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Vitamin-C is a water soluble molecule that humans have lost the ability to produce.
Vitamin-C plays a role in CNS functions such as neuronal differentiation, maturation,
myelin formation and modulation of the catecholaminergic systems. A recent systematic
review by our team indicated the need for further research into the relationship between
plasma vitamin C and cognition in cognitively intact participants using plasma vitamin C
concentrations instead of estimates derived from food-frequency-questionnaires (FFQ),
and more sensitive cognitive assessments suitable for cognitive abilities vulnerable to
aging. It was hypothesized that higher plasma vitamin C concentrations would be
linked with higher cognitive performance. This cross-sectional trial was conducted on
healthy adults (n = 80, Female = 52, Male = 28, 24-96 years) with a range of plasma
Vitamin C concentrations. Cognitive assessments included The Swinburne-University-
Computerized-Cognitive-Assessment-Battery (SUCCAB) and two pen and paper tests,
the Symbol-Digits-Modalities-Test (SDMT) and Hopkins-Verbal-Learning-Test-Revised
(HVLT-R). The pen and paper assessments were conducted to establish whether their
scores would correlate with the computerized tasks. Plasma-Vitamin C concentrations
were measured using two biochemical analyses. Participants were grouped into those
with plasma vitamin-C concentrations of adequate level (>28 pmol/L) and deficient
level (<28 pmol/L). The SUCCAB identified a significantly higher performance ratio
(accuracy/reaction-time) in the group with adequate vitamin-C levels vs. deficient
vitamin-C on the choice reaction time (M = 188 & 4 vs. 167 £ 9, p = 0.039), immediate
recognition memory (M =81 £+ 3 vs. 68 + 6, p = 0.03), congruent Stroop (M = 134 + 3
vs. 116 £ 7, p = 0.024), and delayed recognition tasks (M = 72 + 2 vs. 62 + 4,
p = 0.049), after adjusting for age (p < 0.05). Significantly higher scores in immediate
recall on the HVLT-R (M = 10.64 £ 0.16 vs. 9.17 + 0.37, p = 0.001), delayed recall
M =9.74 + 0.22 vs. 7.64 + 0.51, p < 0.001), total recall (M = 27.93 + 0.48 vs.
2419 4+ 1.11, p = 0.003) were shown in participants with adequate plasma Vitamin-C
concentrations, after adjusting for vitamin-C supplementation dose (p < 0.05). Similarly,
higher SDMT scores were observed in participants with adequate plasma Vitamin-C
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concentrations (M = 49.73 + 10.34 vs. 41.38 4+ 5.06, p = 0.039), after adjusting for
age (p < 0.05). In conclusion there was a significant association between vitamin-C
plasma concentrations and performance on tasks involving attention, focus, working
memory, decision speed, delayed and total recall, and recognition. Plasma vitamin C
concentrations obtained through vitamin C supplementation did not affect cognitive
performance differently to adequate concentrations obtained through dietary intake.

Clinicaltrials.gov Unique Identifier: ACTRN 12615001140549, URL: https://www.
anzctr.org.au/Trial/Registration/TrialReview.aspx?id=369440.

Keywords: vitamin C, ascorbic acid, cognition, total recall, attention, central nervous system

INTRODUCTION

Because humans are unable to synthesize their own vitamin C
they are particularly vulnerable to vitamin C deficiency
(Hansen et al., 2014). Based on population averages, plasma
concentrations <28 pmol/L are deemed to be deficient or
marginally deficient, and >28 pwmol/L is considered adequate
(Hampl et al., 2004).

Although scurvy is considered to be relatively rare in Western
populations, vitamin C deficiency is the fourth most prevalent
nutrient deficiency reported in the United States (Schleicher et al.,
2009). Reports from cross-sectional population surveys (Hampl
et al., 2004; Schleicher et al., 2009) have consistently estimated
that at least 10-15% of the adult population in the western world
suffer from deficient vitamin C levels, with highest rates (30%)
arising in the elderly (Hsiao et al., 2013), with some requiring
hospitalization (Zhang et al., 1999; Harrison, 2012). The recent
New Zealand CHALICE study (Pearson et al., 2017) revealed
suboptimal levels in 62% of 400 healthy 50 year olds, and either a
marginal or severe deficiency in 15.4% of the cohort.

Vitamin C blood concentrations are transient, with a number
of factors affecting circulating concentrations (Lecomte et al,
1994; Brubacher et al., 2000; Padayatty et al., 2007; Fukushima
and Yamazaki, 2010). Factors relating to plasma vitamin C
depletion include malabsorption and certain acute and chronic
diseases (Hoffman, 1985; Deicher and Horl, 2003). Some medical
conditions can reduce the absorption of vitamin C and/or
increase the amount needed by the body. Low vitamin C
concentrations have been associated with gastrointestinal disease,
liver disease, cancer, asthma, and diabetes. Pregnancy also affects
ascorbate levels, with lactation potentially leading to significant
losses of maternal vitamin C.

One group particularly vulnerable to vitamin C deficiency are
the elderly (>60 years) (Igbal et al., 2004). Vitamin C levels in
tissues, such as the brain and muscle are reduced with age to as
little as 25% of those found in children (Lewin, 1976). This may
be explained by increased reactive oxygen species [ROS and/or
reduced ascorbate recycling in cells, as a result of reductions in
the production of glutathione- a molecule required for recycling
vitamin C (Rizvi et al., 2009)]. Lowered tissue levels with age have
also been attributed to reduced fruit and vegetable consumption
in the elderly (Newton et al., 1985; Igbal et al., 2004).

A basic principle of nutrition is that most nutrients have
a non-linear, inverted U-shaped association with optimum

physiological function. In order to maintain optimal health, it is
becoming increasingly acknowledged that vitamin C is required
at concentrations (adequate/optimal) above those needed for the
prevention of scurvy (severe depletion) (Carr and Frei, 1999).
The category of marginal vitamin C deficiency can rarely be
singled out from severe and marginal vitamin C deficiency. Some
of the earliest signs of deficiency include fatigue, as deficiency
progresses, individuals are known to present with severe fatigue,
confusion, and depression (Basu and Donaldson, 2003).

Symptoms of vitamin C deficiency develop after weeks to
months of vitamin C depletion (Basu and Donaldson, 2003).
Depletion of vitamin C may be linked to a low average intake of
<10 mg/d. Usually, ascorbate (reduced form of vitamin) has a
half-life between 7 and 14 days in plasma, however, if ingestion
stops completely, and levels drop below the sub-baseline,
the half-life is significantly longer, approximately 35-40 days
(Kallner et al., 1979; Noble et al., 2013). Organs such as the
brain are particularly resilient to vitamin C depletion due to
ascorbate being recycled by glutathione in astrocytes through
the pentose phosphate pathway (Harrison and May, 2009).
As plasma concentrations decline, more ascorbate is pumped
into the cerebral spinal fluid in order to maintain homeostasis
(Bowman et al., 2009). Duration of deficiency has been shown
to influence brain ascorbate concentrations to a higher degree
than the amount of depletion (Hornig, 1975). This is exemplified
by observations in acute scurvy where brain concentrations of
ascorbate are maintained through depletion of peripheral tissues,
whereas marginal deficiency for longer periods of time has shown
greater brain ascorbate depletions (27% depletion in 14 days in
guinea pig brain tissue) (Spector, 1977).

The brain’s ability to recycle vitamin C and neurological
symptoms that present from vitamin C deficiencies are reflections
of the importance that the vitamin plays in central nervous
functioning. The biological mechanisms/processes of vitamin C
on brain and neuronal functioning have been well established
(Travica et al, 2017). It is a vital co-factor in numerous
processes such as the biosynthesis of collagen, carnitine, tyrosine,
peptide hormones as well as myelin (Kocot et al, 2017).
Vitamin C plays a crucial role in neurotransmission and neuronal
maturation and functions (Eldridge et al., 1987). Ascorbic
acid acts as a co-factor in the synthesis of neurotransmitters,
particularly of catecholamines-dopamine and norepinephrine
(Figueroa-Méndez and Rivas-Arancibia, 2015). Vitamin C is
suggested to influence this process via modulating the binding
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of neurotransmitters to receptors and regulating their release
(Rebec and Pierce, 1994). Vitamin C is also a cofactor
for tryptophan-5-hydroxylase required for the conversion of
tryptophan to 5-hydroxytryptophan in serotonin production
(Gupta et al, 2014). Vitamin C deficiency has shown to
decrease serotonin metabolites in both the cortex and striatum
(Ward et al., 2013).

Moreover, ascorbic acid modulates the activity of excitatory
receptors such as N-methyl-D-aspartate as well as inhibitory
receptors such as aminobutyric acid (GABA) (Covarrubias-
Pinto et al., 2015) and inhibits the binding of glutamate to the
NMDA receptor, thus demonstrating a direct effect in preventing
glutamate excitotoxicity which causes neuronal dysfunction and
degeneration (Harrison and May, 2009).

Additionally, vitamin C has been shown to be involved in the
biosynthesis of L-carnitine (Rebouche, 1991) playing a role in the
transport of fatty acids into mitochondria for energy production.
Enzymes can readily convert carnitine to acetyl-carnitine and vice
versa, according to the metabolic needs of the cell (Mendelson,
2008). Acetyl-carnitine can cross the blood brain barrier and act
as a precursor in the production of acetylcholine and supports
healthy cerebral blood flow (White and Scates, 1990).

Vitamin C also plays a role in the modulation of neuronal
metabolism by changing the preference for lactate over glucose as
the primary energy source in neurons sustaining synaptic activity
(Castro et al, 2008). Vitamin C is also involved in collagen
synthesis in the brain (Harrison et al., 2009). It hydroxylases
the amino acids proline and lysine and creates hydroxyproline
which is found abundantly in collagen. Collagen is needed
for blood vessel formation and integrity (Hansen et al., 2014).
Ascorbate-dependent collagen synthesis has also been linked to
the formation of myelin sheaths and regeneration of damaged
sheaths that surround many nerve fibers (Guo et al, 2018).
According to a study using mice deficient in an ascorbate
transporter, the concentration of ascorbate in the brain was
shown to be below a detectable level. The animals died due
to capillary hemorrhage in the penetrating vessels of the brain
(Sotiriou et al., 2002).

