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The role of nutrition in health and disease has been appreciated from time immemorial. Around
400 B.C., Hippocrates wrote: “Let food be thy medicine and medicine be thy food.” In the 12th century,
the great philosopher and physician Moses Maimonides wrote “any disease that can be treated by diet
should be treated by no other means.” Now, in the 21st century, we are bombarded by claims in the
media of “superfoods,” wondrous nutritional supplements, and special diets that promise to cure or
prevent disease, improve health, and restore functioning. Much of the focus has been on neurological
disease, brain health, and psychological functioning (behavior, cognition, and emotion).

The hyperbole aside, the past two decades have seen considerable progress in our understanding
of the role of specific nutrients and dietary patterns to brain development, physiology, and
functioning [1–4]. The chapters in this volume are but a sampling of the latest research on the
role of specific compounds and nutrients in brain function and dysfunction, and use of diet for the
prevention and treatment of neurological and psychological disorders.

The ω-3 and ω-6 polyunsaturated fatty acids (PUFAs) have long been recognized as essential
to cell membranes and normal neuronal function. Deficiencies ω-3 PUFAs have been associated
with everything from mood disorders to schizophrenia to Alzheimer’s disease. Fuentes-Albero and
colleagues [5] report that Spanish schoolchildren with attention-deficit hyperactivity disorder (ADHD)
consume diets that are lower in ω-3 PUFAs than their peers without ADHD. Since this is a case-control
observational study rather than a randomized trial, no causative conclusions can be drawn. However,
the authors’ call for increased consumption of fatty fish (the main dietary source of ω-3 PUFAs) as a
component of healthy eating patterns is well supported by other research.

Another constituent of just about everyone’s diet is caffeine, by far the most commonly used
psychoactive substance worldwide. Ueda and Nakao [6] examined the acute effects of this stimulant
on cognition and electrophysiology in a small group of healthy young men. To achieve peak blood
level quickly, the drug was “vaped” rather than ingested. Caffeine produced a slightly greater increase
in working memory performance (N-back task) than did placebo. EEG power in the theta band was
enhanced after inhaling caffeine vapor, but only from selected right-hemisphere frontal, central, and
temporal electrodes. The authors conclude that caffeine, an adenosine receptor blocker, increases the
activity of right-hemisphere regions that mediate attentional and executive functions required for the
working memory task. Furthermore, transpulmonary administration of caffeine resulted in a very
rapid change in brain activity. Its effects on other aspects of cognition and emotional states remain to
be investigated.

One of the most active areas of nutritional research is the role of dietary fats on brain functioning.
Loprinzi and colleagues [7] surveyed the scientific literature on the effects of high-fat diets on learning
and memory. They found that all laboratory studies of rodents found significant deleterious effects
of high-fat diets compared to standard diets. However, all reviewed studies also found that having
subjects engage in regular physical exercise could counteract this effect. A variety of mechanisms are
proposed, including increases in BDNF and synapsin-1 and decreases in proinflammatory cytokines
and insulin resistance. Whether such a beneficial effect would be seen for all varieties of human
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memory (e.g., episodic/semantic, declarative/procedural, retrospective/ prospective) after an exercise
regimen (of what type? how vigorous? how often?) remains to be determined.

Speaking of fats, there is at least one form of high-fat diet that has clear neurotherapeutic and
perhaps neuroprotective effects. As described by McDonald and Cervenka [8], the ketogenic diet,
which combines large amounts of fat with very low amounts of carbohydrates, induces the liver
to produce ketone bodies (acetoacetate and β-hydroxybutyrate) which are then used as a source of
energy for neurons. Ketogenesis also alters the balance of excitatory and inhibitory neurotransmitters,
modifies gene expression, reduces oxidative stress and inflammation, and has other effects on brain
function. The ketogenic diet was introduced for the treatment of epilepsy 100 years ago, and is today a
pillar in the treatment of medication-refractory seizures. It is currently being investigated for a wide
variety of other neurological disorders, including stroke, glioblastoma, amyotrophic lateral sclerosis,
and Alzheimer’s disease.

