RAGE usually deteriorates with age. To exclude
this possibility we examined relationships between contrast and age in sample of 53 subjects
with demographics (age, gender, education) comparable to our study group. Signal intensity
we extracted from the seed (/4 seed) and the CSF (/csg). CSF region of interest was
placed in lateral ventricles away from choroid plexus. For each subject we calculated factor
gas: Icsel Iypyseed. There was no correlation between gand age (rho=.06, p=.66) or gand
Vg (rho= .09, p=.52).

Intracranial volumes, V¢, were obtained from the MP-RAGE images using MRIcro, a free
downloadable package: http://www.mricro.com (Rorden and Brett, 2000). The extracted
brain was then used to calculate the V¢ (see Fig. 1b) and the fractional brain parenchyma
volume (fBPV) defined as Vjg/ V;-x100%.

2.4.3. MR spectroscopy - WBNAA quantification—The global NAA amount, Oyaa.,
was obtained with a non-localizing TE/T1/ TR= 0/940/10* ms 1H-MRS sequence (Gonen et
al., 1998). Its TR» 77 and TE~O0 ensure insensitivity to 7;and 7, variations. Absolute
quantification was done against a reference 3 L sphere of 1.5x102 mole NAA in water.
Subject and reference NAA peak areas, Sg and Sg, were obtained by manual phasing and
selection of the NAA peak limits, followed by peak area integration all using our in-house
graphic interactive software written in IDL (Research Systems Inc. Boulder CO) (Fig. 1c). It
was performed by four operators blinded to each other’s result. A result more than two
average standard deviations (for the four readers’ over all the patients, ~8%) from the mean
for that patient, was rejected. If more than one was rejected than that entire set was excluded
as “poor quality.” Subject and phantom NAA peak areas, Sg (shown in Fig. 1c) and Sg, were
obtained by integration and Qnaa estimated as (Gonen et al., 1998):

S V180°

- —=—moles, [1]

0,=1.5%x1072. == -
NAA SR V]lgo

where V*" and V!**" are the transmitter voltages for non-selective 1 ms 180° inversion
pulses on the reference and subject, reflecting relative coil loading and by reciprocity the
sensitivity.

To normalize inter-subject head size variations, Qp44 Was divided by the brain parenchyma
volume (Vp), to yield the brain size independent whole-brain NAA concentration:

WBNAA=Q,,,/V, mM, [z

Its /inter- and /ntra-subject variability has been previously shown to be +8% (Rigotti et al.,
2007).

2.5. Statistical analyses

Between-group comparisons were carried with t-test, correlations checked with Pearson
correlation coefficient (/) or when data did not meet the assumption of normality with U
Mann-Whitney test and Spearman correlation coefficient, respectively. An association
between education (independent variable) and WBNAA, V., fBPV and g (dependent
variables) was tested in linear regression models. For each relationship (education-WBNAA,
education- V., and education-fBPV) separate combinations of models were created
incorporating age, gender, education and interactions between them. Model with the best fit
was chosen for each relationship. Similarly, the associations between g (dependent variable)
and WBNAA, V¢, and fBPV (independent variables) were also tested in separate
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combinations of models which incorporated age, gender, education and interactions between
them.

3. Results

Our cohort had on average 13.3+2.8 years of education (mean + standard deviation),
13.1+3.1 mM WBNAA, 1424+134 ml V/cand 74.5+4.6% fBPV. Older subjects had lower
fBPV (r=—-0.59, 1x0.001) and MMSE (rho=-0.40, xx0.001). Women were younger
(tros=2.7, px.01). After accounting for age females still had higher fBPV (F =15.1[; o4,
/<0.001), lower V¢ (F =67.2[7 94, /<0.001) and fewer years of education (Z=-2.8, p<.01).
WBNAA and MMSE did not differ between genders (Table 1). Education was not related to
age. There was no correlation between WBNAA and ICV, WBNAA and fBPV or WBNAA
and Vg

3.1. Education and V¢

The model with the best fit (F=36.04[2 94}, £<0.001) included gender (B=-0.55, x<0.001) and
education (p=0.24, p=0.004). Both male gender and more years of education were
associated with higher V..

3.2. Education and fBPV

The final model (F=36.03 94, £x.001) included age (B=-0.50, px.001) and gender (8=0.31,
x.001). Being younger and female was associated with higher fBPV. Education was not
related to fBPV.