Due to a high level of poly-unsaturated fatty acids, combined
with high rates of cellular metabolism of oxygen, glucose etc.,
the brain is particularly vulnerable to creating reactive oxygen
species (Uttara et al., 2009). Ascorbic acid acts directly by
scavenging reactive oxygen and nitrogen species produced during
cell metabolism, and further recycles vitamin E involved in cell
membrane integrity (Harrison and May, 2009). Additionally,
vitamin C has been found to induce the expression of brain
derived neurotrophic factor (BDNF) - a component of several
survival pathways (Grant et al., 2005).

Alongside vitamin C, a number of nutrients have been shown
to affect cognitive function (Gémez-Pinilla, 2008). Examples of
these include magnesium (Slutsky et al., 2010), vitamin E (Kang
et al., 2006), vitamin D (Garcion et al., 2002), selenium (Chen
and Berry, 2003), and Vitamin B12. Amongst these nutrients,
Vitamin B12 has been shown to be critical for cognitive function
in several research trials, and will therefore be considered a
covariate in the analysis of cognitive assessments (Kennedy,
2016). The effects of vitamin B12 (cobalamin), in particular

on the central nervous system have been well documented.
Vitamin B12 is a water-soluble vitamin required for red blood
cell formation, neurological function, and DNA synthesis. More
recent research has demonstrated a link between plasma vitamin
B12 concentrations and cognitive function, and the potential
to reduce the rate of brain atrophy with high dose B-vitamin
supplementation that includes B12 (Riggs et al., 1996; Reay et al.,
2013). Vitamin B12 deficiency has been linked to psychiatric
disorders, including impaired memory, irritability, depression,
and dementia (Lindenbaum et al., 1988). Neurological disorders
due to vitamin B12 deficiency typically occur in both genders
between the ages of 40 and 90 years, with a peak between 60
and 70 years (Healton et al., 1991; Savage and Lindenbaum, 1995;
Kennedy, 2016).

A recent review demonstrated higher mean vitamin C
concentrations in the cognitively intact groups of participants
compared to cognitively impaired groups (Travica et al., 2017).
One major limitation conducted in studies with healthy samples
was the lack of sensitive cognitive assessments suitable for
cognitively intact adults. Qualitative analysis of these studies that
used a variety of cognitive assessments in the healthy population
revealed a potential association between plasma vitamin C
concentrations and cognition.

Additionally, a number of limitations have arisen in the
measurement of vitamin C levels in a number of previous studies
(Jama et al., 1996; Beydoun et al., 2015). The dietary assessments
used have reliability and validity issues as a result of potential
recall errors with self-report (Weinstein et al., 2001). Even when
food consumption is recalled correctly, differences in storage
and cooking can decrease the vitamin C level in the food and
absorption can vary amongst participants (Weinstein et al., 2001).
Given these issues, dietary self-reports do not necessarily reflect
the vitamin C potential for biological action.

While blood samples are a more reliable measure of vitamin C
status than self-reported vitamin C intakes, many factors can
contribute to the instability of ascorbic acid in biological samples
such as heat, light, and elevated pH (acidity). A number of
previous studies failed to thoroughly explain blood sample
handling and biochemical analysis, underestimation of vitamin C
concentrations could occur if samples were not handled properly
(Harrison, 2012).

Discriminating between the concentrations of those
supplementing on vitamin C from those not supplementing has
been an issue in previous studies. The cognitive significance of
marginal and severe plasma vitamin C deficiency in comparison
to adequate levels has not been thoroughly investigated. In most
studies, upper and lower tertiles, quartiles, or quintiles are
compared, making it difficult to compare groups between studies.
Additionally, the use of dietary vitamin C supplementation has
either been ignored in previous research or plasma vitamin
C concentrations were not measured in those supplementing
with vitamin C in randomized controlled and prospective
trials. This may have compromised previous outcomes,
as vitamin C supplementation may influence variances in
plasma vitamin C concentration and may be complemented
with the supplementation of other nutrients which are involved
in brain function.
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The present study was devised with the aim of exploring
whether there is an association between plasma vitamin C
concentrations and cognitive function in cognitively intact
adults, using paper and pen and computerized cognitive
assessments. We hypothesized that there would be a positive
correlation between plasma vitamin C concentrations
and cognitive performance and that those presenting
with adequate plasma vitamin C concentrations would
demonstrate higher cognitive performance than those displaying
deficient (marginal/severe) plasma vitamin C concentrations.
Furthermore, the relationship between vit C and cognition
was investigated in participants who did not report vitamin
C supplementation and in a larger group that included
vitamin C supplementers.

METHODS

Recruitment

This study was approved by the Human Research Ethics
Committees at National Institute of Integrative Medicine
and Swinburne University of Technology, and the trial
was registered with the Australian New Zealand Clinical
Trial Registry (ACTR12615001140549). Participants provided
informed written consent.

Cognitively intact adults (>18 years) were sought to
participate in this cross-sectional study investigating the
association between plasma vitamin C concentrations and
cognition. Asymptomatic participants were primarily recruited
from The National Institute of Integrative Medicine (NIIM).
We included participants displaying no major neurodegenerative
condition, i.e., dementia (3MS score >79), and included
those likely to be displaying a range of plasma vitamin C
concentrations, i.e., varying diets, supplementation, age groups.
Participants were excluded if they were pregnant or lactating,
color blind, or taking antidepressants, antipsychotics, anxiolytics,
illicit drugs or any cognitive enhancing drugs. Participants were
also excluded if they were not able to give informed consent.

Cognitive Assessments

A number of cognitive assessments were performed. These
included the Modified Mini Mental State Examination (3MS)
(Tombaugh and Mclntyre, 1992), Revised Hopkins Verbal
Learning Test (HVLI-R) (Brandt, 1991), Symbol Digits
Modalities Test (SDMT) (Sheridan et al., 2006) and the
Swinburne University Computerized Cognitive Assessment
Battery (SUCCAB) (Pipingas et al., 2010).

Modified Mini Mental State Examination (3MS)
Participants were initially screened for cognitive impairment
using the 3MS. This was implemented as a valid and reliable
screening test for the purpose of evaluating major cognitive
impairment (scale 0-100).

HVLT-R/SDMT (Paper and Pen Tests)
The HVLT-R is a validated paper and pen test designed to
examine verbal learning, immediate and delayed recall, and

delayed recognition. Participants were required to recognize
and recall a list of 12 words immediately (across 3 trials)
and after 40 min (4th trial). Delayed recognition was assessed
by reading a longer list of words to participants (24 words)
and having them respond with a ‘yes or ‘no’ if they
recognized the word from the original list of 12 words. The
4th HVLT-R word recall trial and delayed recognition were
completed after the SUCCAB. Trials 1-3 were scored out
of 12 points, delayed recall (trial 4) was also scored out of
12 points and total recall was calculated from the sum of total
correct responses for trials 1, 2, and 3 (out of 36 points).
Recognition index was scored out of 12 for every correct
word recognized.

The symbol digits modalities test (SDMT) (Sheridan et al.,
2006) required participants to pair numbers with geometric
figures, primarily assessing divided attention, tracking and visual
screening. Participants were presented with a key consisting of
numbers between 1 and 9 with a corresponding symbol under
each number. The test consisted of rows of random symbols with
blank squares below each symbol, and participants were given
90 s to fill in the blank squares with the corresponding number.
Test scores ranged between 0 and 110.

Swinburne University Computerized Cognitive
Assessment Battery (SUCCAB)

The SUCCAB is a validated cognitive test battery consisting of
eight computer-based cognitive tasks assessing various aspects of
cognitive performance (Pipingas et al., 2010). Participants were
asked to respond as quickly and accurately as possible in each
task. A 4-button response box was used to complete the tasks,
with buttons corresponding to task specific response dimensions:
color (red, blue, green, or yellow), ‘yes or ‘no, or the spatial
location of objects on the screen (top, bottom, left, or right). The
eight tasks that comprised the SUCCAB battery are described in
Table 1 below.

Participants initially completed a 10-min practice of the
SUCCAB with the experimenter present, explaining and
observing the participant during practice tasks. Following the
practice run, and once participants were familiar and comfortable
with the tasks, they completed the 30 min SUCCAB.

Plasma Vitamin C Assessment

Fasting (8-12 h) blood tests were performed by the
researcher/phlebotomist immediately after the completion
of the SDMT. Blood was collected in 2, 6 ml lithium heparin
vacutainer blood tubes. The blood tubes were immediately
wrapped in foil and kept away from light. Each blood tube was
spun in a centrifuge at 3,600 rpm. Plasma from the heparin
tubes was aliquoted into separate 3 ml tubes. These were also
wrapped in foil and kept away from light. Blood vitamin C
concentrations were analyzed using two different biochemical
analyses. An additional aim of the study was to compare and
verify the effectiveness of an analysis conducted immediately
at The National Institute of Integrative Medicine with one
conducted by an external laboratory. This was done to ensure
that the most reliable blood plasma vitamin C concentrations
were used in analyses.
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TABLE 1 | SUCCAB tasks and assessments.

Task name Task Cognitive
component
assessed

Simple reaction  Pressing the yes button upon seeing a General

time white square. alertness/motor
speed

Choice reaction

Pressing of either the blue or red

Visual perception

time buttons corresponding with blue decision time
triangle or red square.

Immediate ‘Yes’ or ‘no’ buttons, signaling whether Non-verbal

recognition or not they had just seen an abstract recognition

memory image during the earlier viewing period. memory

Congruent Responding by pressing the color Executive

Stroop button (red, blue, green, or yellow) that functioning and
corresponded to the print color of the inhibition
presented word.

Incongruent Conducted in the same way as Executive

Stroop congruent Stroop color word, except functioning and
that the stimulus words (red, yellow, inhibition

Spatial working
memory

Contextual
recognition
memory

Delayed
recognition
memory

blue, or green) appeared in print color
incongruent with the written word.

Multiple trials consisting of a 4 x 4
white grid displayed against a black
background, with initially six of the grid
positions filled with solid white squares
for a brief moment. All filled squares
were then removed and only one
square was filled. Participants
responded with either the ‘yes’ or ‘no’
buttons indicating if the new squares
were presented in the same locations
as the original set.

