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Abstract

Animal experiments and cross-sectional or prospective longitudinal research in human subjects suggest a role for nutrition in cognitive ageing.
However, data from randomised controlled trials (RCT) that seek causal evidence for the impact of nutrients on cognitive ageing in humans
often produce null results. Given that RCT test hypotheses in a rigorous fashion, one conclusion could be that the positive effects of nutrition
on the aged brain observed in other study designs are spurious. On the other hand, it may be that the design of many clinical trials conducted
thus far has been less than optimal. In the present review, we offer a blueprint for a more targeted approach to the design of RCT in nutrition,
cognition and brain health in ageing that focuses on three key areas. First, the role of nutrition is more suited for the maintenance of health
rather than the treatment of disease. Second, given that cognitive functions and brain regions vary in their susceptibility to ageing, those that
especially deteriorate in senescence should be focal points in evaluating the efficacy of an intervention. Third, the outcome measures that
assess change due to nutrition, especially in the cognitive domain, should not necessarily be the same neuropsychological tests used to assess
gross brain damage or major pathological conditions. By addressing these three areas, we expect that clinical trials of nutrition, cognition and
brain health in ageing will align more closely with other research in this field, and aid in revealing the true nature of nutrition’s impact on the

aged brain.
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Introduction

A plethora of data across species indicates that nutrition and
dietary patterns modulate brain health during ageing. For
example, recent reviews and meta-analyses indicate that
adherence to the Mediterranean diet, consisting of plant-based
foods, olive oil and seafood, reduces the risk of developing
Alzheimer's disease (AD)?™. Similar neuroprotective effects
against cognitive decline are apparent in studies focusing on
dietary intake of vitamin E, vitamin B;, and folate, and fish oils
rich in #-3 fatty acids“>. Conversely, high intake of 7-6 fatty
acids coupled with low intake of 7-3 fatty acids and/or high
saturated fat consumption may be associated with pathological
ageing(s’(’).

Research in animal models of ageing and AD has probed the
mechanisms that may underlie these effects in humans, and
results indicate that a seemingly diverse group of nutrients or
foods have beneficial effects on the ageing brain in rodent

models. For instance, vitamin C has been demonstrated to
improve memory in rodents, while the anti-inflammatory
compound curcumin, found in the spice turmeric, has been
shown to increase neurogenesis (the birth of new neurons) in
the rodent hippocampus”®. Further, a common method in
ageing research is to induce or observe naturally the develop-
ment of pathological formations characteristic of AD, and
then investigate how various interventions may mitigate the
accumulation of this pathology. The two principal pathologies
studied are extra-cellular amyloid-f plaques and intracellular
neurofibrillary tangles (i.e. ‘Alzheimer-like pathology”). Interestingly,
a variety of compounds including curcumin, DHA, blueberries
and other polyphenols have been documented to ameliorate
Alzheimer-like pathology in rodent models® . Additionally,
canines fed a diverse diet rich in vitamins C and E, n-3 fatty acids,
L-carnitine, and polyphenols display similar protection from
amyloid-f pathology and improved cognition in old age™*™>.
One possible mechanism accounting for these effects centres on

Abbreviations: AD; Alzheimer’s disease; ASL, arterial spin labelling; BOLD, blood oxygen level-dependent; fMRI, functional MRI; MCI, mild cognitive
impairment; MMSE, Mini-Mental State Examination; PFC, prefrontal cortex; RCT, randomised controlled trial.
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the reduction of oxidative stress via these nutrients and foods,
which in turn inhibits Alzheimer-like pathology.

Despite these promising results, randomised controlled trials
(RCT) in older humans searching for causal links between
and function often produce null
results''°> Large RCT provide the strongest evidence for
determining if a particular nutrient has a direct effect on
human cognition or brain health, since random assignment to
subject groups minimises any confounding effects that may be
present in prospective longitudinal or epidemiological studies.
Therefore, given these conflicting results across experimental
methodologies, it is conceivable that the effects observed in
prospective longitudinal or epidemiological studies on nutrition
and cognitive ageing, no matter how well-controlled for
extraneous effects, reflect confounding factors other than the
nutritional variables of interest. An alternative possibility is that
previous RCT in this field may have been suboptimally
designed to detect the effects of nutrition on the ageing brain.
We favour this latter view, and believe there is an opportunity
to leverage the results from the important foundational work
in this area to inform future studies. The inability to detect
positive results in the complex interaction of nutrition and the
ageing brain may be due to innumerable factors. For instance,
baseline nutritional status may need to be accounted for more
thoroughly, as it may be the case that supplementing a nutrient
when the majority of the population has optimal status of that
nutrient may not be efficacious. Additionally it may be the
case that the interaction of certain nutrients, especially from
food intake rather than by supplementation may confer the
benefits®. In this review, however, we specifically suggest that
the field re-examine its design and implementation of RCT with
learnings from the cognitive neuroscience of ageing in order to
more fully realise the type of causal evidence sought from
RCT on nutrition in cognitive ageing. In order to deliver more
successful nutritional RCT in this area, we suggest that careful
attention be paid to: (a) the selection of a population of older
adults most likely to benefit from a nutritional intervention, with
an emphasis that nutrition plays a key role in the maintenance
of health rather than treatment of pathological disease; (b) the
domains of cognitive neuroscience investigated, with priority
given to areas differentially affected by senescence; and (¢) the
tools chosen to assess these domains, which need not be the
same assessment tools used to evaluate diseased populations.

nutrients cognitive

Population selection

There exists a vast amount of inter-individual variability in
cognition among older adults, as a typical sampling of 65-year-old
individuals would reveal. For instance, within cognitively healthy
individuals, some individuals may still be working productively
in their fields and only experiencing infrequent so-called ‘senior
moments’, while others may be retired and could be more
forgetful but would be deemed to have normal cognition for
his/her age. Yet, there are others who deal with more significant
cognitive difficulties. Some individuals may have declines in
cognition greater than expected for their age, but have not
progressed to dementia, a condition identified as mild cognitive
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impairment (MCD. Finally, others may already be in the throes
of progressive dementia such as AD. This diverse range of
cognitive function in older adults presents a quandary in
choosing the population(s) in which cognitive and brain health
are most likely to benefit from a nutritional intervention.
Populations selected for clinical trials on nutrition and cognitive
ageing typically include participants from one to three samples:
AD patients, MCI patients, or healthy older adults (> 60 years
old) with no objective cognitive impairment for their age. Here,
we wish to emphasise previous contributions®>*” highlighting
that optimal nutrition can maintain and augment cognition in
healthy older adults, with an end-goal of reducing the like-
lihood of developing MCI or AD and maximising cognition
throughout adult life, rather than modifying cognitive diseases
of ageing via nutrition.