In the final contribution to this volume, Poulimeneas and colleagues [9] tackle a vexing question
in nutritional neuroscience, namely the brain mechanisms that support successful weight loss in obese
people. They review the literature on functional neuroimaging in weight-loss maintainers compared
to currently obese and lean individuals. Although only eight studies, using very different methods,
were located, some trends were discerned. Formerly-obese people appear to display the same cerebral
activation to food stimuli in reward-related brain regions as do obese people. However, they also
display heightened activation in regions of the prefrontal cortex associated with inhibitory control.
The authors then speculate on the biological mechanisms underlying this “neural restraint” among
weight-loss maintainers. Since most studies have been cross-sectional rather than longitudinal, we do
not know whether these brain activation patterns are contributors to or consequences of successful
weight-loss maintenance. One way to address this might be to determine whether those who lose
and maintain a great deal of weight via bariatric surgery would display the same cerebral activation
patterns as those who achieved their weight loss the “old-fashioned way” (diet, exercise, and behavior
modification).

This slim volume cannot do justice to the richness of the evolving neuroscience related to diet and
nutrition. I suspect that the next two decades will see even more exciting advances. Stay tuned.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Omega-3 long-chain polyunsaturated fatty acids (LC-PUFA) play a central role in neuronal
growth and in the development of the human brain, and a deficiency of these substances has
been reported in children with attention deficit hyperactive disorder (ADHD). In this regard,
supplementation with omega-3 polyunsaturated fatty acids is used as adjuvant therapy in ADHD.
Seafood, particularly fish, and some types of nuts are the main dietary sources of such fatty acids
in the Spanish diet. In order to assess the effect of the intake of common foods containing high
amounts of omega-3 polyunsaturated fatty acids, a food frequency questionnaire was administered
to parents of children with ADHD (N = 48) and to parents of normally developing children (control
group) (N = 87), and the intake of dietary omega-3 LC-PUFA, such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), was estimated. Children with ADHD consumed fatty fish, lean
fish, mollusks, crustaceans, and chicken eggs significantly less often (p < 0.05) than children in the
control group. The estimated daily omega-3 LC-PUFA intake (EPA + DHA) was significantly below
that recommended by the public health agencies in both groups, and was significantly lower in
children with ADHD (p < 0.05, Cohen’s d = 0.45) compared to normally developing children. Dietary
intervention to increase the consumption of fish and seafood is strongly advised and it is especially
warranted in children with ADHD, since it could contribute to improve the symptoms of ADHD.

Keywords: fish intake; omega-3 fatty acids; nutrients; ADHD; children; diet-deficient

1. Introduction

There is a growing evidence that several mental disorders, although they show an underlying
genetic predisposition [1], are probably the product of an interplay between genetic susceptibility
and environmental factors [2], of which inadequate nutrition may be a component [3,4]. Among the
nutrients that have been consistently shown to be related to mental health and to different psychiatric
disorders, mention must be made of omega-3 long-chain polyunsaturated fatty acids (LC-PUFA) [5–7].
A proper physical and mental health and neurodevelopment require a balanced ratio of omega-3
to omega-6 polyunsaturated fatty acids, but the typical diet in many countries provides a much
larger intake of food containing omega-6 as compared to omega-3 LC-PUFA, thus often resulting
in an imbalance and deficient omega-3 intake [5,8]. The consumption of supplements containing
omega-3 LC-PUFA has been shown to be an effective measure in addition to the administration
of psychotropic drugs for treating several psychiatric diseases [9–12]. In this regard, it has been
demonstrated that omega-3 LC-PUFA such as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) may be helpful in the treatment of attention deficit hyperactive disorder (ADHD) in
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Brain Sci. 2019, 9, 120

children [13–17]. Whether the pathophysiology of ADHD may be linked to inadequate bioavailability
of omega-3 LC-PUFA, and whether it may be counteracted by dietary supplementation or increased
intake of foods containing large amounts of omega-3 LC-PUFA, has gained growing interest in part
due to the increasing knowledge of the role of nutrition in psychiatric disorders and in ADHD [18–20].
Dietary guidelines recommend regular fish consumption in all age ranges as the main source of
omega-3 LC-PUFA intake [21].