Objects were presented momentarily
one after the other at various locations
(top, bottom, left, or right) on the
screen. Each of the objects was then
presented in the center of the screen.
Participants responded using either the
top, bottom, left, or right buttons to
indicate the image’s original location on
the screen.

A follow-up task to the immediate
recognition memory task tested longer
term memory retention of abstract
images. Participants were again
required to respond ‘yes’ or ‘no’ as to
whether or not they had viewed the
abstract images earlier.

Spatial information
in working memory

Episodic memory

Recognition
memory

(a) Colorimetric analysis (Chung et al., 2001) is a method

of determining the concentration of a chemical element
or chemical compound in a solution with the aid of a
color reagent. Ascorbic testing was conducted using the
Ascorbic acid Assay Kit IT (Sigma-Aldrich). In the assay,
ascorbic acid concentration was determined using
Ferric reducing/antioxidant and ascorbic acid assay.
In the assay, Fe’>* is reduced to Fe’™ by antioxidants
present in the sample which results in a colorimetric
(593 nm) product. The color reaction is preceded
by a reaction catalyzed by an enzyme. The addition
of ascorbate oxidase to parallel samples oxidizes any

ascorbic acid present allowing for the measurement
of the ascorbic acid concentration. This analysis was
performed in the NIIM lab using a Sigma-Aldrich
kit and SoftMax” Pro Software on the EMax" Plus
Microplate Reader. This analysis was run within 30 min
of the blood being taken.

(b) A high performance liquid chromatographic (HPLC)
(Chung et al, 2001) method was also used for
the quantitation of vitamin C in plasma samples.
The analysis was conducted 2-3 days following the
blood test. The blood was spun in a centrifuge at
1,500 rpm, plasma separated and transported on dry
ice (—80°C) and kept away from light. The HPLC
testing was done by Sullivan Nicolaides Patholo
(Queensland, Australia) using the Chromsystems
(Grifelfing, Germany) Vitamin C Plasma/Serum HPLC
kit. Level I and II Lyophilized quality vitamin C plasma
controls were used. 100 pl of sample/calibrator/control
was pipetted into a labeled light protected reaction
vial. 100 pl of the internal Standard was added and
mixed for 30 s (vortex). This was then centrifuged
for 5 min at 15000 x g and 20 pl of the
supernatant was injected into the HPLC system. The
HPLC analysis was carried out using a Waters 2695
Separations Module equipped with a dual wavelength
UV detector set to 245 nm. The column temperature
was maintained at 25°C. The generated chromatogram
was used to determine vitamin C concentrations.
Blood was also taken in a sodium citrate vacutainer
tube for analysis of serum Vitamin BI12 through
Melbourne Pathology. A vitamin B12 immuno assay
(Roche E602) was used to measure total vitamin B12
concentrations. This assay employs the competitive
inhibition enzyme immunoassay technique (Lee and
Griffiths, 1985). This was analyzed within 3 days of
blood being taken.

Questionnaires

Alongside assessing basic demographic information, a
questionnaire assessed intake of prescribed medications,
dietary supplementation (dose/frequency), smoking status,
highest level of education, exercise (duration/type), family
history of neurodegenerative disease, and any history of
an incident possibly contributing to cognitive dysfunction.
Exercise was defined as Moderate (50-65% of maximum
heart rate) or vigorous (70-85% of maximum heart rate)
(Swain and Franklin, 2006).

A long term (1 year) dietary intake of a number of additional
nutrients was assessed using the computerized version of the
dietary questionnaire for Epidemiological Studies, Version 2
(DQES v2) (Ireland et al., 1994). The Cancer Council DQES
v2 covered five types of dietary intake based on the previous
12 months, incorporating 80 items: cereal foods, sweets and
snacks, dairy products, meats and fish, fruit and vegetables and
alcoholic beverages. It summarizes the intake of key nutrients
all vital for CNS function such as magnesium, Vitamin E,
selenium, folate, etc.
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Secondly, an in-house developed short-term food frequency
questionnaire (FFQ) was administered. This FFQ (based on the
Cancer Council FFQ) assessed specifically what the consumption
of vitamin C and vitamin B12 rich foods was within 2 weeks prior
to the testing session.

Mood

Mood was assessed as a potential confounder to cognitive
performance. The Bond Lader Mood questionnaire (Bond and
Lader, 1974) is designed to measure four different concepts
of mood: Mental Sedation or intellectual impairment, physical
sedation or bodily impairment, tranquillization or calming
effects, other types of feelings or attitudes. The scales comprise
of 16, 10 cm lines anchored at each end by words descriptive
of opposing statements (bipolar). On this linear scale, the
participant indicated their mood by placing a mark between the
2 opposite words on either side. High reliability and validity
have been demonstrated with this assessment. From the resultant
scores, three derived measures can be isolated. These have been
described as representing the following: alertness, calmness, and
contentedness. Scores for each measure represent the unweighted
average number of millimeters (maximum 100 mm) from
the negative antonym for the individual scales contributing
to the measure. We also added 2 scales from the cognitive
demand battery that we implemented in our previous research
(Massee et al., 2015). These scales assessed exhaustion/energy
and stress/calmness and were measured the same way as the
Bond Ladder scales.

Procedure

Participants were asked to fast between 8-12 h prior to attending
the testing session. They were also asked to refrain from any
exercise on the morning of the testing session. Firstly, the
demographic/history questionnaire and mood assessment was
administered and followed by the 3MS assessment. The 3MS was
followed by the FFQ, which assessed vitamin C and Vitamin
B12 intake specifically. Following the FFQ, the HVLT-R cognitive
assessment was administered. Participants then undertook the
10-min practice run of the SUCCAB before the commencement
of the 30 min SUCCAB test battery. Following the SUCCAB, the
SDMT and the delayed recognition and recall of the HVLT-R
were then administered. The second FFQ (DQES v2) proceeded
these cognitive tests and was followed by the blood testing and
colorimetric analysis. Plasma was aliquoted and foiled for the
biochemical analyses and specifically delivered on dry ice to the
pathology company for HPLC analysis.

Sample Size Calculation

There had been no previous study exploring the effects of
plasma vitamin C concentrations specifically using the SUCCAB
and therefore no available data that could be used in a power
analysis calculation. A recent study established aged-related mean
SUCCARB values for each task in a sample of cognitively intact
adults (n = 120, mean age = 53, SD = 16 years) (Pipingas et al,,
2010). Results indicated significant differences for every 10 years
of age of up to 100 ms (1 SD) on the spatial working memory
task. Given the sensitivity of this task to cognitive aging, this is a

useful tool in aging research to measure the degree of cognitive
decline and to examine the efficacy of interventions. A sample
size calculation indicated that 80 participants was sufficient to
detect a significant mean difference of 100 ms (SD = 211) on the
spatial working memory reaction time task in the SUCCAB, with
80% power and 95% confidence. This difference relates to 10 years
of cognitive aging.

Statistical Analyses

Analyses were performed using SPSS IBM statistics version 23
package. Statistical significance was set at p < 0.05. Values
that were 2 standard deviations away from their means for the
cognitive assessments were excluded from analysis. A Bonferroni
correction adjustment was used in the ANOVA and ANCOVA
analyses to avoid committing a type 1 error in the analyses.
Descriptive analyses were conducted on all variables including
mean dietary intakes, supplement doses, exercise etc.

A Bland-Altman analysis (Giavarina, 2015) was used to
determine whether the two plasma vitamin C biochemical
methods  provided consistent results. This analysis
involved correlating the difference (T—S) between the test
(T = Colorimetric analysis) and comparative method (S = HPLC)
against the average (T+S)/2 of the results obtained from the
two methods. A Bland-Altman plot was also used to show
the difference between the two methods against the average
of both methods, the confidence intervals being displayed.
Additionally, a Spearman’s correlation was conducted to
determine the correlation between the two biochemical methods.
As recommended by Bland and Altman, comparability was
achieved if 95% of the data points were within 2 SDs of the
mean difference.

If consistency was demonstrated, the concentrations were
averaged between the two biochemical analyses. Daily vitamin C
consumption (mg/d) based on the food frequency questionnaire
was also compared with the plasma vitamin C concentrations
using a Spearman correlation.

Vitamin C blood plasma concentrations were correlated
with cognitive performance using Spearman rank correlations.
Scatterplots and Spearman correlations were used to assess
the direction and strength of association between vitamin C
concentrations and cognitive performance. This analysis was also
used to visualize the impact of vitamin C supplementation on
cognition relative to non-supplementers. In order to determine
whether those who self-reported vitamin C supplementation
would have an effect on cognitive performance, further Spearman
correlations were conducted with the exclusion of those
supplementing on vitamin C.

Primary analyses were conducted to compare cognitive
performance between those in the adequate plasma vitamin C
group with those in the deficient group. Average vitamin C
concentrations were sub grouped into internationally established
reference ranges representing adequate (>28 pmol/L) or
deficient (<28 pmol/L) concentrations. Descriptive statistics
were compared between those with adequate versus deficient
vitamin C concentrations using an analysis of variance (ANOVA)
for continuous variables. A chi-square analysis was performed
to assess the association between categorical variables such as
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gender, smoking status and prescribed medications and the
adequate versus deficient status of participants (group effect) on
plasma vitamin C concentrations.

For the SUCCAB, mean response time and percentage
accuracy were calculated for each task. The accuracy percentage
was divided by the mean response time (sec) to give an overall
performance ratio score. This ratio also assisted in accounting for
the issue of the speed versus accuracy trade-off that exists with
increasing age (Starns and Ratcliff, 2010; Forstmann et al., 2011).

Lower reaction times are indicative of faster response times
and with higher performance ratios indicating a combination
of faster reaction times and greater trial accuracy. Finally,
correlational analyses were performed between the scores on
both of the paper and pen cognitive tasks and performance on
each of the SUCCAB tasks. Cognitive performance was compared
between those with adequate versus deficient vitamin C
concentrations using an analysis of covariance (ANCOVA)
for potential continuous confounder variables. Such potential
confounding variables were assessed using the correlation
regression analyses generated in the ANCOVA, with covariates
included in the ANCOVA only if they had a significant
effect (p < 0.05) on the cognitive performance variables.
Additional ANCOVAs were conducted on cognitive performance
between the deficient and adequate groups in which those
supplementing on vitamin C were excluded. This was performed
to investigate whether there would be a difference in cognitive
performance between the groups with the exclusion of vitamin
C supplementers.