3.3. Education and WBNAA

The final model with the best fit (F=3.23 93}, £=0.03) included age (=0.90 p=0.04),
education (f=1.90, p=0.01), and interaction between them (f=-1.98, p=0.02), thus
indicating that the relationship between WBNAA and education is different in different age
groups. To further test this hypothesis we tested the relationship between education and
WBNAA in younger (<71) and older (=71) individuals (split at the median). Among
younger subjects education ($=0.46, p=0.002) was strongly related to WBNAA (model:
F=11.0p1,41}, #=0.002). In this group education explained 21% variance in WBNAA. There
was no relationship between education and WBNAA in older participants (Fig. 2).
Interestingly younger and older groups did not differ in WBNAA (Table 2). The relationship
between WBNAA and education remained unchanged when fBPV, V,cor Vg were
incorporated into the model.

3.4. Education and g
The model with the best fit (F=3.4[ gg}, #=0.04) included education (8=0.21, p=0.04) and
age (B=-0.19 p=0.07). General intellectual capacities positively correlated with education,
but explained only 5% of g variance. Age marginally contributed to the model.

3.5. g and brain metrics
We did not find any relationships between g and WBNAA, ICV or fBPV.

4. Discussion

In this study, we show that education was associated with larger intracranial volume and
higher WBNAA, possibly reflecting higher neuronal integrity in individuals with higher
education. Since higher WBNAA may represent more intricate tissue structure (Moffett et
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al., 2007), our results may reflect a more complex dendritic system and denser interneuronal
connections, previously reported in connection with higher education (Jacobs et al., 1993).

Consequently, WBNAA could be a biological substrate of cognitive reserve conferred by
education. Since WBNAA loss is reported in mild cognitive impairment and Alzheimer’s
disease (Falini et al., 2005), an individual’s higher “baseline” could delay clinical
manifestation of disease, in line with the broadly accepted protective effects of education.
However, we must emphasize that this conjecture is only speculative.

In our group the relationship between WBNAA and education was strong among
younger(51-70) participants but absent in the older group. This is a puzzling finding.
However, it is possible that factors other than education affect WBNAA later in life.
Occupational attainment, leisure and physical activities in middle and later life are believed
to help build up reserve (Scarmeas and Stern, 2003). Conceivably these factors may have
greater contribution to WBNAA later in life than education acquired at a younger age.
Second, as can be expected older subjects had more brain atrophy than younger ones. Even
though the concentration of NAA in the remaining tissue seems to stay the same across age
groups (Wu et al., 2012), atrophy might have affected the relationship between NAA and
education through mechanisms not related to NAA concentration (selective atrophy of tracts
or regions). Different distribution of NAA and education in the age groups could also have
contributed to different slopes. This is however unlikely, since variances were not
statistically different. Finally, unequal gender distribution more women in the younger
group) could explain different relationships between NAA and education in our age groups.

In line with previous observations (Deary, 2012) we found a relationship between general
intellectual capacity g and total years of education. The connection although significant was
weak with education accounting for about 5% in variance in general cognitive abilities. A
current review pointed out that correlation between intelligence and education varied quite
substantially across studies, depending on measures used to assess either variable (Deary,
2012). 1t is thus possible that the nature of measures used in this study can explain the weak
association. Most interestingly, we did not observe any relationship between gand any brain
metrics, especially WBNAA. A few reasons might have caused it. First, it is possible that
number and type of tests used did not allow for most accurate estimation of g. Second, the
relationship between gand NAA is better explained by regional than global indices. This is
especially possible in the light of earlier finding by Jung et al. (Jung et al., 2009), who
showed in the same individuals both negative and positive correlations between 1Q and
NAA depending of the region examined. It would then follow that these differences could
cancel each other out at the global level. Finally, although we admit it is only a hypothesis, a
higher WBNAA (presumably representing denser or healthier neurons) in our group might
have been proactively built-up early on in life with the help of education. This would be
consistent with the notion of plasticity. Indeed both we and others have previously reported
on NAA increases in relation to presumable cortical reorganization like recovery from
stroke (Glodzik-Sobanska et al., 2007) or changes in temporal cortex related to musical
activity (Aydin et al., 2005), in support of a dynamic nature of NAA. Another recent study
revealed hippocampal NAA increases after 4 months of spatial navigation training. These
increases were transient and disappeared 4 months after discontinuation of the training
protocol, indicating that more permanent changes may be necessary to maintain higher NAA
levels (Lovden et al., 2011). Plausibly, years of education could introduce such permanent
and diffuse changes. Still, given previously reported strong links education- 1Q
(Gottfredson, 1997) and 1Q -NAA (Pfleiderer et al., 2004) a higher capacity from birth most
likely led to higher educational achievements. The removal of this ambiguity would require
a longitudinal study from pre-school through up to 20+ years of formal education and a
cohort large enough to rule out various confounds. These requirements coupled with the
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transience of modern society and MR technology render such study difficult, therefore,
unlikely.