Alzheimer's disease

A substantial proportion of large-scale, double-blind RCT have
focused on slowing cognitive decline in those afflicted with AD
or another dementia, with the results being largely disappoint-
ing (for a review, see Otaegui-Arrazola et al.*®). For instance,
trials investigating the efficacy of B vitamins or 7-3 fatty acids in
mild-to-moderate AD patients found no beneficial effect of
these compounds on slowing disease progression, despite
ample evidence from non-RCT studies suggesting a role for
these nutrients in cognition late in life1619:2223:29 Ope possible
reason for the preponderance of null results in clinical trials
with AD patients is that it may be too late to intervene nutri-
tionally when AD becomes clinically apparent. It is widely
appreciated that before even the earliest symptoms of AD
becoming manifest, pathological changes are occurring in the
brain which give rise to ‘preclinical AD’ and ‘MCI’. Thus, the
disease process of AD certainly begins years, if not decades,
before the emergence of the clinical syndrome of AD®Y.
During the preclinical AD and MCI phases, pathology in the
form of amyloid-f and hyperphosphorylated tau proteins
accumulates in the brain, followed by synaptic dysfunction and
neuronal injury and loss®™3. These processes must occur in
sufficient magnitude for the development of any clinically
relevant cognitive abnormalities. By the time notable cognitive
change that is indicative of the mildest stage of AD begins
to occur, considerable deleterious changes in the brain have
taken place. In two of the studies above, the mean Mini-Mental
State Examination (MMSE) score of the participants was
approximately 21 out of 30, such that the average participant in
these trials was just outside of the moderate stage of AD; by the
time the disease has reached this stage, substantial brain
damage has occurred. (The MMSE is a global cognitive
screening tool for dementia on a scale of 0-30. Generally,
scores of 21-25 are indicative of mild AD, 11-20 moderate AD,
and 0-10 severe AD®?. However, individuals with scores
above 25 can still be diagnosed with AD, especially in the
earliest stages of the disorder.)

Given the years- to decades-long head start of AD, implementing
a nutritional intervention at the mild-to-moderate stages of
AD in order to affect cognition seems unlikely to succeed.
Furthermore, when considering the notion that pharmaceutical
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approaches such as acetylcholinesterase inhibitors offer only
palliative effects®®, it is perhaps unsurprising that single-
nutrient interventions tend to fail in this population. Therefore,
in order to offer a role for nutrition to modify cognition in older
adults, researchers must focus on areas of the ageing spectrum
where brain function is less impaired. Supporting this notion,
Freund-Levi et al.®” evaluated a range of AD patients with
MMSE scores from 15 to 30. Across the full spectrum of patients,
they found no effect of n-3 fatty acids on the rate of cognitive
decline over 12 months. However, when selectively looking at
the most mildly affected patients (MMSE >28), n-3 fatty acid
supplementation attenuated cognitive decline in this small
sample®. The fact that Freund-Levi et al.®” found a positive
effect of 7-3 fatty acids in patients with MMSE scores between
28 and 30, which more likely reflects a cognitive state akin to
MCI rather than AD, underscores the notion that initiating a
nutritional intervention before the onset of dementia is more
likely to influence cognition in late life. Nonetheless, two other
studies that supplemented 7-3 fatty acids to participants in the
same MMSE range did not see beneficial cognitive effects*”*%,
furthering the complexity of this area.

Mild cognitive impairment

Individuals with a diagnosis of MCI display heterogeneous
cognitive impairments that are exacerbated for their age.
However, these decrements in cognition have not progressed to
the level observed in AD or other dementias. Importantly
though, the clinical development of MCI symptoms is preceded
by a protracted period of brain damage™” occurring in the
medial temporal lobe (including the hippocampus) as well as
portions of the prefrontal cortex (PFC) and parietal lobe.
Therefore, these underlying pathological changes that have
developed may make successful nutritional intervention at this
stage difficult.

There have been some studies indicative of a cognitive
benefit via nutritional supplementation in MCI populations.
For instance, cognitive impairment was attenuated in an MCI
population with elevated homocysteine levels when receiving
B vitamin supplementation (vitamins Bg, By», folic acid) relative
to the control group®?. The focus on homocysteine reduction
directly addresses previous findings linking high levels of this
compound to dementia and white matter damage in the
elderly®>3® . Further, a few smaller-scale studies have observed
an improvement in cognition when providing 7-3 fatty acid
supplementation to those with MCI®™™” and it will be
important for larger trials to replicate these beneficial effects.

Despite these successes, not all vitamin trials in MCI patients
report positive results, as van Uffelen et al“” did not find
an improvement following vitamin B supplementation. One
possibility explaining these opposing findings concerns dosage,
as vitamin Bj, and folic acid/folate in too high of a dose may
actually worsen cognitive outcomes !
(in supplement form) of the antioxidant vitamin E in a double-
blind RCT in MCI patients did not reduce the rate at which these
participants converted to ADY. These results seem at odds with
prospective cohort investigations indicating a protective role of
dietary vitamin E intake and cognitive ageing 4.

~_Similarly administration
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One explanation for these mixed results may be revealed by
an investigation of the changes occurring in the brain that give
rise to MCI. Similar to AD but on a lesser scale, in order for the
clinical symptoms of MCI to become apparent (at least when
due to an AD-like aetiology), substantial brain pathology, along
with synapse and neuron dysfunction or loss, must accumulate
in a ‘preclinical phase’, which typically occurs on a timescale of
years®®. Thus, any nutritional intervention initiated when MCI
is clinically apparent faces a disease process with a years-long
head start, thereby decreasing the likelihood of success. It is
clear from some of the above studies that this head start is not
insurmountable (perhaps unlike AD), but including these
patients in RCT investigating nutrition and cognitive ageing may
mask the beneficial effects of certain nutrients (for example,
vitamin E) on brain health, as the nutrient cannot fully or
successfully act on the brain in this diminished state. Moreover,
while any intervention that can prevent patients from convert-
ing to dementia from MCI is highly valuable, when considering
quality-of-life issues and overall public health, it would be even
more valuable to find approaches that reduce the risk of a
healthy older adult from developing MCI. Though not as
impaired as an AD patient, the patient with MCI may lose his/
her ability to work or drive, and he/she also faces an increased
risk of developing AD. Therefore, identifying roles for nutrition
in cognitive ageing that can lower the risk of developing MCI or
AD, rather than attempting to use nutrition to treat these dis-
orders outright, is of paramount importance. By focusing efforts
on healthy older adults (and even in middle-aged populations),
it may be possible to further achieve this goal.