A number of cognitive variables were derived from the HVLT-
R assessment. Trials 1-3, delayed recall (trial 4), total recall, and
recognition index were scored based on the number of correct
responses. SDMT performance was scored out of 110 points.

RESULTS

Participants

The trial was conducted in Melbourne, Australia between
November 2016 to January 2018. Participant demographic details
are presented in Table 2.

There was a large age range (24-95) amongst the 80 recruited
participants, the majority of participants were older (mean:
60.97 years £ 15.76). A majority of the sample was female
(66.3%) with an average overweight BMI of 26.00 (SD = 3.16).
36.2% of the sample did not undertake any form of exercise
2 weeks prior to testing and a majority of those that did, reported
a moderate intensity. Most participants reported no family
history of neurodegenerative disease. On average, each of the
assessed mood variables displayed mid-range values, indicating
no extreme emotional display before the cognitive testing.

The majority (73.75%) of participants were on some form of
prescribed medication, specifically anti-hypertensives (43.75%)
and blood thinners (22.5%). Daily nutritional supplements are
summarized in Table 3.

Supplements were only considered if they were taken
within 1 week prior to the testing session. For those taking
multivitamins, each individual vitamin was considered and

TABLE 2 | Participants’ baseline characteristics and mood assessment.

A) Demographics (n = 80) Unit Mean + SD

Age Years 60.97 + 15.76 (range: 24-95)
Gender m/f 27/53 (33.7%/66.3%)
BMI kg/m? 26.00 + 3.16

No exercise (n = 29) Minutes/week 0

139.46 £+ 109.23
202.86 + 85.79

Moderate exercise (n = 37) Minutes/week

Vigorous exercise (n = 14) Minutes/week

Education Years 13.2 +£1.46
Current smoker n (Yes/No) 4/76 (5%/95%)
Family history of n (Yes/No) 20/60 (25%/75%)
Neurodegenerative disease

B) Type of prescription Sample size n (%)
med for condition

Prescribed medications 53 (73.75%)
Blood pressure medication 35 (43.75%)
Blood thinners 18 (22.5%)
Statin 10 (12.5%)
Anti-inflammatory meds 5 (6.25%)
Reflux/gut issue meds 5 (6.25%)
Thyroid meds 5 (6.25%)
Other 6 (7.5%)

C) Mood assessment Range Mean + SD
(Bond-Lader)

Alertness 0-100 60.76 + 14.93
Calmness 0-100 66.04 + 61.93
Contentedness 0-100 67.26 + 15.09
Energetic 0-100 57.86 £+ 22.69
Stressed 0-100 40.3 £ 23.52

n, sample size; Med, medication; Moderate exercise, 50-60% of maximum heart
rate; Vigorous exercise, 70-85% of maximum heart rate; SD, standard deviation.

TABLE 3 | Supplements.

Supplement Number of Mean dose/day + SD
participants
Multi-vitamin 7 Varying doses consisting
of multiple vitamins
Vitamin C 20 (including 860 mg + 595.06
multi vitamin)
Vitamin B12 21 210.48 pg + 240.78
Vitamin D 24 1500 IU + 456.5
Vitamin K 3 116 mg + 55.08
Co-enzyme 10 9 127.2mg £+ 32.2
Fish oil/krill oil 15 1,266.7 mg + 258.2
Magnesium 21 654.5 mg + 190.33
Zinc 2 12.07 mg + 2.86
Chromium 2 40 ng £ 10
Flaxseed oil 2 1,000 mg + 0
Curcumin 5 860 mg + 219

U, international units; mg, milligram; g, microgram; SD, standard deviation.

contributed to intake. Most supplements included vitamin C,
B12, D, magnesium and/or fish/krill oil. For those supplementing
with vitamin C, concentrations and frequency of vitamin C
supplementation did not vary immensely between participants.
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TABLE 4 | Daily nutritional intake.

Nutrient (n = 47) Unit Mean + SD (n = 50) RDI % within RDI

Vitamin C (n = 80) mg/d 82.19 + 23.57 >100 mg/d (Levine et al., 1996) 26.25

Vitamin B12 (n = 80) ng/d 2.88 £0.97 2.4 ng/d (Mollin and Ross, 1952) 60

Vitamin A (retinol) wng/d 268.40 + 244.50 M: 900 pg/d (Trumbo et al., 2001) 0
F: 700 pg/d (Trumbo et al., 2001)

Vitamin E mg/d 13.89 + 6.54 15 mg/d (Frei and Traber, 2001) 38.3

Vitamin D ng/d 3.66 + 1.73 5-15 pg/d (Holick, 1996) 25.5

Folate ng/d 433.55 + 222.62 400 pg/d (O'Keefe et al., 1995) 48.9

Vitamin B1 mg/d 1.56 £ 0.93 M: 1.2 mg/d (Martel and Franklin, 2017) 55.3
F: 1.1 mg/d (Martel and Franklin, 2017)

Vitamin B2 mg/d 210 £0.97 M: 1.3-1.6 mg/d (luliano et al., 2013) 80.9
F: 1.1-1.3 mg/d (luliano et al., 2013)

Vitamin B3 mg/d 23.89 +9.44 M: 16 mg/d (luliano et al., 2013) 76.6
F: 14 mg/d (luliano et al., 2013)

Vitamin B5 mg/d 3.38 £1.13 M: 6 mg/d (Fox and Linkswiler, 1961) 36.2
F: 4 mg/d (Fox and Linkswiler, 1961)

Vitamin B6 mg/d 1.24 £0.58 M: 1.3-1.7 mg/d (Madigan et al., 1998) 38.3
F: 1.3-1.5 mg/d (Madigan et al., 1998)

Vitamin B7 ng/d 34.36 + 13.83 30 ng/d (Institute of Medicine (US) 59.6
Standing Committee on the Scientific
Evaluation of Dietary Reference Intakes
and Its Panel on Folate, Other B
Vitamins, and Choline, 1998)

Iron mg/d 12.35 £ 4.51 M: 8 mg/d (Trumbo et al., 2001) 83.0
F: 8-18 mg/d (Trumbo et al., 2001)

Mg mg/d 509.44 + 209.60 M: 420 mg/d (Greger et al., 1981) 78.7
F: 320 mg/d (Greger et al., 1981)

Zinc mg/d 9.89 + 3.54 M: 11 mg/d (Trumbo et al., 2001) 59.6
F: 8 mg/d (Trumbo et al., 2001)

Omega 3 mg/d 526.39 + 300.89 M: 160 mg/d (Trumbo et al., 2002) 97.9
F: 90 mg/d (Trumbo et al., 2002)

lodine ng/d 120.58 =+ 46.75 150 pg/d (De Benoist et al., 2008) 23.4

Caffeine mg/d 532.74 + 362.11 210 mg/d (Smith et al., 2000) 70.2

Alcohol g/d 493 +£9.45 10 mg/d (National Health and Medical 85.1

Research Council, 2009)

F, female; M, male; mg/d, milligram per day; yw.g/d, microgram per day; RDI, recommended daily intake; SD, standard deviation; n, sample size.

Frequent (almost daily) vitamin C supplementation was
amongst those demonstrating plasma vitamin C concentrations
>100 pmol/l. A majority reported multi-supplementation and
not one single mineral/vitamin. This is exemplified by almost
all of those supplementing on vitamin C also supplementing
on some form of vitamin B12. 48 participants (60%) reported
supplementation, with 42% (n = 20) of these reporting vitamin
C supplementation in particular. Estimated FFQ nutritional
intakes are displayed in Table 4.

On average, a majority of participants were within the RDI for
the various B vitamins. However, close to one quarter met the
RDI for vitamins C, A, E, D and iodine. Subgroup analyses (not
shown) revealed no significant differences in nutritional intake
between genders, age groups, BMI groups and those exercising.

Plasma Vitamin C Concentrations

The blood plasma vitamin C concentrations for each participant
using each of the two biochemical techniques are displayed on
Supplementary Figure S1.

Plasma concentrations ranged from 7 to 120 pmol/L.
Between the two biochemical analyses, plasma vitamin
C concentrations were similar for each participant. The
Bland and Altman method (Giavarina, 2015) was used to
compare the two methods. Firstly, the difference between
the HPLC and colorimetric methods (HPLC — Colorimetric)
was correlated with the average (HPLC + Colorimetric)/2
of the two methods. Spearman’s correlation indicated no
correlation in this difference and average between the methods
[r5(80) = 0.159, p = 0.16]. Furthermore, a Bland-Altman plot
(Supplementary Figure S2) graphically demonstrated the
difference of the two paired measurements against the mean
of the two measurements. As recommended by Bland and
Altman, comparability was achieved given 95% of the data points
were within £2 standard deviations of the mean difference
(Giavarina, 2015).

Spearman’s correlation revealed a strong significant
relationship between the two analyses (r = 0.96, p < 0.01).
Given the high consistencies between the two biochemical
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TABLE 5 | Adequate versus deficient vitamin C group demographics.

