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Abstract

In this study, ascorbate (Asc) and glutathione (GSH) concentrations were quantified noninvasively
using double-edited 1H MRS at 4 T in the occipital cortex of healthy young [age (mean ± standard
deviation) = 20.4 ± 1.4 years] and elderly (age = 76.6 ± 6.1 years) human subjects. Elderly
subjects had a lower GSH concentration than younger subjects (p < 0.05). The Asc concentration
was not significantly associated with age. Furthermore, the lactate (Lac) concentration was higher
in elderly than young subjects. Lower GSH and higher Lac concentrations are indications of
defective protection against oxidative damage and impaired mitochondrial respiration. The extent
to which the observed concentration differences could be associated with physiological differences
and methodological artifacts is discussed. In conclusion, GSH and Asc concentrations were
compared noninvasively for the first time in young vs elderly subjects.
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INTRODUCTION

Ascorbate (Asc, vitamin C) and glutathione (GSH) are the most concentrated chemical
antioxidants in the central nervous system (1). Asc and GSH are scavengers of free radicals
formed from the interaction of iron and hydrogen peroxide, and play a major role in cellular
detoxification (2). Sodium-dependent maintenance of adequate Asc concentration (3,4) is
important throughout life (5,6) to support additional processes, including the healthy
development and function of neurons (7), neurotransmission (5), enzyme stabilization (8)
and signaling in the inflammatory response (9). Numerous studies suggest that brain Asc
and GSH concentrations could be affected by age-related neurological conditions. For
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example, although a decrease in brain Asc concentration has been consistently reported
during development, conflicting evidence has been presented on whether Asc concentration
declines after maturation (10). A majority of studies on animals indicate that GSH levels
decline in the brain with age (11,12), but there is very little information available concerning
the effect of age on human brain Asc (13) and GSH concentrations.

In MRS, resonances from Asc and GSH are difficult to resolve because of significant
spectral overlap with other neurochemicals (14). They can be resolved from overlapping
contributions, yet retained in the same double-edited 1H MR spectrum measured from the
human brain in vivo (15). Previously reported Asc and GSH concentrations, measured in
vivo via LCModel analysis of MEGA-PRESS-edited spectra (MEGA-PRESS, MEGA-
point-resolved spectroscopy), were in good agreement with those measured from short-
TE 1H MRS in the human brain (15–18) and from high-performance liquid chromatography
(HPLC) in the rat brain ex vivo (1,19,20), which suggests that the methodology and stated
assumptions on T2 (18) facilitate reliable quantification.

The goal of this study was to quantify Asc and GSH concentrations as a function of age in
the human brain. To that end, double editing with (DEW) MEGA-PRESS was used for the
detection of Asc and GSH resonances.

METHODS

Protocol

All double-edited spectra were measured using a 4-T, 90-cm-bore magnet (Oxford Magnet
Technology, Oxford, UK) interfaced to a Varian INOVA spectrometer (Varian, Palo Alto,
CA, USA) and equipped with gradients capable of switching to 40 mT/m in 400 µs (Sonata,
Siemens, Erlangen, Germany), and with a surface 1H quadrature transceiver (21). Twenty-
two young [age (mean ± standard deviation (SD)) = 20.4 ± 1.4 years] and 22 elderly (age =
76.6 ± 6.1 years) individuals gave informed consent for this study, which was conducted
according to procedures approved by the Human Subjects’ Protection Committee at the
University of Minnesota. The study was repeated three times in consecutive weeks for five