Previous studies refer to the fundamental role afforded by omega-3 LC-PUFA in several essential
metabolic functions, given their implication in diverse neuronal processes, as well as in cell growth,
the function of cell membrane, hormonal, and immunological cross-talk, and gene expression
regulation [8,22,23]. Alteration of some of these functions has been implicated in the physiopathology
of ADHD [24]. Several experimental studies suggest that deficiencies of omega-3 LC-PUFA strongly
alter brain function, not only during the developmental stages, but also throughout life [25]. There is
some evidence to suggest that omega-3 LC-PUFA homeostasis may be impaired in patients with ADHD
as a result of deficits and/or imbalances in nutritional intake, genetic alteration, changes in the activity
of the enzymes involved in their metabolism, or the influence of some environmental agents [24,25].

Although many studies on omega-3 LC-PUFA supplementation in ADHD have been published in
recent years [13,14], most refer to either interventions performed in patients who were given omega-3
LC-PUFA supplements apart from their normal diets. Remarkably, there are few studies on the intake
of omega-3 LC-PUFA through diet in patients with ADHD. The present study was therefore designed
with the following three main objectives:

1) Evaluation of the pattern of consumption of the main dietary sources of food containing omega-3
LC-PUFA in children with ADHD and in a control group.

2) Estimation of the daily intake of omega-3 LC-PUFA (EPA + DHA) in the two groups.
3) Evaluation of the influence of age, sex, and body mass index (BMI) upon omega-3 LC-PUFA intake.

2. Materials and Methods

2.1. Study Design

An observational case-control study was carried out in Valencia (Spain) in 2016–2017. The study
participants were recruited among patients (children and adolescents) with ADHD undergoing child
psychiatrist consultation. Neurologically healthy children (control group) were recruited from two
public schools in Valencia (Spain). Attention deficit hyperactive disorder was confirmed based
on the DSM-IV diagnostic criteria using a standard neurodevelopment examination and interview
(Conners scale). The parents of children with ADHD were interviewed during ordinary consultation
with the child psychiatrist. Clinical information (diagnosis of ADHD, medication, presence of other
comorbidities, anthropometric data) was retrieved by reviewing the medical records in the psychiatrist
consultation of children with ADHD. Body mass index was calculated as weight in kilograms divided
by the square of height in meters. For children and adolescents, BMI is age- and sex-specific, and is
often referred to as BMI-for-age. According to the international guidelines, BMI was grouped into four
categories: underweight (BMI less than the 5th percentile), normal or healthy weight (5th percentile to
less than the 85th percentile), overweight (85th percentile to less than the 95th percentile), or obese
(equal to or greater than the 95th percentile) [26].The children in the control group were sex- and
age-matched (proportion 1:2) with the children in the ADHD group. Matching increases the efficiency
of the estimates if the matching variables are associated with both the disease and exposure. The study
comprised 135 children: 48 with a diagnosis of ADHD (age 5–14 years) and 87 with no ADHD or other
psychiatric or neurological disorders (age 4–13 years). Socio-economic variables were measured through
three variables: First, occupational social class, widely used in Spain as a measure of socioeconomic
position [27]; it was defined using a Spanish adaptation of the British social class classification. In this
study, we recoded the social status in three categories: higher, medium and lower. Educational level
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was recorded as primary or less, secondary, or university. Employment situation was categorized as
employed, unemployed, and homemaker.

The study protocol was approved by the local Ethics Committee of the University of Valencia
(Valencia, Spain) (protocol number H1397475950160). Parents signed the informed consent in order to
participate in the study.

2.2. Diet Assessment

The parents completed the food frequency questionnaire (FFQ) about their children’s diet and
were also instructed to report all beverage and supplement consumption. The instrument was a
semi-quantitative food questionnaire that was comprised of 136 food items, and is validated in
Spain [28]. Specifically, the parents were instructed to record estimated portion sizes for each item
ingested according to a previously validated [29] visual guide to improve the accuracy of their estimates.
Consumptions were assessed by crossing the frequency and the portion size for each food. All food
records were analyzed using Nutrition Data Systems-Research free software (DIAL®). Nutrient
intake was averaged across the three days and normalized to intake per 1000 kcal, to generate the
measures used in subsequent analyses. Energy and nutrient intake was calculated from the Spanish
food composition tables [30,31].