Group 1: Group 2:

Variable Adequate vit C levels n Deficient vit C levels n x2 test p-value
(A) Gender n % (M/F) 74/89% 20/47 26/11% 7/6 0.094%
Prescribed meds % 61.2% 41 92.3% 12 0.016%
Smoker % 1.5% 1 23.1% 3 0.007%

Mean + SE Mean + SE Mean difference p-value

Mean SE

Age 59.51 + 1.89 67 68.54 + 4.25 13 9.03 2.36 0.06
Education (years) 1323+ 1.5 67 130+ 1.1 13 0.23 0.4 ns
Exercise — moderate intensity 140.3 £+ 20.11 33 132.5 + 14.36 4 7.8 5.75 ns
(mins/week)
Exercise — vigorous intensity 21417 £ 24.75 12 135 +£45.0 2 79.17 20.25 ns
(mins/week)
(B) Mood
Alertness 60.03 + 1.91 67 64.62 + 2.84 13 4.56 0.93 ns
Calmness 58.86 + 2.07 67 62.15 + 7.66 13 3.26 5.59 ns
Contentedness 65.87 + 1.87 67 74.46 + 3.37 13 8.60 1.5 0.06
Energetic 56.79 + 2.69 67 63.38 + 7.27 13 6.59 4.58 ns
Stressed 41.07 £ 2.89 67 36.31 + 6.46 13 4.77 3.60 ns
(C) Nutrient intake
Dose of Vit C supplementation (mg/d) 860 + 62.19 20 0 0 860 62.19 p < 0.01
Vit C dietary intake (mg/d) 85.62 + 2.64 67 74.23 +3.25 13 11.39 0.61 ns
Plasma vitamin C (wmol/L) 47.32 +1.90 47 16.27 £1.79 13 28.59 0.11 p < 0.01
(non-supplementers)
Plasma vitamin C (umol/L) 66.65 + 5.79 20 Na 0 5.79 Na
(supplementers)
Vitamin B12 supplementation (ig/d) 210.4 £ 52.54 21 0 0 210.4 52.54 p < 0.01
Vitamin B12 dietary (jg/d) 2.87 £0.19 67 2.96 +0.27 13 0.084 0.08 ns
Serum Vitamin B12 (pmol/L) 585.6 + 42.46 67 342.4 + 43.81 13 243.2 1.35 0.016
Vitamin D supplementation (IU/d) 1520.8 4+ 92.66 24 1000 1 520.83 92.66 ns
Vitamin D dietary (ug/d) 3.63 +£0.29 38 3.32 £ 0.56 9 0.31 0.27 ns
Magnesium supplementation (mg/d) 662.5 + 42.90 20 500 1 162.5 42.90 ns
Magnesium dietary (mg/d) 508.3 + 33.78 38 514.5 £ 76.02 9 6.12 42.24 ns
Fish oil/krill oil supplementation (mg/d) 1291.7 &£ 74.32 12 1166.7 + 166.6 3 125 92.28 ns
Dietary omega 3 (mg/d) 538.8 + 50.87 38 4741 +83.0 9 64.73 32.13 ns
Vitamin E ( mg/d) 14.28 +1.10 38 12.27 +1.80 9 2.00 0.70 ns
Vitamin B1 (mg/d) 1.54 +£0.15 38 1.68 +0.30 9 0.14 0.15 ns
Vitamin B2 (mg/d) 2.07 £0.16 38 2.25+0.35 9 0.18 0.19 ns
Vitamin B3 (mg/d) 23.4 +£1.55 38 26.15 £+ 3.01 9 2.78 1.46 ns
Vitamin B5 (mg/d) 3.31 £ 0.19 38 3.73+0.35 9 0.43 0.16 ns
Vitamin B6 (mg/d) 1.20 +0.09 38 1.39+0.26 9 0.19 0.17 ns
Vitamin B7 (mg/d) 33.88 +£2.23 38 36.38 + 4.92 9 2.49 2.69 ns
Iron (mg/d) 1218 £ 0.76 38 13.07 £1.28 9 0.89 0.52 ns
Zinc (mg/d) 9.79 &+ 0.60 38 10.31 £ 0.99 9 0.53 0.39 ns
lodine (j.g/d) 121.06 + 7.64 38 118.563 +£ 15.97 9 2.52 8.33 ns
Alcohol (g/d) 8.15+1.67 27 1.29 +0.48 9 2.53 1.19 ns
Caffeine (mg/d) 538.5 + 56.8 38 508.4 + 143.8 9 30.06 87 ns

Moderate exercise = 50-60% of maximum heart rate; Vigorous exercise = 70-85% of maximum heart rate; SE, standard error; ns, non-significant (o > 0.05); M, male;
F, female; mg/d, milligram per day; g/d, grams per day,; wmol/L, micromole per liter; wg/d, microgram per day; pmol/L, picomole/liter. Bold values represent statistical

significance at p < 0.05.

analyses using the Bland and Altman method, their means were
used for additional cognitive analyses such as correlations.

A majority (n = 67, 83.75%) of participants were within the
adequate vitamin C reference range (>28 pwmol/L), displaying a

mean plasma vitamin C concentration of 53.09 £ 19.77 pmol/L
16.25% (n = 13) were within the vitamin C deficiency range
(<28 pmol/L), displaying a mean plasma concentration of
16.27 £ 6.45. Those deficient vitamin C were combined into
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one group and those displaying either adequate or optimal
levels were combined into another group. As observed in
Supplementary Figure S3, a Spearman correlation revealed a
significant relationship between average daily dietary vitamin
C intake and the plasma vitamin C concentrations [rs(80) =
0.438, p < 0.001].

Demographic, mood and nutritional differences between the
adequate and deficient group using an ANOVA analysis are
displayed in Table 5.

The mean age of the participants in the adequate vitamin C
group was lower than in those in the deficient group (Table 5).
A majority of participants in the adequate group were female
compared to a majority of males in the deficient group.
A Chi-square likelihood ratio test revealed that there was no
significant association between gender and vitamin C group
(adequate/deficient) [x2(1) = 2.80, p = 0.094]. Using the present
data set, an interaction between gender by plasma vitamin C
concentrations on cognitive function will be analyzed more
extensively in a subsequent trial. There was an association
between smoking and vitamin C group, with smokers more
likely to display deficient vitamin C concentrations [x%(1) = 7.23,
p =0.007]. Three smokers were present in the deficient group as
opposed to 1 in the adequate group. Additionally, there was an
association between taking prescribed medications and vitamin
C group, with those not taking any prescribed medications
more likely to display adequate vitamin C concentrations
[x2(1) = 5.75, p = 0.016].

A higher percentage (92.3%) of participants were on prescri-
bed medications in the deficient group than in the group with
adequate vitamin C levels (61.2%). No statistically significant
differences were observed in mood between the two groups.

Serum vitamin B12 levels were significantly higher in the
adequate than deficient group (p = 0.016). Additionally, no
participants in the deficient group reported supplementation
of either vitamin C, vitamin B12, or magnesium and only 1
reported vitamin D supplementation. Vitamin C daily dietary
intake was not significantly higher in the adequate group
compared to the deficient group (p > 0.05). There were no
other statistically significant differences in dietary intake between
the other measured nutrients. Additional analyses revealed no
significant differences in daily vitamin C consumption between
those supplementing on vitamin C (M = 81.68 =+ 24.98)
and those not (M = 83.75 £ 19.20, p > 0.05) in the
adequate vitamin C group. Within the adequate group, those
supplementing on vitamin C exhibited significantly higher mean
vitamin C concentrations (M = 66.65 £ 25.91) than those
not supplementing (M = 40.59 + 17.2, p < 0.01). Additional
descriptive comparisons between the deficient and adequate
groups in which vitamin C supplementers were excluded
revealed similar results to when vitamin C supplementers were
included (not shown).

Cognitive Assessments

3MS

The spread of 3MS scores was restricted, with scores grouping
between 80 and 100. Spearman’s correlation analysis revealed

no relationship between vitamin C concentrations and 3MS
performance [r5(80) = 0.025, p = 0.82]. Additionally, an analysis
of covariance (adjusting for age, vitamin B12, mg, vitamin C
dose supplementation) revealed no significant differences
in 3MS scores between the adequate and deficient group
[F(1,78) = 2.6, p = 0.11].

HVLT-R and SDMT

In order to assess the strength of association between plasma
vitamin C and cognitive performance, mean plasma vitamin C
concentrations were plotted against cognitive performance
for each of the cognitive assessments in the HVLI-R and
SDMT. Scatterplots were used to visualize cognitive performance
between those supplementing on vitamin C relative to non-
supplementers. Scatterplots are displayed in Figure 1.

As displayed by the scatterplots, there was a plateau in
cognitive performance with increasing vitamin C concentrations
(>70 pmol/L), representing a non-linear relationship. The plots
further demonstrate that the participants who supplemented
on vitamin C were those exhibiting this plateau. Vitamin C
Supplementation time frame and dose did not vary greatly in
this group. Spearman correlation analysis was conducted to
investigate the strength of these non-linear relationships for each
cognitive measure, as presented in Table 6.

The Spearman correlations reveal a significant, positive
relationship between vitamin C concentration and Trial 2, Trial 3,
delayed recall, total recall and recognition index of the HVLT-R
test (p < 0.01). There was a significant positive relationship
between vitamin C concentrations and the SDMT test (p < 0.02).

When participants supplementing on vitamin C were
not included in the correlational analysis, the relationship
between vitamin C concentrations and each of the cognitive
assessments appeared stronger (higher ry value). Spearman
correlations for these relationships are displayed in Table 6.
The Spearman correlations (with vitamin C supplementers
excluded) displayed significant positive correlations between
vitamin C concentrations and the cognitive assessments on both
the HVLT-R and the SDMT.

The mean scores of the HVLT-R cognitive assessments and
SDMT for the vitamin C adequate and deficient groups are
displayed in Figure 2. ANCOVA analyses were performed to
compare performance on the HVLT-R cognitive assessments and
SDMT between adequate and deficient vitamin C concentrations
while controlling for potential covariates (Table 7). Vitamin C
supplementation dose was a significant covariate for four
HVLT-R measures, number of prescribed medications for the
recognition index measure and age for the SDMT test.