subjects in each age group to evaluate measurement reliability ( , the within-subject
variance). Each subject was positioned supine inside the magnet with the radiofrequency
(RF) transceiver (21) subjacent to their occipital lobe. To ensure consistency in positioning,
the external occipital protuberance, the bridge of the nose and the midline of the chin were
used to define the median plane, which was centered in the bore to ensure that the midline of
the brain was parallel to the axis of the magnet. To maintain the same inclination, a level
meter was placed on the chin and midpoint between the eyebrows. The protocol for each
scan began with localizer multislice rapid acquisition with relaxation enhancement (RARE)
images (TR = 4.0 s; TE = 60 ms; echo train length, 8; matrix, 256 × 128; two averages; slice
thickness, 2 mm; five slices) to select a cubic volume of interest (VOI; 3 × 3 × 3 cm3)
centered on the midsagittal plane in the occipital lobe. For the 10 subjects who repeated the
study three times each, images measured from the initial scan were used to set the
boundaries of the VOI for the repeat studies completed 7 and 14 days after the initial scan.
The boundaries of the VOI were traced in all slices to ensure that VOIs were placed in
exactly the same location and included the same structural/anatomical landmarks. The
adjustment of all first- and second-order shim currents was achieved using the fast automatic
shimming technique by mapping along projections (FASTMAP) with echo planar imaging
readout (22,23), which resulted in water linewidths of 9 ± 2 Hz (mean ± SD). Localizer
images were repeated at the end of the scan session to confirm negligible gross motion.

To control for dietary influence on brain Asc concentration, candidates who consumed fewer
than five fruits and vegetables per day (i.e. typical consumption according to the National
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Center for Chronic Disease Prevention and Health Promotion), and who were willing to
refrain from taking vitamin C supplements, were recruited. Candidates with neurological
disorders or chronic diseases were excluded. Participants started food records 6 days prior to
spectroscopy for the calculation of vitamin C consumption. Three days prior to
spectroscopy, subjects began a diet designed to contain the recommended dietary allowance
(30 mg of vitamin C/1000 kcal/day). Food was provided for the 3 days prior to
spectroscopy, and participants documented their compliance, which was computed as the
percentage of calories and vitamin C eaten. To measure blood serum Asc concentration
([Asc]blood) on the same morning as each MR scan (which always began between 09.00 and
12.00 h), 8 mL of whole blood was collected and placed immediately on wet ice. Serum was
then separated at 21°C and aliquoted into preservative. Ampoules were submitted frozen (−
70°C) to ARUP Laboratories, Inc. (Salt Lake City, UT, USA) for analysis by
spectrophotometry. Three tests for cognitive status were administered to each participant.
The Montreal Cognitive Assessment (MoCA) was administered to detect mild cognitive
impairment with high sensitivity (24). To detect more subtle changes, timed performances
on the symbol digit modalities test (Psychological Assessment Resources, Inc., FL, USA)
and on the Trail Making Test (parts A and B) were also evaluated. Each subject completed
the Geriatric Depression Scale (25). All measures of vitamin C consumption, compliance to
the study diet, [Asc]blood, cognitive status and depression were analyzed for confounding
with brain Asc and GSH concentration using linear regression. The significance level for
any single association, without correction for multiple comparisons, was set at p < 0.025.

Homonuclear editing

Double editing for Asc and the cysteine residue of GSH (2.95 ppm) was achieved via DEW
MEGA-PRESS, as described previously (26). Water suppression using variable-power RF
pulses with optimized relaxation delays (VAPOR) (27) and outer volume saturation were
applied before the DEW MEGA-PRESS pulse train. Slice-selective excitation was achieved
using a 2-ms sinc RF pulse with a bandwidth of 2.0 kHz (γB1 = 706 Hz). Slice-selective
refocusing used a 3-ms sinc RF pulse with a bandwidth of 1.5 kHz (γB1 = 942 Hz). Edited
spectra were measured as described above (TE = 122 ms; number of excitations = 512; TR =
4.5 s) from the 27-mL VOI. This TE was set to minimize contributions from coedited
resonances, such as phosphorylcholine (PC), glycerophosphorylcholine (GPC), myo-inositol
(Ins) and N-acetylaspartate (NAA). At this TE, optimal editing efficiency was achieved
using a 45-ms Gaussian pulse set at 4.10 ppm for Asc and 4.56 ppm for the cysteine β-CH2
of GSH. The chemical shift for localization was set to 3.26 ppm to minimize the chemical
shift displacement artifact for the detection of GSH and Asc. Field drift was monitored to
ensure that it did not exceed ± 10 Hz. The entire scan took approximately 1.5 h per session.
The spectral width was 6000 Hz and 4035 complex points were acquired for each spectrum.
Each single free induction decay (FID) was stored separately in memory, and the frequency
and phase were corrected on the basis of the NAA methyl signal prior to summation of all
FIDs (28). To ensure a flat baseline, residual unsuppressed water was removed from the
spectrum using the Hankel–Lanczos singular value decomposition (HLSVD) (29).
Resonances between 4.5 and 4.9 ppm (water = 4.7 ppm), as determined by the HLSVD
algorithm, were subtracted from the data.