2.3. Estimation of Omega-3 LC-PUFA Intake from Fish and Nuts

Parents self-reported fish and nuts consumption in their children. Fish was defined as “any kind
of fish, including fish sticks and canned tuna fish, shellfish, crustaceans and mollusks.” Participants
reported: (a) how often they consumed fish (“did not eat,” “once–three times a month,” “about once a
week,” “twice–four times a week,” “five–six times a week,” “once a day,” “twice–three time a day”);
and (b) the type of fish they typically consumed.

The items of the three-day semi-quantitative food questionnaire [30] related to fish and seafood
consumption and their omega-3 LC-PUFA contents (g/100 g of food item, as the sum of EPA +
DHA) were: (a) lean fish: young hake, hake, sea bream, grouper, and sole (0.62); (b) fatty fish:
salmon, mackerel, tuna, Atlantic bonito, and sardine (1.87); (c) cod (0.70); (d) smoked and salted fish:
salmon and herring (4.44); (e) shellfish: mussel, oyster, and clam (2.20); (f) seafood: shrimp, prawn,
and crayfish (0.90), and (g) mollusks: octopus, cuttlefish, and squid (0.71). Omega-3 LC-PUFA intake
was calculated as frequency× (EPA +DHA) content for each food item (fish, seafood). We also included
common foods in Spanish diets containing high amounts of omega-3 LC-PUFA such as dry fruit nuts:
walnuts, hazelnuts, and almonds (6.33) [28,32]. We estimated the intake of EPA + DHA because these
fatty acids are administered as nutritional supplements in clinical settings for children/adolescents
with ADHD. In addition, we asked the parents about the frequency of consumption of omega-3
LC-PUFA supplements or omega-3 fatty acid-enriched milks. The intake of omega-3 LC-PUFA and
fish consumption were adjusted for total energy intake using the residuals method proposed by
Willett et al. [33].

2.4. Statistical Analysis

In the univariate analysis, variables were represented as absolute frequencies and percentages for
categorical variables, and as the mean ± standard deviation (SD) for continuous (quantitative) variables.
In the bivariate analysis, we first checked for normal or non-normal data distribution for quantitative
variables using the Shapiro–Wilk (n < 50) or Kolmogorov–Smirnoff (n ≥ 50) tests. As a result of
non-normal data distribution, we used nonparametric tests, e.g., the Mann–Whitney U-test (when
comparing quantitative variables between two groups) or the Kruskal–Wallis test (when comparing
quantitative variables among three or more groups). Correlation analysis between quantitative
variables was performed with the nonparametric Spearman test. In order to control the effect of
intervening variables, partial correlations were performed. Differences between categorical variables
were evaluated with the chi-squared test. In the case of food frequencies, we applied the z-test for
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differences between proportions to determine which of the five to seven categories differed between
the control and ADHD groups. To quantify the effect size for two groups comparison we calculated
Cohen’s d. Statistical significance was considered to be p < 0.05. The SPSS version 24.0 statistical
package (SPSS, Inc., Chicago, IL, USA) was used throughout.

3. Results

3.1. Description of the Sample

The characteristics of the study sample are shown in Table 1. Since ADHD shows a clear male
predominance over females of about 3:1 to 4:1 in community-based samples of young individuals [1,2,34],
we attempted to mimic the difference in sex distribution in our study: females in the ADHD group
represented 25.0%, versus 28.7% in the control group. There were no significant differences between the
groups regarding sex distribution (p = 0.64) or mean age (p = 0.86). Regarding the weight distribution
of the subjects, 18.5% (n = 25) of the sample had low weight (percentile < 5), 36.3% (n = 49) showed
normal weight (percentile 5–84), 23.7% (n = 32) were overweight (percentile 85–94), and 21.5% (n = 29)
were obese (≥95 percentile). Significant differences in weight distribution were observed between the
control and ADHD groups (p < 0.0001). In relation to BMI, low weight was significantly more prevalent
in the control group compared to the ADHD group (p < 0.0001), while obesity was significantly more
frequent in the ADHD group compared to the control group (p < 0.001) (Table 1).

Table 1. Characteristics of the study sample.