Significantly higher scores were observed on trials 2 and 3,
delayed and total recall, and recognition on the HVLT-R in the
adequate vitamin C group (Figure 2 and Table 7). On average,
the adequate vitamin C group recalled close to 2 words more on
both trials 2 and 3, delayed recall and recognized 1 more word
based on the recognition index. Additionally, on average, those in
the adequate vitamin C group recalled close to 4 words more on
total recall. This group also had significantly higher SDMT scores
then the deficient group (Table 7), with an average higher score
of 7 points (1 SD).
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FIGURE 1 | Plasma vitamin C concentrations and paper and pen test correlations. Red dots represent participants supplementing on vitamin C and blue dots those
not supplementing on vitamin C. There is a plateau in performance on each of the cognitive measures once plasma concentration surpasses 70 wmol/L. In each
graph there are two visual trend lines, one relating to data points of subgroup (a) participants not supplementing on vitamin C and subgroup (b) participants
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An additional ANCOVA analysis was conducted (Table 7)
comparing the adequate and deficient vitamin C groups
with the exclusion of vitamin C supplementers (Table 7). As
Table 7 demonstrates, when vitamin C supplementers were
excluded, the cognitive differences between the adequate and
deficient vitamin C groups on the HVLT-R task and SDMT
did not vary greatly in comparison to when the supplementers
were included. ANCOVA analyses were conducted in which
each of the HVLI-R cognitive assessments and SDMT
scores were compared between those supplementing on
vitamin C (n = 20) and non-supplementers (n = 47) in
the adequate group. Mean values on these cognitive tasks
between those supplementing on vitamin C and non-vitamin
C supplementers in the adequate group were not significantly
different (Supplementary Table S1).

TABLE 6 | Correlation analyses for vitamin C concentrations and paper and pen
assessments.

Delayed Recognition Total

Trial1 Trial2 Trial 3 recall index recall SDMT
Spearman’s  0.13 0.46* 0.53* 0.43* 0.39* 0.42 0.26*
correlation
rs(80)
p-value 0.27 <001 <0.01 <0.01 <0.01 <0.01 0.018
Spearman’s  0.21 0.53*  0.56* 0.52* 0.42* 0.48* 0.47*
correlation®
rs(60)
p-value 0.11 0.01 0.01 0.01 0.01 0.01 0.01

#Non-vitamin C supplementers (n = 60), *significant (o < 0.05), rs(n) = Spearman
correlation coefficient. Bold values represent statistical significance at p < 0.05.

The Spearman correlation (n = 80) revealed an inverse,

SUCCAB significant, negative relationship between mean vitamin
Mean vitamin C plasma concentrations were correlated C plasma concentrations and reaction time on the
with the reaction times for each of the SUCCAB tasks congruent Stroop, spatial working memory and delayed
(Table 8). Lower reaction times were indicative of recognition memory tasks. Similar to the paper and
quicker response times. pen assessments, we conducted subgroup correlational
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FIGURE 2 | Comparison between adequate and deficient plasma vitamin C groups on HVLT-R cognitive measures and SDMT score. Participants grouped into
adequate (n = 67) and deficient (n = 13) plasma vitamin C groups. Comparison assessed with an ANCOVA analysis, controlling for vitamin C supplement dose (Trials
1, 2, 3, Total recall), age (SDMT) and number of prescription medications (recognition index). Trials 1, 2, 3, delayed recall/recognition index scored out of 12 points;
total recall scored out of 36 points. HVLT-R, Hopkins Verbal Learning Test Revised; SDMT, Symbol Digits Modalities Test; * significant (o < 0.05). Delayed
recall/recognition index scored out of 12 points; total recall scored out of 36 points.

TABLE 7 | Comparison between adequate and deficient plasma vitamin C groups on HVLT-R cognitive measures and SDMT score.

Paper and pen cognitive Mean score + SE (n = 80) Covariates Parameter estimates Differences between
assessment adequate vs. deficient
vitamin C level groups

All-vitamin C supplementers Adequate (n =67) Deficient (n = 13) B SE p-value M SE p-value
included
HVLT-R
Trial 1 7.52 £0.21 6.69 £ 0.48 None 0.83 0.52 0.11
Trial 2 9.76 + 0.21 8.25 +£ 0.49 Vit C supplement dose 0.001 O 0.05 1561 053 0.006*
Trial 3 10.64 £ 0.16 9.17 £0.37 Vit C supplement dose 0.001 O 0.011 146 0.40 0.001*
Delayed recall 9.74 £0.22 7.64 £ 0.51 Vit C supplement dose 0.001 O 0.06 2.10 0.56 <0.001*
Total recall 27.93 +£ 0.48 2419 + 1.11 Vit C supplement dose 0.002  0.001 0045 375 1.21 0.003*
Recognition index 11.37 £0.15 10.35 £ 0.33 Number of meds —0.20 0.082 0.018 1.02 0.36 0.007*
SDMT 49.73 £ 0.98 41.38 £2.25 Age —0.36 0.058 <0.001 506 247 0.044*
All except vitamin C Adequate (n = 47) Deficient (n = 13)
supplementers
Trial 1 7.60 £0.25 6.69 £ 0.48 None 090 0.54 0.10
Trial 2 9.72 +£0.24 8.08 + 0.45 None 1.65 0.50 0.002*
Trial 3 10.47 £ 0.20 9.00 £0.38 None 147 0.44 0.001*
Delayed recall 9.81 £0.26 7.46 £ 0.49 None 235 0.55 <0.001*
Total recall 27.85 4+ 0.59 28.77 £ 1.18 None 4.08 1.28 0.002*
Recognition index 11.48 £0.15 10.34 £ 0.3 None 1.14 034 0.002*
SDMT 51.24+1.0 44.06 + 1.98 Age -0.19 0.068 0.006 7.18 227 0.003*
Years of education 0.011  0.006 0.07
Vit B12 supplement dose 1.34 0.76 0.08

*p < 0.05; SE, standard error of the mean; Vit, vitamin C. Bold values represent statistical significance at p < 0.05.
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TABLE 8 | Correlational analysis between vitamin C concentrations and SUCCAB task reaction times.

Simple Choice Immediate Spatial Delayed
reaction reaction recognition Congruent Incongruent working Contextual recognition
time time memory Stroop Stroop memory memory memory
Spearman correlation rs(80) —0.04 0.09 -0.17 —-0.38* -0.23 —0.24* -0.15 -0.27*
p-value 0.72 0.45 0.14 0.01 0.05 0.03 0.18 0.016
Spearman correlation” rs(60) —0.11 —0.29* —0.21 —-0.51* —0.40* —0.26* —0.29* —0.34*
p-value 0.39 0.025 0.1 0.01 0.002 0.04 0.027 0.009

#Non-vitamin C supplementers (n = 60), *significant (p < 0.05), rs(n) = Spearman correlation coefficient. Bold values represent statistical significance at p < 0.05.

TABLE 9 | Comparison between adequate and deficient plasma vitamin C groups on SUCCAB reaction time.

SUCCAB Task (reaction Mean score + SE (n = 80) Covariates Parameter estimates Differences between
time- ms) adequate vs. deficient
vitamin C level groups
All-vitamin C supplementers = Adequate (n =67) Deficient (n = 13) B SE p-value Mean SE p-value
included
Simple reaction time 325.88 +£9.43 332.76 £+ 21.46 None 6.87 23.39 0.78
Choice reaction time 541.14 £ 13.58 593.09 + 30.75 None 5195 33.35 0.13
Immediate recognition memory 1044.40 £ 34.93 1131.92 £ 80.53 None 87.62  88.33 0.35
Congruent Stroop 764.84 + 18.73 886.79 + 43.19 Age 2.66 1.1 0.02 121.94 4737 0.012*
Incongruent Stroop 923.07 + 26.47 1117.30 + 59.35 Age 2.92 1.57 0.07 9423  65.50 0.16
Spatial working memory 1063.56 + 37.75 1181.19 £ 85.70 None 117.63 93.65 0.21
Contextual memory 1077.56 + 30.01 1293.04 + 67.86 Number of meds 48.73  18.83 0.012 21547 7451 0.005*
Years of education 37.58 17.13 0.031
Delayed recognition memory 1043.02 + 29.38 1184.69 + 66.77 Number of meds 36.92 16.57 0.029 141.67  73.20 0.057
All except vitamin C Adequate (n = 47) Deficient (n = 13)
supplementers
Simple reaction time 325.72 £ 12.10 332.76 + 23.00 None 7.04  25.99 0.79
Choice reaction time 540.05 £ 17.97 593.09 + 33.14 None 53.05  38.58 0.17
Immediate recognition memory 1009.50 + 38.66 1139.69 + 73.51 None 130.19  83.06 0.12
Congruent Stroop 757.50 &+ 24.09 879.39 + 87.41 Age 2.78 1.45 0.06 121.89  54.25 0.08*
Incongruent Stroop 901.58 + 33.49 1040.99 + 62.31 None 139.40 70.74 0.054
Spatial working memory 1095.58 + 43.77 1089.29 + 87.01 Number of meds 83.50 27.36 0.003 6.29  99.89 0.95
Contextual memory 1038.39 + 35.46 1305.82 + 66.71 None 266.92  75.55 0.001*
Delayed recognition memory 1020.65 + 338.52 1206.30 + 63.06 None 185.65 71.41 0.012*

*p < 0.05; SE, standard error of the mean; ms, milliseconds.

analysis excluding participants supplementing on vitamin
C, and found that the relationship between vitamin C
concentrations and reaction times for each of the tasks
appeared stronger (higher r; values) than when vitamin C
supplementers were included.

The Spearman correlations (with vitamin C supplementers

Spearman correlation ANCOVA analyses revealed age to be a
significant covariate for the reaction times on the congruent and
incongruent Stroop tasks, number of prescribed medications for
reaction time on the contextual memory and delayed recognition
tasks, and years of education for reaction time on the contextual
memory task (Table 9). Analyses revealed lower (faster) mean

excluded)  displayed  statistically  significant,  inverse reaction times in the adequate vitamin C group compared to
correlations  between vitamin C  concentrations and the deficient for all of the SUCCAB tasks. Significant differences
reaction time on choice reaction time, spatial working between the groups were observed on the congruent Stroop and
memory, the congruent and incongruent Stroop tasks contextual memory tasks (Figure 3). An additional ANCOVA

and contextual memory tasks and a significant correlation
on delayed recognition memory (Table 8, n = 60). The
correlations between vitamin C and choice reaction
time, incongruent Stroop and contextual memory were

analysis was conducted (Table 9) comparing the adequate and
deficient vitamin C groups with the exclusion of vitamin C
supplementers (Table 9).