Healthy older adults

Healthy older adults without a diagnosis of AD or MCI do
not have an objective cognitive impairment for their age, as
measured by current neuropsychological tests. Importantly, this
does not indicate that they are operating at the same cognitive
level as someone 40 years their junior. Ageing research
demonstrates that healthy older adults exhibit decline in several
areas of cognition relative to younger adults, including episodic
and working memory, as well as processing speed. Interest-
ingly, some cognitive aspects, such as semantic knowledge, stay
the same or even improve with age(/'@. Furthermore, advancing
age is a major risk factor for the development of MCI or AD, so a
healthy older adult at age 70 years may still develop MCI or AD
by the age of 75 years. Therefore, despite normal cognition for
his/her age, any given healthy older adult still has: (a) room
for improvement in certain cognitive domains; and (b) an
increasing risk of objective cognitive impairment stemming
from MCI, AD or another dementia as he/she increases in age.
By intervening to address these two related points, nutrition has
great potential to maintain or improve healthy cognitive ageing;
however, the research to date paints a murky picture as to
whether nutrition has a role in cognition and brain health for
healthy older adults.

The tension between prospective longitudinal and epide-
miological studies on the one hand, and RCT on the other, is
perhaps greatest when considering the available data from
healthy older adults. Though not without controversy, numerous
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prospective longitudinal and epidemiological studies indicate
that dietary intake of 7-3 fatty acids, various vitamins, flavonoids
and/or adherence to a Mediterranean-type diet reduces AD risk
and/or improves cognition (for a review, see Otaegui-Arrazola
et al.®®). Despite this, the preponderance of data from nutri-
tional RCT in healthy older adults tilts towards these nutrients not
having a modulatory effect in cognitive ageing.

With regard to RCT indicating positive effects, an enhance-
ment for memory was observed in healthy older adult males
undergoing long-term p-carotene supplementation‘”. Another
report assessed the effect of 24 weeks of DHA administration
in older adults who were free of dementia or MCI, but had
subjective complaints about their memory. In this population,
there was an improvement in memory for the DHA group
compared with those receiving the placebo™™®. Also, a study
investigating 3-year folic acid supplementation in participants
aged 50-70 years with elevated (>13 pmol/D) homocysteine
levels found that the folic acid group had better scores on
memory and information processing speed tasks relative to the
placebo group™®. This study had some unique characteristics
that may shed light on the proper population and length of time
necessary for a nutrition intervention. The study by Durga
et al* included younger participants than many studies on
ageing and nutrition, as in most studies the youngest included
age is 65 years, with the mean age being much higher.
The inclusion of a sample of individuals in their fifties may
provide a population in which the negative brain changes
accruing from ageing are in a more benign state and thus more
responsive to nutritional intervention, thereby allowing for a
greater preservation of cognitive function that is in turn more
readily detectable on cognitive tests. The supplementation
period was also 3 years, which is also longer than most studies.
Yet the larger examination of the literature paints a more
complex picture. A recent meta-analysis of homocysteine-
lowering B vitamin supplementation and cognition in the
elderly did not find support for the role of B vitamins on
cognition, even when looking at younger subpopulations and
including studies of long duration (up to 8 years®®). It should
be noted that this meta-analysis did include studies investigating
cerebrovascular patients, and the primary variable in many trials
was not cognition but rather lowering of homocysteine.
Nonetheless, these null results are seemingly reinforced by the
lack of an effect found by van der Zwaluw et al.®V, who
studied the effect of B vitamin treatment and cognition in
older adults with elevated homocysteine. As described below,
one explanation for these inconsistent findings centres on the
neurocognitive domains studied and the tools used to assess
these domains.

A final note that warrants discussion in the study of nutrition
and cognition in healthy adults concerns the length of time
necessary for intervention studies. Ideally, studies should
be long enough to capture natural deterioration in cognitive
abilities over time and/or of sufficient duration for nutrition
to have a biological effect on the brain to improve cognitive
performance. When studying healthy adults, especially if the
study population includes individuals closer to middle-aged,
multi-year longitudinal studies would be the ideal norm. This
must be balanced with the pragmatic realities that work against
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multi-year studies such as cost, dropout rate, etc. Below we
advocate for the use of assessment tools more appropriate for a
healthy population in including more challenging cognitive
tests that may potentially reveal subtle cognitive change over
time. Therefore, this may shorten the length of interventions,
though studies that seek to understand the role of nutrition on
the trajectory of cognitive decline in healthy adults still need to
be of sufficient length for that decline to occur.

Conclusion

There are certainly roles for nutrition with respect to quality of
life for all older adults, including those in the end stages of AD.
However, nutrition will have the greatest likelihood of influ-
encing cognition when it operates on a brain not yet affected by
disease states such as MCI, AD or another type of dementia. In
the cases of these diseases, the extant brain changes will often
dwarf any modifying role from a newly established nutritional
intervention. Rather, the most promising role of nutrition in
cognitive ageing is maintenance of healthy brain function and
reducing the risk of these diseases from occurring; conse-
quently, the population in which we should seek to establish
efficacy of nutritional intervention in cognitive ageing should be
healthy adults.

Specific cognitive domains and brain regions

As noted above, many large-scale RCT in healthy older adults
have not fared better than those in AD or MCI. RCT studying the
effects of B vitamins, vitamin E or DHA in healthy older adults
have produced null results with respect to improvements in
cognition!718:20242552 " There is a multitude of reasons why
these and other studies have not found any modulation of
cognition due to nutritional intervention, such as nutritional
factors relating to absorption, or a lack of consideration for the
heterogeneous status of participants’ baseline nutrient levels.
We will focus on an alternative (but not mutually exclusive)
explanation of these null results that concerns the cognitive
domains investigated and the possible inadequacy of the tools
used to measure them.

A large proportion of the published nutritional interventions
in ageing has tested broad cognitive domains rather than taking
a targeted approach that focuses on the areas of cognition most
affected by ageing; further, insensitive tools have often been
used as a means of measuring these broad domains. Particularly
problematic are cases where blunt tools that assess global
cognition, and are intended for dementia screening (for
example, MMSE), are used as outcome measures in healthy
older adults (for a review, see Macready et al.(SS)). Healthy
older adults are not likely to have any meaningful variance on
the MMSE because it is a screening tool intended to detect
dementia. Even though the MMSE is out of 30 points, a score
indicative of mild dementia is 25 or below, with scores of 26-29
indicating questionable dementia®®; therefore, the range of
scores for healthy older adults on the MMSE is restricted, and
many will be near ceiling, making the detection of cognitive
improvements from nutrition extremely difficult. In addition to
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the insensitivity issues that occur with global measures, a global
cognition approach is misaligned with what is known both
about the brain regions and cognitive domains that decline most
in ageing, which are probably the brain areas to benefit from
nutritional approaches.