Variable Control ADHD p-Value

Age 10.00 ± 0.27
(range 4–13)

9.54 ± 0.31
(5–14)

p = 0.86
(Mann–Whitney test)

Sex Female n = 25
Male n = 62

Female n = 12
Male n = 36

p = 0.64
(Chi-squared test)

BMI 18.69 ± 0.39
(range 10.65–30.44)

20.89 ± 0.44
(range 15.50–28.31)

p = 0.04
(Mann–Whitney test)

Low weight 26.4% 4.2% p < 0.001
(Chi-squared test)

Normal weight 36.8% 35.4%
Over weight 25.3% 20.8%

Obesity 11.5% 39.6%

Social class
Higher: 26.4% Higher: 31.3% p = 0.88

(Chi-squared test)
Medium: 55.2% Medium: 52.1%

Lower: 18.4 Lower: 16.6%

Employment situation

Father
Employed: 97.7%

Unemployed: 2.3%

Father
Employed: 95.8%

Unemployed: 4.2%

p = 0.95
(Chi-squared test)

Mother
Employed: 50.6%

Unemployed: 16.1%
Homemaker: 33.3%

Mother
Employed: 58.3%

Unemployed: 10.4%
Homemaker: 31.3%

p = 0.78
(Chi-squared test)

Educational level

Father
Primary school: 23.0%
Secondary school: 54%

University: 23.0%

Father
Primary school: 20.8%
Secondary school: 54.2

University: 25.0%

p = 0.89
(Chi-squared test)

Mother
Primary school: 17.2%

Secondary school: 56.4%
University: 26.4%

Mother
Primary school: 12.5%

Secondary school: 56.2%
University: 31.3%

p = 0.84
(Chi-squared test)

No significant differences in the socio-economic variables were observed between parents in the ADHD and control
group such as social class, employment situation, and educational level (Table 1).

7



Brain Sci. 2019, 9, 120

3.2. Energy Intake and Frequency of Seafood Consumption

The reported average energy intake was approximately 1705 kcal. Of this amount, 51%
corresponded to carbohydrates, 34% to fat, and 15% to protein. Fish intake was significantly lower in
children/adolescents with ADHD than among the controls for all types of fish and seafood, except
codfish. Significant differences were recorded in relation to lean fish (including young hake, hake,
blackspot sea bream, goliath grouper, and common sole) (p < 0.001) (Figure 1A); the z-scores analysis
showed significant differences for the intake categories “once a week” (z-score = 3.05; p < 0.01, higher
in the control group), “twice–four times a week” (z-score = 2.15; p < 0.05, higher in the control group)
and “five–six times a week” (z-score = −4.14; p < 0.001, higher in the ADHD group). Significant
differences were also observed in the case of fatty fish (salmon, mackerel, tuna, bonito, sardine)
(p < 0.001; chi-squared test) (Figure 1B); the z-scores analysis showed significant differences for the
intake categories “did not eat” (z-score = −3.77; p < 0.001, higher in the ADHD group), “once–three
times a month” (z-score = −3.54; p < 0.001, higher in the ADHD group), “once a week” (z-score = 2.55;
p < 0.01, higher in the control group), and “twice–four times a week” (z-score = 4.39; p < 0.001, higher
in the control group).

Figure 1. Frequency of intake of lean and fatty fish (Supplementary Tables S1 and S2 for raw).

Significant differences were recorded in the intake of smoked fish (including smoked and salted
fish such as salmon and herring) (p < 0.001; chi-squared test); the z-scores analysis showed significant
differences for the intake category “once a week” (z-score = 2.17; p < 0.05, higher in the control
group). The same applied to the intake of shellfish (including mussel, oyster, and clam) (p < 0.05);
the z-scores analysis showed significant differences for the intake category “twice–four times a week”
(z-score = 2.02; p < 0.05, higher in the control group). Likewise, significant differences were observed
in the intake of mollusks (including octopus, common cuttlefish, and squid) (p < 0.001); the z-scores
analysis showed significant differences for the intake category “once a week” (z-score = 2.82; p < 0.01,
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higher in the control group). Lastly, significant differences were recorded in the intake of crustaceans
(including shrimps, prawn, and crayfish) (p < 0.01; chi-squared test); the z-scores analysis showed
significant differences for the intake categories “once a week” (z-score = 2.02; p < 0.05, higher in the
control group) and “five–six times a week” (z-score = −2.11; p < 0.05, higher in the ADHD group).
In contrast, the intake of codfish was not significantly different between the two groups (p = 0.23).