As Table 9 demonstrates, when vitamin C supplementers

not significant when vitamin C supplementers were were excluded, significant differences between the groups
included (n = 80). were also observed on the congruent Stroop, contextual
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FIGURE 3 | Comparison between adequate and deficient plasma vitamin C groups on SUCCAB reaction time. Participants grouped into adequate (n = 67) and
deficient (n = 13) plasma vitamin C groups. Comparison assessed with an ANCOVA analysis, controlling for age on congruent and incongruent Stroop, numbers of
medications and years of education on contextual memory and number of medications on delayed recognition memory. Reaction time assessed in milliseconds.
SUCCAB, Swinburne University Computerized Cognitive Assessment Battery; SRT, simple reaction time; CRT, choice reaction time; IREC, immediate recognition
memory; Cstrp, congruent Stroop; Istrp, incongruent Stroop; SWM, spatial working memory; CMEM, contextual memory; DREC, delayed recognition memory; *
significant (p < 0.05).

TABLE 10 | Correlational analysis between vitamin C concentrations and SUCCAB ratios.

Simple Choice Immediate Spatial Delayed
reaction reaction recognition Congruent Incongruent working Contextual recognition
time time memory Stroop Stroop memory memory memory
Spearman’s correlation rg(80) 0.04 0.09 0.16 0.38* 0.04 0.25* 0.10 0.21
p-value 0.72 0.44 0.16 <0.01 0.72 0.02 0.37 0.07
Spearman’s correlation rs(60) 0.11 0.26 0.24 0.52* 0.14 0.37* 0.29* 0.28*
-value 0.39 0.26 0.07 <0.01 0.29 <0.01 0.026 0.03

#Non-vitamin C supplementers (n = 60), *significant (p < 0.05), rs(n) = Spearman correlation coefficient. Bold values represent statistical significance at p < 0.05.
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FIGURE 4 | Comparison between adequate and deficient plasma vitamin C groups on SUCCAB ratio performance. Participants grouped into adequate (n = 67) and
deficient (n = 13) plasma vitamin C groups. Comparison assessed with an ANCOVA analysis, controlling for age on congruent and incongruent Stroop, numbers of
medications and years of education on contextual memory and number of medications on delayed recognition memory. Reaction time assessed in seconds.
SUCCAB, Swinburne University Computerized Cognitive Assessment Battery; SRT, simple reaction time; CRT, choice reaction time; IREC, immediate recognition
memory; Cstrp, congruent Stroop; Istrp, incongruent Stroop; SWM, spatial working memory; CMEM, contextual memory; DREC, delayed recognition memory; *
significant (p < 0.05).
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TABLE 11 | Comparison between adequate and deficient plasma vitamin C groups on SUCCAB task ratio.

SUCCAB Task (ratio) Mean score + SE (n = 80) Covariates Parameter estimates Differences between
adequate vs. deficient
vitamin C level groups

All-vitamin C supplementers Adequate (n = 67) Deficient (n = 13) B SE p-value Mean SE p-value

included

Simple reaction time 320.59 + 6.98 305.81 + 16.09 None 14.77 17.14 0.39

Choice reaction time 187.53 £+ 3.90 167.23 £+ 8.86 None 20.29 9.98 0.039*

Immediate recognition memory 81.47 £ 2.52 67.96 + 5.72 None 13.77 6.26 0.031*

Congruent Stroop 133.69 + 2.97 116.46 + 6.81 Age —0.486 0.177 0.008 17.24 7.48 0.024*

Incongruent Stroop 109.137 £ 2.97 109.94 + 6.68 Age —0.523 0.176 0.004 0.79 7.34 0.91

Spatial working memory 80.27 +£2.95 68.02 + 6.81 Age —0.519 0.176 0.004 12.25 7.47 0.105

Contextual memory 75.23 +£3.24 65.24 + 7.36 Age —0.350 1.910 0.07 9.98 8.10 0.22

Delayed recognition memory 7191 +£1.93 62.41 +£ 4.35 None 9.50 4.76 0.049*

All except vitamin C Adequate (n = 47) Deficient (n = 13)

supplementers

Simple reaction time 322.93 + 8.56 305.82 £ 10.28 None 1717 18.39 0.356

Choice reaction time 189.28 +£ 5.077 167.24 £ 9.65 None 22.05 10.91 0.048*

Immediate recognition memory 83.96 + 3.84 68.0 £ 5.74 None 16.26 6.48 0.015*

Congruent Stroop 137.24 + 3.84 112.68 £7.22 None 24.56 8.18 0.004*

Incongruent Stroop 110.02 + 3.80 111.57 £ 7.34 Age —0.580 0.23 0.012 1.55 8.44 0.86

Spatial working memory 80.69 + 3.44 70.09 + 6.76 Age —0.605 0.21 0.005 10.61 7.74 0.176

Contextual memory 80.45 + 3.96 62.55 +7.44 None 17.91 8.43 0.038*

Delayed recognition memory 73.01 £3.0 62.42 + 4.33 None 10.60 4.90 0.035*

*p < 0.05; SE, standard error of the mean. Bold values represent statistical significance at p < 0.05.

memory and additionally, the delayed recognition memory
task. Mean reaction times on each SUCCAB task between
those supplementing on vitamin C and non-vitamin C
supplementers in the adequate group were not significantly
different (Supplementary Table S2).

Additionally, analyses were conducted on the overall ratio
performance (accuracy/reaction time) of each SUCCAB task.
Mean vitamin C plasma concentrations were correlated with the
mean ratio of each SUCCAB task (Table 10). The Spearman
correlations revealed a positive, significant relationship between
mean vitamin C plasma concentrations and ratios on the
congruent Stroop and spatial working memory.

The Spearman correlation (with vitamin C supplementers
excluded) displayed statistically significant, correlations between
vitamin C concentrations and performance ratios on the
congruent Stroop, spatial working memory and contextual
memory, and additionally contextual memory and delayed
recognition memory (Table 10, n = 60).

ANCOVA analyses revealed age to be a significant covariate
for the ratios on the congruent and incongruent Stroop, spatial
working memory and contextual memory. Analyses revealed
higher ratios for each of the SUCCAB tasks in the adequate
vitamin C group in comparison to the deficient group. Significant
differences between the groups were observed on immediate
recognition memory, congruent Stroop, choice reaction time
and delayed recognition memory (Table 11 and Figure 4).
As Table 11 demonstrates, when vitamin C supplementers were
excluded, the mean scores on each of the cognitive measures on

the HVLT-R task and SDMT did not vary greatly in comparison
to when the supplementers were included.

An additional ANCOVA analysis was conducted in which
each of the HVLT-R cognitive assessments and SDMT scores
were compared between those supplementing on vitamin C
(n = 20) and non-supplementers (n = 47) in the adequate
group. Mean performance ratio on only the contextual memory
task was significantly higher in the adequate vitamin C group
not supplementing on vitamin C than in those self-reporting
vitamin C supplementation (Supplementary Table S3).

Finally, results revealed no significant correlations between the
HVLT-R scores and any of the reaction times and ratios on the
SUCCARB tasks. Significant correlations were observed between
the SDMT scores and ratios on immediate recognition memory,
congruent and incongruent Stroop, spatial working memory and
contextual memory.

DISCUSSION

Correlational analyses revealed a positive, significant correlation
between vitamin C concentrations and performance ratio
(accuracy =+ reaction time) on the congruent Stroop, and spatial
working memory tasks on the sensitive computerized SUCCAB.
A significantly higher covariate adjusted performance ratio was
only demonstrated on the choice reaction time, immediate
recognition memory, congruent Stroop, and delayed recognition
tasks in the group with adequate vitamin C levels.
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Significantly higher covariate adjusted scores in immediate
recall, delayed recall, total recall on the HVLT-R and SDMT
scores were observed in those participants with adequate plasma
vitamin C concentrations. A plateau in cognitive performance
was observed on tasks in those supplementing with vitamin C
and displaying vitamin C concentrations exceeding 70 pumol/L.
ANCOVA analyses also indicated no additional cognitive benefits
in those who self-reported vitamin C supplementation.

This is the first study to date to examine the link between
vitamin C concentrations and cognition with the use of the
highly sensitive computerized test SUCCAB, which can detect
millisecond differences in reaction time (Pipingas et al., 2010),
whereby 100 ms difference is related to 10 years of age on
a the most difficult task (Pipingas et al, 2010). However, 8
studies (La Rue et al., 1997; Perrig et al, 1997; Lindeman
et al., 2000; Grodstein et al, 2003; Péneau et al, 2011;
Devore et al., 2013; Beydoun et al., 2015; Nooyens et al,
2015) have administered cognitive tests assessing cognitive
domains that are similar to the SUCCAB tasks such as
reaction time, visual perception, executive function, immediate
and long term recognition/recall (tests include delayed word
recall, trail making forward/backward test, Benton visual
retention test, Halstead-Reitan categories test, etc.). These studies
generally found a positive association between plasma vitamin
C and cognition.

The positive relationship demonstrated between vitamin C
concentrations and delayed recall, total recall and recognition on
the HVLT-R assessment are consistent with one previous cross-
sectional study using a computerized cognitive test (assessed
working, implicit and explicit memory) (Perrig et al., 1997;
Péneau et al, 2011) but contrary to a number of studies
(Peacock et al, 2000; Grodstein et al, 2003) that used a
lower quality design.

The positive relationship between vitamin C concentrations
and SDMT scores found higher scores in those with adequate
levels is consistent with a cross-sectional study (Sato et al., 2006)
in which the highest fifth of plasma vitamin C concentrations
were associated with better symbol digit substitution scores. No
such association was discovered in a study which also used the
letter substitution task but with a lower quality design by using a
food frequency assessment instead of plasma to assess vitamin C
concentration (Nooyens et al., 2015).

Vitamin C concentrations displayed an inverse relationship
with reaction time on contextual memory with a trade-off
on accuracy in the group in the adequate vitamin C level
group. The congruent Stroop task performance was moderately
related to plasma vitamin C concentrations, with a significantly
higher performance and faster reaction time in the adequate
vitamin C group. This finding is in contrast to a previous
prospective study that used a FFQ to estimate vitamin C
concentrations (Nooyens et al,, 2015), but consistent with a
higher quality randomized controlled trial using a multivitamin
(80 mg vitamin C) (Chandra, 2001).