Quantification

For each subject, the metabolite concentrations were quantified from the DEW MEGA-
PRESS-edited spectra using LCModel version 6.2 with optimized parameters for a flat
baseline (30). The node spacing was set high using the DKNTMN parameter and the
baseline was held flat using the ALPBMN parameter. The following were included in the
basis set: Asc, GSH, Ins, lactate (Lac), NAA, PC, GPC, glycerophosphorylethanolamine
(GPE) and phosphorylethanolamine (PE). These spectra were simulated using the quantum
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mechanics density matrix formalism with published values of J-coupling constants and
chemical shifts (14,26,31). The accuracy of simulation was verified by ensuring that
concentrations quantified using experimentally measured and simulated basis sets were not
different (p > 0.05). Concentrations were calculated using tissue water as an internal
reference, i.e.

[1]

where SImet corresponds to the signal intensity of metabolites measured by LCModel and
SIH2O is the integral of the water resonance acquired using stimulated echo acquisition mode
(STEAM) spectroscopy (TR = 4.5 s, TM = 42 ms, TE = 4 ms). [H2O] denotes the
concentration of pure water. WC refers to the water content of the gray matter, and is
assumed to be 0.8 (32). The constant k was determined using a phantom experiment in
which concentrations of NAA, Asc, GSH and Lac (10 mM) were known. The constant k
accounted for the editing efficiency. As the effects of T2 are not accounted for in eqn (1),
concentrations are reported in institutional units (i.u.), which are intended to approximate
micromoles per gram of brain tissue. Next, the cerebrospinal fluid (CSF) fraction [obtained
by fitting integrals of unsuppressed water spectra measured at several TE with a
biexponential decay function (33)] in each voxel (fCSF) was used to correct for the partial
volume effect, assuming a negligible concentration of metabolites in CSF (34). To account
for the high concentration of Lac in CSF, tissue concentrations of Lac were corrected by
subtracting the same CSF contribution for young and elderly subjects (35).

The criteria for the reliable quantification of metabolite concentrations were based on
negligible fitted residuals and the Cramer–Rao lower bounds (CRLBs), which are estimated
SDs, expressed as a percentage of the estimated concentrations (36). Concentrations with
CRLB > 50% were classified as not detected. Only metabolites for which CRLBs were
below 50% in at least half of the spectra were reported.

Statistical methods

The concentrations of metabolites in young and elderly subjects were compared using a two-
tailed, unpaired, Student’s t-test without correction for multiple comparisons. For the five
subjects in each age group who underwent three repeat studies, the average of the three
studies was used as a single measurement for the statistical analysis. To examine
measurement reliability, a mathematical model was built to describe the contributions of
between-subject (interindividual) and within-subject (intraindividual) variation. The overall
measurement variance (SD squared) in one measurement can be expressed as

. The information about , the within-subject variance, came from the

10 repeat studies, whereas all 44 subjects provided information about  the within-subject
variance. Variance components were estimated by maximizing the restricted likelihood.

RESULTS

Figure 1 compares the representative double-edited spectra measured from young and
elderly subjects. The double-edited spectra are characterized by several major peaks,
including Asc at 3.73 ppm, GSH at 2.95 ppm and Lac at 1.33 ppm. Less intense GSH and
more intense Lac resonances are discernible in the spectrum measured from elderly subjects.