There were no significant differences in relation to the consumption of nuts (referred to those
containing higher amounts of omega-3 LC-PUFA, such as walnuts and almonds) (p = 0.07), omega-3
LC-PUFA supplements (p = 0.26), or omega-3 fatty acid-enriched milk (p = 0.14). The intake of omega-3
fatty acids from nuts were not included in the calculation of daily EPA + DHA intake, since these foods
contain other omega-3 LC-PUFA different from DHA and EPA, and because no significant differences
in the intake of dry fruits were observed between the ADHD and control groups.

Significant differences in food intake were observed between females and males in relation to
fatty fish and shellfish (being higher in males compared to females, p < 0.05), and eggs (again being
higher in males compared to females, p < 0.01), but not to other foods (p > 0.05).

3.3. Estimation of Omega-3 LC-PUFA (EPA + DHA) Intake

The estimated ingestion of omega-3 LC-PUFA (EPA +DHA) in the diet was 109.87 ± 80.27 mg/day
for the control group and 78.42 ± 56.64 mg/day for the children with ADHD (p < 0.01, effect size
Cohen’s d = 0.45) (Figure 2). The analysis of the mean intake per day of omega-3 LC-PUFA for each
type of fish and seafood is shown in Table 2. There is a significant effects in omega-3 LC-PUFA between
the two groups for lean fish (p < 0.05), fatty fish (p < 0.01), mollusks (p < 0.05), and other types of fish
and seafood less frequently consumed (p < 0.05).

Figure 2. Estimated daily EPA + DHA intake from seafood. Comparison of EPA + DHA intake in the
control and ADHD groups. Significant difference reported with an asterisk *, p < 0.05.

Table 2. Estimation of Omega-3 LC-PUFA intake form different type of fish and seafood.

Group
Lean Fish
(mg/day)

Fatty Fish
(mg/day)

Mollusks
(mg/day)

Crustaceans
(mg/day)

Other Types
(mg/day)

Control 45.56 ± 19.81 40,63 ± 33.6 18.28 ± 18.20 3.21 ± 6.22 2.20 ± 5.11
ADHD 38.51 ± 19.22 * 26.42 ± 20.30 ** 10.21 ± 15.4 * 3.0 ± 6.43 0.29 ± 2.62 *

*, p < 0.05; **, p < 0.01 compared to the control group. On considering the daily intake related to weight category, a
significant difference was seen to persist between the control and ADHD groups (p < 0.01).

There was a significant correlation between the mean daily intake of EPA+DHA and the frequency
of intake of fatty fish (rho = 0.18, p < 0.05) and crustaceans (rho = 0.17, p < 0.05). No significant
differences were observed in the estimated daily amounts of omega-3 LC-PUFA (EPA + DHA) between
sexes (p = 0.17) or among children in the different weight categories (p = 0.57).

In contrast, a significant and direct correlation was observed between the intake of omega-3
LC-PUFA and of the age of the children (rho = 0.21, p < 0.05; Spearman test). The correlation between
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mean daily omega-3 LC-PUFA intake and age no longer proved significant (p > 0.05, partial correlation)
after controlling for the intervening variables, e.g., group, sex, and weight categories, suggesting that
these contribute significantly to the association between omega-3 LC-PUFA intake and age.