Among the volumetric metrics, only the V., the marker of the original brain size, was
related to education. The last finding also speaks in favor of higher education being an
expression of higher congenital capacities. It does not disqualify, however, our hypothesis
that it can also infer additional benefits, since WBNAA can be a marker both of quantity and
quality of neural substrate. While the men had larger V. than the women, they also had
lower fBPV; findings pointing to more atrophy in males. Different levels of comorbidities
could possibly explain these differences.

WBNAA did not correlate with V. Consequently Vgdid not influence the relationship
between education and WBNAA.. This is important since we normalized NAA to Vg, thus
WBNAA variations could have been an artifact of variations in brain volume. We believe
our results speak against this bias. Similarly, possible age- related differences in T1 contrast
did not seem to play a significant role in our tissue segmentation and thus did not bias
volume assessment.

Our study is also subject to several limitations inherent to its methodology. First, the 6-8%
sensitivity of WBNAA precludes detection of smaller changes (Rigotti et al., 2007). Second,
subjects with clinically silent, “age appropriate” MRI abnormalities (i.e. white matter
hyperintensities, cortical atrophy) were included. Third, since the study is not longitudinal, it
is not possible to map the full WBNAA course. Our analyses may be limited by a relatively
small sample size and lack of additional quantifiable metrics, e.g., life-long occupational
attainment, or lifestyle activities that could modify existing relationships. As we pointed out
earlier this information might have been especially useful in determining the correlates of
WBNAA in our older group. Using a global metric we could not test whether NAA -
education relationship was driven by NAA concentrations in few brain regions or
generalized changes in tissue integrity. This is an important issue since some evidence
indicates that specific brain regions can be responsible for cognitive reserve (Stern et al.,
2005). Also, since both variables (NAA and education) are highly complex our
interpretation of their relationships might have been oversimplified. Finally, in our sample
we had more men than women, which could have biased the results.

In conclusion, more formal education was related to higher WBNAA in adults and younger
elders. Prospective studies can determine whether this relationship reflects a true advantage
gained by more training or rather innate tissue characteristics that predispose an individual
tohigher intellectual achievement. We offer that late life WBNAA may be more affected by
other like factors acting at midlife and later.
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Abbreviations

CERAD Consortium to Establish a Registry for Alzheimer’s Disease
CSF cerebrospinal fluid

fBPV fractional brain parenchyma volume

1H-MRS proton magnetic resonance spectroscopy
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intelligence quotient

1Q-CODE Informant Questionnaire on Cognitive Decline in the Elderly

MMSE Mini Mental State Examination

MRI magnetic resonance imaging

NAA N-acetylaspartate

QnaA global NAA amount

Vg brain parenchyma volume

Vic intracranial volumes

WBNAA whole brain N-acetylaspartate

WM white matter
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Fig. 1.

Top, a: MP-RAGE image from a 73 year old female overlaid with her V5 (red). Note the
“seed” in the WM (green hatched box) and FireVoxel’s brain-capture performance. Center,
b: Intra-cranial volume (V}¢) segmentation of the same image with MRIcro. Note the
inclusion of ventricular spaces but exclusion of skull and dura. Bottom, ¢: Whole-head 1H-
MR spectrum from the subject. Sg(cross-hatched) is the integrated area of her NAA peak.
Note the effective skull lipids signals suppression and that although other metabolites are
visible in the spectrum, most notably the glutamate (Glu), total creatine (Cr) and total
choline (Cho) signals, only the NAA is localized by its biochemistry mostly to the brain.
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Fig. 2.

Plot of the WBNAA versus formal education (years) in the older (=71) (@), and younger
(<71) (O) groups, superimposed with their respective regression (solid and dashed) lines.
Note the significant increase in WBNAA with education in the adults and “younger” elders.
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Table 1

Study variables (mean + standard deviation) by gender.

Metric Women (N=37) Men (N=60)
Age (years) 68.9+7.8™ 73.428.0"
Education (years) 12.4+2.87% 13.942.7%
MMSE (out of 30) 29.4+1.0 29.1+1.0

Vic (cm?) 1319.2492.7% | 1489.5+113.0*
fBPV (%) 77.1238% 72.9+4.3%
WBNAA (mM) 13.4%3.2 13.0+£3.0

*
Significantly different at p<.01.
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Table 2

Study variables (mean + standard deviation) by age group.

Metric Young (N=43) | Old (N=54)
Age (years) 64.3+43" 77.745.0
Gender (% female) 5106 % 28% ¥
Education (years) 13.3+2.8 13.4+2.9
MMSE (out of 30) 29.4+08™" | 29.0+1.0™"
Vi (em?) 1422.8£133.6 | 1425.9+136.6
fBPV (%) 774434 7224417
WBNAA (mM) 13.443.1 12.9+3.1

*
Significantly different at p<.001.

Ak
Significantly different at p<.02.
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