The choice reaction time performance ratio was positively
associated with plasma vitamin C concentrations, with a
significantly higher performance ratio in the adequate vitamin C
group. These findings are in line with a previous cross-sectional

(Perrig et al., 1997) and a 6-year prospective study (La Rue et al.,
1997) which assessed visuo-spatial performance.

The significant correlations between the SDMT and a number
of SUCCAB task ratios can be explained by reaction time and
processing speed being the key components tested in both
tasks. Both the SUCCAB and SDMT test fluid intelligence,
a component of intelligence which relates to reasoning and
solving novel problems, independent of any knowledge from
the past. This intelligence peaks in young adulthood and then
steadily declines. The cognitive decline can be attributed to lack
of practice, along with age-related changes in the brain may
contribute to the decline (Cunningham et al., 1975).

Lack of correlation between the HVLT-R measures and
SUCCAB task performance may be explained by the HVLT-R
not assessing reaction time and speed but rather focusing on
accuracy of word recall and recognition, testing components of
both fluid and crystalized intelligence. The SUCCAB tasks are
based on visual processing whereas the HVLT-R is relying on
verbal and auditory processing through spoken words. Previous
research has demonstrated an asymmetry between auditory and
visual processing (Cohen et al., 2009) and a stability of crystallized
intelligence across most of adulthood which begins to decline
after the age of 65 (Cunningham et al., 1975).

A number of explanations/mechanisms may attribute the
observed results on both the paper and pen assessments and
the computerized tests. It is established that vitamin C in higher
concentrations stimulates the production of acetylcholine (Torda
and Wolff, 1945) and an increase in brain acetylcholine receptor
(AcChoR) numbers and distribution by influencing AcChoR
expression through mRNA (Knaack and Podleski, 1985; Knaack
etal.,, 1986). Vitamin C is involved as a co-factor in the conversion
of dopamine into norepinephrine within the brain and adrenals
(Harrison et al., 2009). Both norepinephrine and acetylcholine
have been shown to play vital roles attention, focus and memory
(Klinkenberg et al., 2011). Additionally, results may be explained
by the involvement of vitamin C in serotonin production and
neuronal absorption (Gupta et al., 2014), energy production
through the synthesis of L-carnitine (Rebouche, 1991) and
ROS scavenger action, enabling optimal mitochondrial function
(Harrison and May, 2009).

The plateau in cognitive function observed in our study
in those supplementing with vitamin C and displaying plasma
concentrations >70 pmol/L can be explained by the uptake
and maintenance of vitamin C in the CNS. Based on previous
research, it has been established that in neuronal cells,
the apparent Michaelis—-Menten transport kinetics (Km) for
ascorbate appears to be somewhat high (113 pwmol/L); this
affinity corresponds to plasma vitamin C concentrations of
30-60 wmol/L (May et al., 2006).

Although higher plasma ascorbic acid concentrations
generally result in higher CSF concentrations (CSF: plasma ratio
of about 3-4:1) (Quinn et al., 2003), these concentrations start to
reach a steady state as plasma concentrations surpass 60 pmol/L.
As plasma concentrations decline, relatively more ascorbate
is pumped into the CSF in order to maintain homeostasis
(May et al, 2006; Bowman et al., 2009). The variability in
CSF starts to become apparent when the duration of vitamin
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C deficiency is extended. Thus, plasma vitamin C relates
brain vitamin C status in a narrow window (<30 pmol/L)
(Travica et al., 2017).

The cognitive plateau may be further explained by a
possible over stimulation of norepinephrine in those displaying
higher plasma vitamin C levels. Studies have indicated that
norepinephrine does not display linear cognitive effects; instead,
its modulation of cognitive and neuronal function maps on
an Inverted-U curve (Arnsten and Li, 2005). During hyper
noradrenergic states, noradrenergic ol and f receptors are
activated, leading to reduced neuronal signal efficiency and
possible impairment of attentional selectivity and locomotor
hyperactivity and distractibility (Arnsten and Li, 2005).

A strength of our study is its incorporation of two
biochemical techniques in determining plasma vitamin C
concentrations, due to the unstable nature of vitamin C in
plasma. Furthermore, the present study is the first to assess
vitamin C concentrations in a broad spectrum of cognitive
abilities in a cognitively intact sample. The lack of spread in
scores on the 3MS screening test is consistent with a number
of previous cross-sectional studies (Jama et al., 1996; Ortega
et al,, 1997) and those discussed in a recent systematic review
(Travica et al., 2017). Although the 3MS scores revealed minor
variability, the other cognitive assessments were capable of
detecting subtle, significant differences. Given the extensive
link between vitamin B12 and cognition, a further strength
of the present study is the use of serum vitamin B12 as a
potential covariate.

The comparison between the food frequency questionnaire
and biochemical analyses highlighted a moderate strength,
significant correlation between the vitamin C measured FFQ
intakes and the biochemical analyses, highlighting possible
assessment inadequacies, with the lower quality study designs
in previous studies. Limitations with the use of food frequency
questionnaires have been well established, ranging from recall
errors/bias (Pearson et al., 2017), nutrient content alterations as
a result of storage and cooking (Weinstein et al., 2001), and no
insight into nutrient absorption (Harrison, 2012).

Given the inadequacy of using a FFQ, our study was
limited to only assessing the consumption of 20 nutrients.
Other substances which have been shown to influence cognitive
function such as choline (Poly et al., 2011), flavonoids (Letenneur
et al,, 2007) and plant based polyphenols (Vauzour, 2012),
were not studied here. Although mean plasma vitamin C
concentrations were higher in those supplementing on vitamin C
in our study, dose and frequency were assessed using a self-
report method, with no monitoring of when during the day
and for how long (over 1 week prior to testing) vitamin C
supplements were taken. Clinical research examining the
pharmacokinetics of oral vitamin C intake has demonstrated
that plasma vitamin C concentrations may exceed 100 wmol/l in
healthy participants taking oral vitamin C doses over 200 mg,
and that these levels can remain at these concentrations
for as long as 24 h post-supplementation (depending on
health/oxidative stress, etc.) (Padayatty et al., 2004). The
participants displaying levels over 100 pmol/l within our sample
were only those who reported vitamin C supplementation.

All testing sessions were conducted in the morning with
participants fasting. The individuals who self-reported vitamin
C supplementation may have supplemented within 12-24 h
prior to testing and reached plasma concentrations exceeding
100 pmol/l when blood was taken. Furthermore, those
attaining adequate plasma vitamin C concentrations from diet
performed similarly on the cognitive assessments to those
supplementing on vitamin C.

There are a number of limitations arising in this study. The
cross-sectional design is not suggestive of a causal relationship.
Plasma vitamin C levels are dependent on recent dietary
intake, therefore they are not very reproducible and also not
representative of long-term consumption, which is possibly more
relevant to neurologic outcome than short-term consumption
(Bowman et al, 2009). The duration of depleted vitamin C
concentrations were not known in our sample. This finding
would be crucial, as previous studies (Spector and Lorenzo, 1973;
Hornig, 1975) have demonstrated that the duration of deficiency
seems to affect CNS concentrations to a greater extent than the
amount of depletion.

Although our study used the Bond-Lader mood questionnaire
before the cognitive assessments, we did not assess mood
states post cognitive assessment. This final mood assessment
would have provided an insight into the emotional affects that
the cognitive tasks were having on participants by assessing
subjective variables such as stress, fatigue, and energy.

An important area to be considered in future studies is
cardiovascular health. Given the brain’s reliability on efficient
cerebral blood flow for the delivery of vital biochemical, such
as oxygen and glucose, previous studies have systematically
demonstrated an effect of blood pressure and arterial stiffness
on cognition (Fujishima et al., 1995; Tsao et al., 2013; Singer
et al, 2014). Given the large percentage of participants
in our study on blood pressure medications, cardiovascular
health may have played a role in cognition over and above
vitamin C concentrations.

Furthermore, additional biomarkers (other than Vitamin B12)
which can influence both vitamin C concentrations and
cognition could also be considered as potential covariates.
These include corticosteroids such as cortisol (Sindi et al,
2012), inflammatory markers such as c-reactive protein alongside
cytokines (McAfoose and Baune, 2009), white blood cells such
as lymphocytes and neutrophils (Acid, 1977) and biomarkers
reflecting oxidative stress such as glutathione peroxidase and
glutathione (Revel et al., 2015). While our study measured plasma
vitamin C and vitamin B12 levels biochemically, additional
nutrients important for cognitive health such as folate, vitamin
B6, vitamin D, and homocysteine should be assessed by blood
tests. Alongside cardiovascular health markers, blood biomarkers
which have consistently demonstrated links with both cognition
and vitamin C concentrations such as cortisol, inflammatory
markers and white blood cells should be considered. Although
the present study did find a link between vitamin C levels and a
variety of cognitive domains, future studies could confirm aspects
of our results by focusing on specific cognitive domains, such as
spatial working memory, and develop hypotheses and use sample
sizes based on these specific cognitive domains.
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CONCLUSION

In summary, using vitamin C plasma levels and validated
pen and paper cognitive tests and age-sensitive computerized
cognitive tests suitable for comparative analysis in cognitively
intact participants, we found a significant association between
vitamin C concentrations and performance on tasks involving
attention, focus, working memory, decision speed, both delayed
and total recall, and recognition.

In line with our hypothesis and biological roles of vitamin C
on the central nervous system, significantly higher cognitive
scores in adults with adequate plasma vitamin C levels
(>28 pmol/L) were predominantly observed on tasks involving
decision speed and inhibition, focus, attention, recall (both
immediate and delayed) and recognition compared to those
with deficient vitamin C levels (<28 pmol/L). A plateau in
cognitive performance was observed on tasks involving attention,
focus, immediate and delayed recall in those supplementing
with vitamin C and displaying vitamin C concentrations
exceeding 70 pmol/L, a finding consistent with the homeostatic
mechanism of vitamin C in the central nervous system.
This is an indication of no additional cognitive benefits in
those who self-reported vitamin C supplementation among
those with non-deficient levels of plasma vitamin C. The
findings from this cross-sectional study warrant future cohort
or longitudinal, randomized controlled trials. This would not
only enable repeated measures of vitamin C and cognition but
also the assessment of a causal relationship between vitamin
C and cognition.
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