Figure 2 illustrates a representative Asc and GSH double-edited spectrum from one of the
young subjects and the output of LCModel analysis that was used to quantify
concentrations. Although CRLBs for Ins and NAA were less than 20%, they were classified
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as not detected because of the large fitted residuals (Fig. 2). Mean metabolite concentrations
for each study group are reported in Table 1. The GSH concentration was lower (p =
0.000002) and the Lac concentration was higher (p = 0.0006) in elderly subjects. Asc was
not associated with age. Figure 3 displays the concentrations of Asc, GSH and Lac from
each subject as a function of age, together with means and SDs. Table 2 details the
contributions of the between-subject and within-subject variation to the overall measurement
variance in Asc and GSH concentrations.

Figure 4 shows the difference in CSF fraction (fcsf) between young and elderly subjects in
the occipital cortex. The CSF fraction in elderly subjects (0.22 ± 0.1, mean ± SD) was
higher (p = 0.0000001) than that of young subjects (0.09 ± 0.03), which was expected on the
basis of age-related atrophy. The variance in CSF fraction among repeat measurements was
less than 10% of the mean CSF fraction for both young and elderly subjects, attesting to the
good reproducibility of the VOI positioning.

Brain Asc and GSH concentrations were not associated with any measure of vitamin C
consumption, compliance with the study diet, [Asc]blood, cognitive status or depression.

DISCUSSION

The main findings of this study were that the GSH concentration was significantly lower in
elderly subjects, whereas the concentration of Asc did not differ significantly. Higher Lac
concentration was also found in elderly subjects. Furthermore, the CSF fraction was higher
in elderly subjects.

A reduction in GSH concentration with increasing age has been reported in several species,
including mosquitoes, adult housefly, fruit fly and mouse and rat brain (12,37,38). The GSH
concentration in the CSF of humans decreases with aging (39). The finding of a lower GSH
concentration in elderly human subjects in this study is consistent with findings from animal
studies (40,41), which show deficits in the detoxification of reactive oxygen species in the
aging brain (11). GSH is slightly more predominant in glia than in neurons (1), with the
extracellular concentration of GSH normally remaining at relatively low levels (11). GSH
concentration in the CSF is very low (11). Therefore, signal contributions to the GSH
resonance detected in the VOI were predominantly intracellular. A reduction in intracellular
GSH concentration with age may signify deficits in the prevention of oxidative damage.

Published data suggest that the Asc concentration declines with age (42,43). However, it is
unclear whether this phenomenon occurs during the process of development or aging, as
most previous studies have focused on development. Guinea pig Asc concentration
decreased in young animals from the age of 3 to 6 months, but, during the next 3 months, the
Asc concentration in these animals remained unchanged (10). Furthermore, postmortem
analyses of animals aged between 9 and 42 months showed no difference in Asc
concentration in many tissues, including the brain (10). These findings are supported by
several other studies of animal brains (44,45). In the present study, human brain Asc
concentration did not differ significantly between young and elderly subjects. Asc is
localized primarily in neurons (1) and Asc concentrations in extracellular tissue and CSF are
very low (8,19). Therefore, the signal contributions to the Asc resonance detected in the VOI
were predominantly neuronal. As such, the findings for Asc concentration reflect neuronal
status. The existing literature and the constant Asc concentration found in this study suggest
that this study’s young cohort had already completed their maturation phase, and thus no
reduction in Asc concentration could be observed in the elderly cohort.

The present study also found a higher Lac concentration in elderly subjects. Mitochondrial
diseases have been shown to elevate MRS-measured cerebral and CSF Lac levels (46,47).
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Such elevation could be related to local oxidative stress associated with reduced oxygen
supply, increased oxygen demand or impairment in oxidative metabolism. Thus, a higher
Lac concentration could reflect mitochondrial respiratory chain problems in the elderly
brain. Impaired mitochondrial respiration is consistent with deficits in protection against
oxidative damage, and therefore with the lower GSH concentration measured in the elderly
cohort.