Just as all older adults do not decline cognitively at equal
rates, brain regions and associated cognitive functions also vary
with their susceptibility to ageing (for a review, see Jagust®?).
For instance, primary sensory areas such as the visual cortex
show little volume reduction with advanced age, and they are
even relatively spared from the pathology of severe AD®>59,
Similarly, even though most individuals associate ageing with
cognitive decline, certain areas of cognition, such as semantic
memory or vocabulary knowledge, remain stable or increase
across the lifespan(%y)‘ Given that RCT in cognitive ageing use
improvement or maintenance of a brain region or cognitive
construct as a primary outcome measure, the regions/constructs
most susceptible to ageing should be selected for investigation;
regions/constructs less affected by the ageing process are not as
likely to show change over time as a result of interventions, and
should therefore be de-emphasised in RCT of cognitive ageing
and nutrition.

Relational memory and the hippocampus

One brain structure particularly sensitive to ageing is the
hippocampus, a structure located near the middle of the brain,
within the medial temporal lobes, that primarily supports
aspects of memory function (see below). MRI studies measuring
the volume of the hippocampus indicate that it begins to shrink
at an accelerated rate during the sixth decade of life®®; this
volumetric decline probably reflects, at least in part, loss and
alternation of synapses and a reduction in proliferation of
neurons, but little overt neuronal death in individuals free of
neurodegenerative disorders®”. Additionally, nearly all adults
over the age of 65 years, even those without a diagnosis of MCI
or AD, will have some degree of AD-like pathology in the form
of neurofibrillary tangles within the medial temporal lobe, and
these tangles are negatively associated with memory perfor-
mance®”. When occurring in adults without MCI or AD, this
pathology is almost always limited to the transentorhinal and
entorhinal cortices, which are located adjacent to, and are
densely connected with, the hippocampus; this pathology can
also be found in portions of the hippocampus proper in healthy
older adults®?.

While the hippocampus contributes to a variety of cognitive
abilities, its main function may be to serve as the critical hub for
a network underlying relational (associative) memory formation
and retrieval. Through its cellular architecture that displays
disproportionate and rapid plasticity, and anatomical location,
which serves as a convergence zone for cortical afferents, the
hippocampus is capable of binding together various pieces of
information into lasting representations (for reviews, see
Eichenbaum & Cohen‘®®, Cohen & Eichenbaum®? and Konkel
& Cohen'®). This system allows one to later remember what
the person who introduced himself as ‘Roger Atwood’ looks
like, and that you met him when staying at a hotel the first time
you visited Santa Fe. Only the hippocampal memory system can
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learn such novel relations with just one exposure, making it
vital to forming new memories of experience throughout a
lifetime. Consequently, tests that maximally engage this function,
using novel stimuli and novel relations rather than familiar items,
are likely to best tap into hippocampal processing.

Given that the hippocampus deteriorates with age, it is
unsurprising that relational memory function declines dis-
proportionately as well®. Relational memory, because it
depends upon a network of brain structures interacting with the
hippocampus, may be particularly susceptible to ageing and
hence particularly useful in the study of nutrition and cognitive
ageing. Further, the hippocampus is aided by areas of the PFC
and parietal lobe during encoding and retrieval, which serve to
modulate functions such as goal-directed behaviour and atten-
tion (for reviews, see Cabeza et al.°®, Simons & Spiers((m and
Wagner et al‘(GS)), and that these structures, too, are sensitive to
age-related effects (see below).

Critically, the literature provides reason to believe that these
deleterious effects of hippocampal ageing may be partially
ameliorated by nutrition. For instance, animal models indicate
that intake of flavonoids increases hippocampal neurogenesis,
and it is associated with better spatial memory in rodents %79,
Moreover, DHA administration in rodents also has been linked
to higher levels of neurogenesis and enhanced hippocampal
memory”"7?. In addition to these nutrition-induced changes in
gross brain structure that allow for better spatial memory, both
DHA and various flavonoids reduce the amount of tau protein
deposition in the brain®’?. Pertinent to hippocampal health
in ageing, the neurofibrillary tangles that form in the medial
temporal lobe with ageing are composed of hyperphosphorylated
tau protein. Though amyloid-f has a more widespread distribu-
tion in the brain, its accumulation is also known to impair the type
of memory processes that rely on the hippocampus. Importantly,
evidence exists for potential modulation of amyloid-f by diet. In
murine models of ageing, DHA and curcumin supplementation
reduce the amount of amyloid-f burden, with curcumin also
preventing amyloid-associated memory impairment®'*’®. In a
canine model of ageing, pleiotropic diets composed of multiple
antioxidants can ameliorate amyloid deposition and improve
retention of information®*!. Finally in humans with MCI, more
hippocampal tissue was spared over a 2-year period in a group
receiving vitamins Bg, B, and folic acid supplementation.

Working memory, executive function and the
frontoparietal network

In addition to relational memory, several other cognitive
constructs may prove amenable to nutritional intervention due
to their reliance on brain networks that are disproportionately
affected by ageing processes. One good candidate is working
memory, which involves the ability to temporarily maintain
information in one’s head, especially in the face of interference,
and/or to manipulate the temporarily maintained information
to achieve a goal. An example of working memory entails
recalling the spatial layout and furniture placement of your
living room, and then mentally rearranging the furniture to
produce a new design. Working memory processes are thought
to rely heavily on frontal and parietal regions of the brain”>7®,
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and older adults frequently experience reductions in working
memory Capabilities(%). A closely related cognitive construct to
working memory is executive function, which is even some-
times thought of as a parent category to working memory.
Executive function processes entail abilities such as planning,
inhibition and fluid reasoning; these abilities largely rely on
a fronto-parietal network”’”, and it is common to observe age-
related deficits in executive function”®

Biological mechanisms accounting for these deficits in
working memory and executive function centre on age-related
changes that occur with the PFC and parietal lobe. Normal
ageing is associated with a reduction in synapses in the PFC®?,
and it is additionally known that both the PFC and posterior
parietal lobe undergo volume loss with ageing®>
the hippocampus, intake of B vitamins has been associated
with more grey matter volume””, suggesting the possibility of
B vitamins to spare cortical grey matter volume, which may
in turn have an effect on working memory. Additionally,
amyloid-f accumulates in a substantial proportion of older adults
presumed to be free of MCI or AD, with particular concentration
in the PFC and in areas of the medial parietal lobe, such as
the precuneus®®Y. The level of amyloid-§ in these areas is
inversely related to multiple cognitive abilities, including various
forms of memory, attention and processing speed ®*¥. One
intriguing study that manipulated dietary macronutrient propor-
tions over a 4-week period indicated that a diet low in saturated
fat and a low glycaemic index led to reduced levels of amyloid-f
42 in the cerebrospinal fluid (a biomarker for amyloid-f in the
brain) of healthy older adults®.
to further discern how macronutrient profiles may mediate
amyloid-f# clearance in humans.