Because methodological limitations could confound age-related differences in measured
metabolite concentrations, such limitations were addressed as follows. In this study, cerebral
water was used as an internal reference to quantify metabolite concentrations. Water is a
better internal reference than NAA because it can be quantified with higher precision (via
sensitivity) and greater accuracy, as the extent to which brain NAA concentration remains
constant throughout aging is controversial. However, partial volume effects from CSF can
diminish this advantage. Cerebral atrophy associated with aging can potentially lead to an
overestimation of brain water concentration within the voxel because of the inclusion of
CSF, if appropriate correction is not made. In this study, correction was made for cerebral
atrophy via measurement of the CSF content in the VOI. The potential decrease in water
concentration in gray matter with age could be another limitation of the use of water as an
internal reference (48). However, neither biochemical studies ex vivo nor the study of T1
relaxation times in vivo support a significant reduction in gray matter water content with age
(48). We have assumed constant water content in gray matter with respect to age (49). Any
reduction in gray matter water concentration as a result of aging would lead to an
overestimation of the metabolite concentrations in the elderly group.

Another advantage of using water as an internal reference was the measurement at short TE,
which minimized the dependence of the reference signal on T2. The concentrations
approximated as µmol/g in young subjects in this study were lower ([Asc] = 0.72 ± 0.16 i.u.,
[GSH] = 0.31 ± 0.05 i.u., mean ± SD) than those quantified previously (26) at TE = 112 ms
([Asc] = 0.84 ± 0.11 µmol/g, [GSH] = 1.02 ± 0.09 µmol/g) when NAA was used as internal
reference. Quantification using NAA as internal reference was based on the assumption that
differences between the T2 relaxation of NAA and the T2 relaxation of the antioxidant had
the same impact on the resonance intensity in vitro and in vivo, i.e. the ratio exp[–TE/
T2(NAA)]/exp[–TE/T2(antioxidant)] was approximately the same under in vitro and in vivo
conditions. The lower concentrations approximated in the current study probably reflect the
actual influence of T2 on the quantification of metabolite concentrations. In particular, the
T2 value of GSH in vivo is very short (30).

In addition, differences in T2 with age have the potential to confound the quantification of
metabolite concentrations. As atrophy in normal aging involves neuronal shrinkage, as well
as axonal and myelin degeneration (50,51), the resulting increase in the fraction of small
neurons could lead to shorter metabolite T2 values (52). Furthermore, age-dependent iron
deposition has shown a strong correlation with T2 shortening (53). In other words, not
accounting for T2 [eqn (1)] could lead to the underestimation of concentrations in the elderly
group.

Additional mechanisms that could lead to resonance intensity differences between elderly
and young subjects include B1 inhomogeneity and the four-compartment artifact that is
associated with J modulation (54–56). If water and metabolite signals are evenly distributed
throughout the VOI, the constant k in eqn (1) will account for the sensitivity profile and
four-compartment artifacts. However, if water and/or metabolite signal contributions are
asymmetric, these factors can introduce error to the measured concentration. In this study,
the percentage CSF was higher in the elderly, in part as a result of brain shrinkage and
widening of the sagittal sinus. This asymmetry overlain with the sensitivity profile and four-
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compartment artifact regions led to an artifactual 6% lower [GSH]brain and 4% lower
[Lac]brain in elderly than in young subjects (Supporting information Fig. S1). Because
displacements were small for Asc, [Asc]brain was affected minimally. Therefore, the
influence of asymmetric tissue composition on age-associated differences in [Asc]brain,
[GSH]brain and [Lac]brain was negligible relative to the scatter in the data (SD, Table 1).
Alternatively, the four-compartment artifact could be suppressed with inner volume
saturation (55).

The large fitted residuals near the chemical shifts of Ins (1,3CH at 3.52 ppm) and the
aspartate moiety of NAA (3CH2 at 2.49 and 2.67 ppm) suggest either inaccurate basis
spectra or the presence of compounds that are not accounted for. For example, the aspartyl
moiety of N-acetylaspartylglutamate coedits with Asc more efficiently than does the
aspartate moiety of NAA. Fortunately, these large residuals are fully resolved from Asc and
GSH, and thus have a trivial influence on the quantification of antioxidant concentrations.

CONCLUSIONS

Differences in the concentrations of two important antioxidants in the elderly human brain
have been measured for the first time using noninvasive methods. The GSH concentration
was found to be lower in elderly subjects, although a shorter T2 of GSH in the elderly would
also lead to this finding. Moreover, the Asc concentration did not differ between young and
elderly subjects, provided that the assumptions on Asc T2 are valid. These results provide an
insight into the association between age-related neurodegeneration and oxidative stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

Asc ascorbate

[Asc]blood blood serum ascorbate concentration

Cho choline

Cr creatine

CRLB Cramer–Rao lower bound

CSF cerebrospinal fluid

DEW MEGA-PRESS double editing with MEGA-point-resolved spectroscopy

FASTMAP fast automatic shimming technique by mapping along projections
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fCSF cerebrospinal fluid fraction

FID free induction decay

GPC glycerophosphorylcholine

GPE glycerophosphoryl-ethanolamine

GSH glutathione

HLSVD Hankel–Lanczos singular value decomposition

Ins myo-inositol

Lac lactate

MoCA the Montreal Cognitive Assessment

NAA N-acetylaspartate

OVS outer volume suppression

PC phosphorylcholine

PE phosphorylethanolamine

RARE rapid acquisition with relaxation enhancement

RF radiofrequency

SD standard deviation

SNR signal-to-noise ratio

STEAM stimulated echo acquisition mode

VAPOR variable-power radiofrequency pulses with optimized relaxation
delays

VOI volume of interest
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Figure 1.
Representative double editing with MEGA-point-resolved spectroscopy (DEW MEGA-
PRESS) spectra (TE = 122 ms; TR = 4.5 s; number of excitations = 512) from one young
(left) and one elderly (right) subject. Constancy or differences in ascorbate (Asc) (3.73
ppm), glutathione (GSH) (2.95 ppm) and lactate (Lac) (1.33 ppm) resonances are illustrated
with horizontal broken lines. Gaussian filtering with σ = 0.15 s was applied. Spectra are
scaled such that the heights of the Asc peaks are equal. The zero level is indicated by a gray
horizontal line. Top: transverse MRI illustrating (box) the location of the volume of interest
in the occipital lobe. GPE, glycerophosphorylethanolamine; Ins, myo-inositol; NAA, N-
acetylaspartate.
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Figure 2.
A representative result of quantification via LCModel. In vivo: edited spectrum. LCModel:
overall fit of the edited spectrum; fitted components for ascorbate (Asc), glutathione (GSH),
N-acetylaspartate (NAA), lactate (Lac), myo-inositol (Ins), phosphorylcholine (PC),
phosphorylethanolamine (PE), glycerophosphorylcholine (GPC) and
glycerophosphorylethanolamine (GPE); baseline component of LCModel fitting and fitted
residual.
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Figure 3.
Concentrations of ascorbate (Asc) (top), glutathione (GSH) (middle) and lactate (Lac)
(bottom) by age group, together with means (boxes) and standard deviations (error bars).
Concentrations were quantified in institutional units (i.u.) which were designed to estimate
the concentration (µmol/g wet weight) without correction for T2. Means and standard
deviations of the concentrations were intentionally shifted to the left of the mean age of each
group for clarity.
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Figure 4.
The voxel fraction of cerebrospinal fluid (fCSF) by age group, together with means (boxes)
and standard deviations (error bars). fCSF was significantly higher in elderly subjects (p <
0.05). Means and standard deviations of fCSF were intentionally shifted to the left of the
mean age of each group for clarity.
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Table 1

Metabolite concentrations (mean ± standard deviation) in young and elderly subjects. Institutional units (i.u.)
estimate the number of micromoles per gram wet weight without correction for T2

Ascorbate (i.u.) Glutathione (i.u.)a Lactate (i.u.)a

Young 0.72 ± 0.16 0.31 ± 0.05 0.96 ± 0.14

Elderly 0.78 ± 0.19 0.20 ± 0.08 1.26 ± 0.36

a
p < 0.05.
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Table 2

Between-subject (σs–s) and within-subject (σwithin) variance of ascorbate (Asc) and glutathione (GSH)

expressed in terms of standard deviation (square root of variance)

Ascorbate Glutathione

σs–s 0.14 0.05

σwithin 0.10 0.05

NMR Biomed. Author manuscript; available in PMC 2012 August 01.