. Similar to

Future studies are needed

Processing speed and white matter

A major area of decline in ageing is speed of processing, which
refers to how quickly one can process information of multiple
modalities"“*®>_ In fact, some have argued that speed of pro-
cessing may underlie many of the cognitive deficits observed in
ageing(%'ém. In the brain, processing speed ability is largely
dependent on whole-brain white matter integrity®*®”. Normal
ageing is also associated with deterioration of the white matter.
These changes in the white matter are more pronounced in the
PFC®?. The aetiology of this pathology in the white matter
among healthy older adults is most often due to subtle
cerebrovascular-related changes, such as arterial stiffening or
microscopic bleeding within the brain®®. Moreover, white
matter damage is mitigated by -3 fatty acid intake and
adherence to a Mediterranean-type diet”"*?, potentially due to
the salutary cardiovascular effects of this type of diet and the
relationship between white matter integrity and cerebrovascular
integrity.

Conclusion

To summarise, the cognitive neuroscience of ageing indicates
that the hippocampus, fronto-parietal network and white matter
disproportionately decline in ageing, and evidence from both
animal and human studies suggests a positive role for nutrition
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on these brain regions, either through the preservation of tissue
or reduction of Alzheimer-like pathology. Therefore, the
aforementioned cognitive domains may be good targets for
nutritional RCT in cognitive ageing, and tests that provide good
indices of these networks’ structure and function should be
emphasised. However, despite the strong reasons for being
optimistic, there remain many RCT that have tested for nutritional
effects on memory or processing speed with null results. In the
remainder of this review, we discuss the need to go beyond
identification of appropriate cognitive domains and to consider
the design and construction of sufficiently sensitive tools for
appropriately assessing those domains in the study of nutritional
modulation of cognitive ageing, and discuss how trials can
further be informed by sensitive brain imaging techniques.

Assessment tools
Cognitive measurements

Through the excellent work of those in the field of neuro-
psychology, there exists an array of behavioural assessment tools
available to measure aspects of cognitive function. Most often,
these tests are deployed when evaluating clinical populations,
such as those who have sustained a traumatic brain injury or
those suspected of having AD. As an example, when measuring
hippocampal-dependent memory, the most commonly used
tasks involve asking a participant to memorise a list of common
words, and then assessing his/her retention for the material after
a delay of approximately 20-30 min®?®. In the case of a patient
with damage relatively circumscribed to the hippocampus, this
type of test (for example, California Verbal Learning Test) works
well in detecting the gross memory impairment that follows this
injury. Similarly, the current hallmark indication of early clinical
AD is a primary deficit on this type of task with relative
preservation in other cognitive domains®?.

Though these tests have worked well in the characterisation
of large impairments due to dementia or brain injury, they may
not fare as well in detecting the variance in hippocampal-
dependent memory performance among those within the
so-called ‘normal range’ of cognitive ability. The idea that the
classic neuropsychological tests may be insensitive to subtle
changes or early pathology is not new, as demonstrated by the
classification of individuals with subjective memory impair-
ment. These individuals do not have an objective memory
impairment as measured by a delayed-recall test, but they
subjectively report, and are often concerned about, their per-
ceived failing memory ability. Interestingly, those who are
concerned about the memory lapses they are experiencing are
more likely to develop AD®. Thus, it is conceivable that these
individuals may have preclinical AD, and that their memory
deficit is too subtle to be detected by standard measures;
nonetheless, the deficit is real and it could indicate the earliest
stages of AD.

The issue of subtle, yet meaningful, effects bears directly on
the study of nutrition, brain health, and cognitive ageing. It is
unlikely that nutritional modulation of brain function will be on
the same magnitude as the effects of brain damage; therefore,
just as more sensitive tests may be needed to detect the earliest
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stages of AD, there may also be the need to develop sensitive
tests to demonstrate the effects of nutrition on the ageing brain.
Indeed, it may be the case that some studies have failed to
detect a nutritional enhancement in memory, not because
nutrition does not benefit memory, but rather that the tool used
could not detect the effects of nutrition. To date, the vast
majority of RCT assessing cognitive function following nutri-
tional intervention have used standardised neuropsychological
tests that may be ill-suited for detecting subtle cognitive change.
Below we provide examples of types of tasks often used in
cognitive neuroscience research that may be more successful in
illustrating an effect of nutrition on cognition in an aged
population.

Relational memory assessment: behavioural tasks. Though
the types of tasks described above that measure hippocampal-
dependent memory are not without merit, in the assessment of
hippocampal function, researchers in the field of cognitive
neuroscience often use tasks where participants must remem-
ber the relations of novel stimuli (for example, unfamiliar faces,
scenes, or computer-generated images). Such tasks that have
proven to be sensitive to hippocampal structure and function
include asking the participant to remember novel face-scene
pairs®®*” or the relations among novel, computer-generated
images®®. During the ‘study phase’ in the ‘Face-Scene Task’,
participants are often shown a background novel scene (such
as a generic house or beach) on a computer screen for several
seconds, followed by a novel face superimposed on the scene
for an additional period of time (for example, 2-10 s; study time
can be manipulated to vary performance). After exposure to a
series of face—scene pairings, the participant then completes the
‘test phase’, where he or she is asked to indicate if the displayed
face was previously shown with the scene, or to choose which
of several faces was paired with the background scene. There
are many variations of ‘foil’ or ‘lure’ trials, which occur when a
participant is shown a new face—scene pair they did not see at
study; one example of this are ‘re-pair’ trials, where a participant
is shown a previously viewed face with a previously viewed
scene, but the specific pair did not occur during the study trials
(for more detail, see Hannula et al.(96’97), Konkel et al.*® and
Monti et al.*®'*?). In forcing participants to remember pairings
composed of novel materials, the researcher is taking advantage
of the singular ability of the hippocampus to bind the new
material together into a new relational representation. Further
evidence for a hippocampal proclivity for novelty comes from
functional MRI (fMRD) studies, which find that the hippocampus
is more active to novel stimuli or novel configurations of stimuli,
suggesting it plays a role in processing novelty (for a review,
see Kumaran & Maguire(lon). Since the effect of nutrition on the
hippocampus is likely to be subtle (relative to the effects of
brain damage), we suggest that tests assessing relational
memory through the use of novel stimuli will maximally engage
the hippocampus and raise the likelihood of detecting a change
in hippocampal function as a result of nutritional intervention.

An additional consideration in identifying the proper tools
for the assessment of nutritional enhancement of relational
memory concerns the ability to analyse various conditions
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and error types within a task. Recently two research groups,
independently of each other, have reported a specific error type
on a spatial memory task that serves to reveal the nature of
hippocampal function. Watson et al.*°? and Pertzov et al. 1%
had patients with hippocampal damage perform tests where
they had to study and remember the spatial locations of several
objects over short time delays (for example, 4 s). As an example
of this type of test, known as the Spatial Reconstruction Task,
participants study the location of several objects (for example,
three to five items) on a background such as a blank computer
screen; the objective is to remember the location of each object.
After the study phase, there is a brief delay where the screen
appears blank, followed by the start of the test phase. During
the test portion, the objects may appear aligned in a row at the
top of the screen, and the participant is asked to use a computer
mouse to click-and-drag the objects to where they were pre-
sented during the study phase. By not restricting the responses
of the participants (i.e. they are free to place the objects
anywhere), the data can be analysed in multiple ways. In the
studies referenced above, when the experimenters simply
assessed how far off in the distance the participant’s placed
object was to its original location, the effects of hippocampal
damage were mild. However, when researchers made their
evaluation at the level of relations between object-location
bindings, the hippocampal patients performed much worse.
Specifically, those with hippocampal lesions made more ‘swap’
errors in that the locations they chose to place objects were
correct, but they chose the wrong objects for those specific
locations'%%1%® " Findings from one condition in Watson
et al"*® were that patients with hippocampal damage were
forty times more likely to make a relational swap error than
were the comparison group. A recent study used a version of
the task in Watson et al."%® with novel, computer-generated
images as stimuli, and found that the swap error rate in healthy
middle-aged and older adults had a numerically higher correlation
with hippocampal volume than traditional neuropsychological
tests of hippocampal memory, such as delayed recall on word
lists®”. For more information on these types of tasks, see Monti
et al®”, Watson et al %% and Pertzov et al .

The use of open-ended tasks such as those in the spatial
reconstruction experiments described above more closely reflects
the complex nature of memory. In many memory tests, the
outcome measure is all-or-nothing; either the word is recalled or
it is not. In actuality, memory is a far more graded phenomenon
in that individuals may remember parts of an event and forget
other details. Therefore, tasks that only employ binary dependent
measures (for example, correct v. incorrect) may miss important
variance in memory performance. Neuropsychological tasks that
incorporate continuous measures of memory, such as response
times, along with the binary measures are more likely to capture
this variance, as faster responses may be indicative of stronger
memory representations (though one must be careful to
take baseline response time into account and speed—accuracy
trade-offs). Further, the use of confidence judgments (for
example, asking individuals how confidently they feel they
answered a trial correctly) can also be informative in parsing
binary data and capturing individual difference variation on
memory paradigms.
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Relational memory assessment: eye tracking. Nearly all
memory tasks, including the examples above, ask participants
to overtly respond to reveal what information they remember.
This may occur in the form of a free recall test where the
participant recites as many words as he or she can remember,
or in recognition memory tasks where individuals press buttons
indicating if the presented stimulus is old or new. However,
overtly asking participants about their memory need not be the
only way to measure this cognitive ability. An alternative
approach is to measure memory via other means, and a useful
tool for this has emerged in eye tracking. Briefly, the technique
involves a camera recording the position of the eye, which can
be used to infer precisely where the participant is looking on a
computer display with millisecond temporal resolution. As an
example, the Face-Scene Task mentioned above has been
developed for use in conjunction with eye tracking. In one
version of the task, participants study single face—scene pairs,
and are then shown three faces in spatially distinct locations
superimposed on a background scene. When one of the faces
was previously paired with the displayed scene, participants
with intact hippocampi disproportionately direct their eye
gaze to that face®”. Memory has been shown to influence
viewing patterns in multiple ways, and the eye-tracking
technique provides a plethora of potential analyses due to the
richness of eye-tracking data (for a review, see Hannula
et al"*%). As an example of this measure’s sensitivity to subtle
change, eye tracking has proven to be able to detect differences
in relational memory following an exercise intervention, even
though overt behavioural measures failed to detect any
change?. Since it is conceivable that the effects of nutrition
on relational memory and the brain are to be a similar order of
magnitude as those of exercise (i.e. a smaller effect size than
gross brain damage), the use of eye tracking in nutritional
interventions may provide a sensitive measure to detect
post-intervention change.

Working memory assessment: behavioural tasks. A shar-
pening of the evaluation of working memory in the context of
nutrition, brain health and cognitive ageing may also prove
fruitful. The metric of working memory tasks is generally the
amount of information one can maintain and manipulate at a
given time. One class of tests often used to measure working
memory entails the simple presentation of a series of numbers
or spatial locations, followed by asking participants to repeat
the stimuli in the order they were presented; an example would
be the Digit Span Forward test from the Wechsler Adult
Intelligence Scale-Tv'%>, However, given that there is no
demand on manipulating or protecting the presented stimuli
from interference, these tasks more accurately reflect the simple
temporary storage of information, rather than the construct of
working memory. Thus, they do not place as large a demand on
the fronto-parietal network and are likely to be insensitive to
any modulation of brain function via nutrition. Instead, tests that
present strings of numbers, letters or other stimuli and ask
participants to manipulate them first, and then repeat them
(thereby requiring maintenance and manipulation) place
greater demand on working memory.
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An example of this type of task would entail reading an
individual an interleaved list of numbers and letters, and then
asking him/her to repeat the letters in alphabetical order,
followed by the numbers in numeric order (i.e. Letter—-Number
Sequencing'®?). For instance, a participant may be read the
sequence: ‘L-4-F-2-H-9" whereby the correct response from the
participant would be ‘F-H-L; 2-4-9. Thus, the participant must
not only retain the information provided, but mentally rearrange
it in order to provide the correct response. These measures are
often used in clinical settings, but another set of tests exists that
is used more often in experimental psychology and cognitive
neuroscience. These tests are collectively known as complex-
span tasks, and are similar to ‘dual-task’ paradigms in that a
participant must remember information while performing a
secondary task, thereby introducing an element of interference
to working memory maintenance. For example, in a version of
the reading span paradigm (originally reported by Daneman &
Carpenter(wé)), participants read a sentence and are then asked
to determine if the sentence makes sense (some sentences do
not make semantic sense, such as ‘It was raining so I reached
for my vacuum’). After making this judgment, the participant is
presented with a word (for example, ‘tree’ or ‘phone’) and they
are to remember this word. This pattern continues for two to
ten sentences. At the end of the sequence, the participant is
presented with a list of words, some of which were presented
during the sequence and some which were not presented. The
participant must identify the words they were asked to
remember, and can also be asked to put them in the order in
which they appeared. Thus, in this task the participant must
maintain the single words presented from the interference of
reading other words in the sentences and making judgments on
them. Other variants of complex-span tasks include performing
mathematical operations (operation-span) or spatial informa-
tion (symmetry-span; for more details on the complex-span
tasks, see Conway et al.*°” and Harrison et al.1%®).

The complex-span tasks and other working memory tests
emphasising manipulation plus maintenance are more likely to
detect effects of nutrition than simple maintenance paradigms.
This is in large part due to the added load placed on the
working memory system when one must either remember
information in the face of interference, and/or manipulate that
information. By increasing the stress on the fronto-parietal
network to perform working memory computations, individual
differences, such as those due to nutritional status or intervention,
are more likely to emerge. Furthermore, many of the complex-
span tasks are now computer-based, allowing for the collection
of response times along with accuracy, providing additional data
with which one can assess the effects of nutrition. Finally, the
complex-span tasks also typically have more trials than the Digit
Span or Letter—Number sequencing tasks; this allows for a more
accurate estimation of one’s working memory capacity, since the
additional trials reduce noise in the data.

Cognitive assessment tools: summary. There are a few
common themes embedded in the discussion of memory tasks
potentially more sensitive to nutritional effects on cognition,
and these themes can be applied to other realms of cognition
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such as executive function and processing speed. One major
idea involves the use of more difficult tasks. Given that the
effects of nutrition are likely to be more evident in healthy older
adults, the cognitive assessments employed are not meant to be
searching for large ‘holes’ in the brain, but rather, for the subtle
variability that characterises cognitive function across even
healthy older adults. A second factor involves the collection of
more and richer data in cognitive assessment. For instance, one
may wish to collect many trials on a task and use average
performance to ensure a more representative metric of the
cognitive construct that one is measuring, rather than only using
the highest number of words recalled on a trial. An even more
illuminating approach would be to collect multiple types of
data, some of which are continuous in nature (for example,
accuracy, response time and eye movements) to more fully
characterise an individual’s cognitive ability. These approaches
are more likely to make evident individual differences in
cognitive performance, and may be more sensitive to the effects
of nutritional intervention.

As a final note, the psychometric property of reliability
warrants mention. Reliability refers to how likely an individual is
to receive a similar score on a test if they take it two consecutive
times, assuming no major changes in the individual between
test administrations. If a test is unreliable, there could be
differences in performance between time point zero and one
that are not due to differences within the individual. Many of the
tests described above are more experimental in nature, and
estimates of reliability for many of these tasks do not exist
(though this is not true for all). This is in contrast to most clinical
neuropsychology tests, where the reliability of a test is often
known and generally high. For the purposes of study design
and interpreting results, it would be prudent for researchers to
follow the lead of neuropsychologists and ascertain reliability
estimates for cognitive tests used in nutritional RCT. For further
information regarding these issues specifically to testing for
effects of foods and nutrients, we refer the reader to de Jager
et al**.

MRI

The preceding discussion has emphasised the importance of
using sensitive cognitive tasks in order to effectively test nutri-
tional enhancement of cognition in the ageing brain; however, a
complimentary tool for assessing how nutrition may alter the
health of the ageing brain involves using neuroimaging to
gather structural and physiological (for example, functional
connectivity, blood flow, metabolites) data on the brain. Even
in nutritional interventions where there is a null effect on
cognitive task data, a finding indicating the sparing of hippo-
campal tissue as a result of the intervention would surely be
regarded as positive in the context of the ageing brain, and this
would probably have downstream behavioural effects, even
if they cannot be detected by current neuropsychological
tests. Below we highlight successful examples of the deploy-
ment of MRI to nutrition and cognitive ageing research, and
discuss potentially fruitful MRI techniques not yet applied
sufficiently in this field. Though this review only covers MRI, we
note that there are other neuroimaging techniques such as
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electroencephalography or near-IR spectroscopy that may be
more suitable for certain questions, particularly due to the high
cost of MRI. For a full review on neuroimaging techniques and
their application to nutrition, we refer the reader to a recent
review by Sizonenko et al "'

Structural imaging: grey matter volume. As noted in the
previous section, synaptic loss and modification as well as
lower proliferation of new neurons (in the hippocampus)
contribute to age-related declines in brain volume and cortical
thickness, with areas such as the hippocampus and PFC more
affected than other brain regions. Reliable estimates of the
volume of cortical and subcortical structures (for example, the
hippocampus) as well as the thickness of the cortex can be
obtained from standard high-resolution structural MRI. Cross-
sectional studies have indicated positive relationships of total
grey matter volume in ageing with antioxidant vitamin (B, C, D
and E) intake or adherence to a Mediterranean diet’??%9?,
Further, results from a recent longitudinal study indicate that
plasma levels of DHA and vitamin D are associated with
reduced cortical thinning in prefrontal and parietal regions in
ageing™'?. Perhaps the best evidence for the modulation of
brain atrophy via nutrition comes from intervention studies in
MCI patients with elevated homocysteine levels and who con-
sumed supplemental B vitamins (vitamins Bg, By, and folate). In
one report, Smith et al.**® noted that after 2 years of supple-
mentation, the overall brain volume of the B vitamin group
(relative to the placebo group) was higher, indicating reduced
atrophy as a result of B vitamin supplementation. In 2013, this
group published similar results, using a more targeted approach
to show that these effects in those with elevated homocysteine
were greatest in the hippocampus and medial temporal lobe
cortex, as well as other posterior brain regions™®. This latter
report is indicative of the strategy favoured here, where regions
particularly susceptible to ageing processes are scrutinised.
Finally, and furthering the complexity of this area, a recent
report by the same group suggests that the reduction in brain
atrophy is partially dependent on plasma 7-3 fatty acid levels,
with those having higher levels experiencing less atrophy'?.
It is worth mentioning that the results of these B vitamin
interventions occurred in MCI patients who are likely to be
experiencing a neurodegenerative process; given that neuron loss
is not thought to occur in healthy ageing?>11® the mechanisms
through which B vitamins work in the MCI brain may or may not
be applicable to the healthy aged brain. Also, structural imaging
techniques are best suited for longer interventions (for example,
at least 6 months), given that a relatively large amount of change
must occur within the brain for detectable differences on standard
resolution (for example, 1 mm isotropic) structural scans. Thus,
studies using this technique in shorter interventions may fail to
detect any nutritive effect on brain atrophy simply because
enough time has not passed.

Structural imaging: white matter integrity. In addition to
the reduction in size of certain brain regions that are largely
made up of grey matter, ageing is also associated with damage
to the white matter. One consistent alteration in white matter
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structure with ageing occurs in the form of ‘white matter
hyperintensities "
high intensity or brightness in magnetic resonance images;
these are most apparent on T2-weighted fluid attenuated
inversion recovery (FLAIR) images. White matter hyper-
intensities are heterogeneous in aetiology, but many are due to
ischaemic-related changes in the brain; further, they are most
pronounced in the frontal white matter, and have been linked
to poorer cognition(us"lzo) . Given the relationship between
vasculature health and white matter lesions, it stands to reason
that nutrition may have a significant modifying effect on white
matter hyperintensities, particularly when considering the
potential salutary effect of the Mediterranean diet on cardio-
vascular health"#'~'*®_ Consistent with this notion, consumption
of fish, as well as serum levels of 7-3 fatty acids, has been found
to be inversely related to white matter hyperintensities”2412%,
Further research focusing on the relationship between nutrition,
vascular health and white matter lesions in ageing may prove
fruitful in elucidating the modifying effects of nutrition and
brain ageing.

, which are areas in the white matter of

Structural imaging: magnetic resonance spectroscopy. An
underutilised MR technique in the study of nutrition and brain
health is magnetic resonance spectroscopy (MRS), which is a
non-invasive technique that allows for the quantification
of metabolites in the brain, such as choline, creatine and
phosphocreatine, and N-acetyl-aspartate. Previous work has
indicated that administration of cytidine diphosphate-choline
(Citicoline) to older adults increases phosphodiesters in the
brain, potentially indicative of increased phospholipid synthesis
and turnover; this increase was also correlated with better
memory performance’*®. Given the unique data afforded by
MRS, coupled with reductions in certain metabolite concentra-
tions, such as N-acetyl-aspartate, in normal ageing?”, the
inclusion of this technique in imaging protocols may provide
important data pertaining to brain metabolite changes in older
adults following a nutritional intervention.

Functional imaging: arterial spin labelling. A direct measure
of neurovascular health can now be obtained in a non-invasive
manner through the use of an MRI technique known as arterial
spin labelling (ASL™*). ASL measures the perfusion of blood
through tissue, and can yield a quantifiable and objective
measure of the rate of blood flow through the brain. The ASL
technique represents a significant advance over other MRI
methodologies for measuring blood flow, as it does not involve
the injection of radioactive isotopes. ASL sequences now come
standard on many 3T MRI machines, and have been featured in
widespread clinical and research use (for a review on ASL
technology and application, see Detre et al’**). Though
typically used to measure resting cerebral blood flow, ASL
can also be implemented in conjunction with cognitive tasks,
providing an estimate of brain function as well. Furthermore,
ASL can be used to not only obtain whole-brain measures
of perfusion, but also region-specific rates of blood flow.
The application of regional analyses could allow researchers
to investigate specific hypotheses regarding a nutritional
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intervention’s effect on a certain domain of cognition and its
putative neural substrate (for example, an intervention may
improve relational memory and be correlated with blood flow
increases local to the hippocampus; see Heo et al."*® for such
an approach). To the extent that a given nutritional intervention
will ameliorate or prevent age-related conditions that reduce
cerebral blood flow, such as atherosclerosis, the use of ASL
represents a method of untapped potential in investigating
nutrition, ageing, and brain health relationships. This technique
may be particularly applicable in shorter interventions (less than
6 months) as research from the literature on exercise, ageing and
brain health suggests that changes in cerebral blood flow may
occur on shorter timescales than changes in gross anatomical

S[I'UCILII‘C( 131 ).

Functional imaging: blood oxygen level dependent signal.
A more widespread technique implemented in neuroimaging
that relies partially on cerebral blood flow is the use of the
blood oxygen level-dependent (BOLD) signal in fMRI. Briefly,
when a neural event occurs in the brain, there is a shift in the
ratio of deoxygenated blood and oxygenated blood, which
have different magnetic properties, and this causes a signal
increase in the image. Though affected by cerebral blood flow,
the BOLD signal is also determined by cerebral blood volume
and cerebral oxygen consumption, making it an indirect
measure of neural activity™*?. Since these changes in blood
oxygenation are quite local within the brain, task-related fMRI,
where participants perform a cognitive task during fMRI data
collection, has been an excellent tool for mapping brain structure
to function. Furthermore, it is possible to compare group differ-
ences in task-related activity across time, which may be a fruitful
technique for nutrition-related interventions of ageing.

One technique that uses the BOLD signal, but does not
depend on task-evoked activity to do so, consists of measuring
the brain’s ‘functional connectivity’ while at rest. A common
method for assessing functional connectivity is to administer a
resting-state scan, which simply consists of using a similar MRI
sequence for task-based fMRI, but no stimuli are presented and
the subject is instructed to lie still. Due to natural fluctuations in
the BOLD response, one can conduct an analysis to ascertain
which brain areas show synchrony in their fluctuations, and
are therefore said to be functionally connected. A remarkably
consistent network of brain regions, termed the ‘default-mode
network’, emerges under these conditions (for reviews, see
Raichle & Snyder(133) and Buckner et al.(134)). This brain network
includes the medial parietal cortex and PFC, lateral parietal lobe,
and the medial temporal lobe. In ageing, the intrinsic functional
connections weaken, leading to a decrease in network coherence,
with negative implications for cognition*”. Other networks,
such as the fronto-parietal or frontal-executive can also be
interrogated with this technique, and there is now research
indicating these networks’ malleability in response to exercise
intervention®. Thus, an important outcome measure for studies
of nutrition and ageing could be functional connectivity, specifi-
cally the restoration of functionally connected networks to a more
youthful state; to our knowledge this area remains unexplored in
the study of nutrition, brain health and cognitive ageing.
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To summarise, a major reason for the failure of RCT to
influence cognition via nutrition in older adults may be that the
primary tools selected for measuring cognitive performance were
not of the appropriate difficulty to detect subtle change. Rather,
we expect that valid and reliable tests that maximally engage the
neural networks most susceptible to ageing will illuminate the
impact of nutrition on cognition. Further, wherever possible,
targeted neuroimaging techniques aimed at assessing the struc-
ture and physiological function of these networks should be
employed to garner an appreciation for the biological effects that
nutrition may have on the ageing brain.

Conclusion

Null results from multiple RCT investigating the cognitive
effects of nutritional interventions on ageing may lead to the
conclusion that diet does not influence one’s cognitive ageing
trajectory; however, to draw such an inference would be
premature. Rather, a reassessment of strategy and methodology
in this field may provide more optimism for detecting nutritional
interactions with cognition, particularly in the context of ageing
and brain health late in life. We suggest placing a larger
emphasis on studying healthy older adults, potentially even
those in middle-age, to understand the role of nutrition in the
maintenance of brain health and the prevention of disease.
Critically, the effects of nutrition and cognition in ageing are
more likely to manifest if researchers study cognitive domains
and brain regions particularly sensitive to the effects of ageing,
and assess these areas with more challenging behavioural tests
and cutting-edge imaging techniques. With these advances in
experimental methodology, we expect that the differential
findings between cross-sectional and RCT studies in human
subjects will be somewhat reconciled, and a more truthful
picture of nutrition’s effects on cognitive ageing and brain
health will be established.
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