4. Discussion

Nowadays, several studies showing that food is not only useful for providing energy for bodily
functions [35], but it can also prevent or moderate several diseases and a proper diet can improve
both physical and mental health [4,5,25,36–38]. Omega-3 LC-PUFA supplementation has been shown
to produce beneficial effects in children with ADHD, as summarized by two recent meta-analyses,
although some conflicting results have been also reported [12–15]. To our knowledge, no studies
have explored whether the intake of the omega-3 LC-PUFA EPA and DHA (expressed as mg/day)
through the diet is adequate in children with ADHD. The European Food Safety Authority (EFSA)
recommends an average EPA + DHA intake of 250 mg/day in the pediatric population [21]. The Food
and Agriculture Organization (FAO)/World Health Organization (WHO) [39] recommends an intake of
EPA + DHA about 100–200 mg/day for children aged 2–6 years and 200–250 mg/day from age 6 years
onwards. Our study shows worrying results in the form of a low intake of EPA + DHA in both the
control group and the ADHD group compared to the amount recommended by the public health
organizations (50%–60% reduction with respect to the recommended daily dose) [21,39–41]. Similar
findings have also emerged from a recent French population-based study in children (3–10 years) and
adolescents (11–17 years) [42]. The mean daily intake of EPA + DHA correlated significantly to age,
though on correcting for BMI, which also increases with age, we still observed a low intake of these
essential molecules. Interestingly, a lower intake of omega-3 LC-PUFA has also been recently reported
in children with autism spectrum disorder [43] suggesting it may be a general nutritional problem
affecting the pediatric population rather than a problem conditioned by some specific neuropsychiatric
disorder. However, it must be pointed out that the consequences of an omega-3 LC-PUFA (EPA +DHA)
deficient diet may have even worse deleterious effects in children with neurodevelopmental disorders,
taking into account that omega-3 LC-PUFA supplementation has been shown to afford beneficial effects
when added to the pharmacological treatment of ADHD [13–15,38,40]. The analysis and the evolution
of ADHD symptoms in children with low versus normal omega-3 LC-PUFA intake deserves future
investigations in order to assess its role in ADHD symptomatology. Besides omega-3 LC-PUFA, reduced
fish intake could lead to other nutrients deficiencies, such as phospholipids, the neuromodulator amino
acid taurine, high-quality source of protein, and beneficial marine carotenoids such as astaxanthin [44],
which have been demonstrated to possess anti-oxidant properties and anti-inflammatory effects [44–48],
and regular fish intake reduces hyperlipidemia [49], which in turn can improve brain function [50].

Another emerging nutritional concern in our study was the high prevalence of obesity in children
with ADHD (40% of the sample compared to 12% of the control group). This finding agrees with those
of a recent meta-analysis concluding that the prevalence of obesity in ADHD is 40% higher than in the
general population [51,52]. The causes of being overweight and child obesity are multifactorial (diet,
sedentary lifestyle, socioeconomic status, disease conditions, neurodevelopmental disorders, etc.),
but the core symptoms of children with ADHD might contribute to such increased rates [43,51,52].
Among these factors, ADHD symptoms, such as inattention or impulsivity, can increase the risk of
obesity by increasing and dysregulating the food intake pattern in several ways (excessive eating,
binge eating, unhealthy food choices, etc.) [51]. Attention deficit disorder may be associated with not
remembering whether eating has been done or with a lack of satiation feeling [51,52]. Given the lack of
planning and self-regulation skills, the patient can lose control over food and reduce the time spent
doing physical exercise [40]. Also, impulsivity may contribute to excessive food intake in ADHD, even
in the form of binge eating. This anomalous eating pattern could produce a net increase in adipose
tissue, which affects the severity of ADHD and vice versa. Bowling et al. [43] concluded that more
ADHD symptoms predict higher fat mass at later ages, which further confirms that more symptoms of
impulsivity may contribute to being overweight. Longitudinal studies have explored the direction
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of the link between ADHD and obesity. Some studies suggested that ADHD precedes, and likely
contributes to, subsequent overweightness and obesity [51,52]; however, the reverse pattern has also
been demonstrated in preschool children [53]. One of the proposed pathophysiological mechanism by
which being overweight may contribute to ADHD relates to sleep-disordered breathing [54], leading to
an excessive daytime sleepiness, which in turn may promote inattention via hypoxemia, which in turn
contributes to altered prefrontal functioning [52,54]. Finally, a common genetic mechanism between
ADHD and obesity has been also proposed [55]. Although the mechanism underlying the association
is still unknown, preliminary evidence suggests the role of the dopaminergic reward system [56] or
melanocortin system [57]. It is indeed possible that bidirectional pathways are likely involved.

Our study has a number of limitations. First, the cross-sectional observational design involved
limits regarding inferences about causality between insufficient intake of omega-3 LC-PUFA and the
worsening of ADHD symptoms. Second, there were a number of issues related to the completion of
records. Data referred to intake may contain errors due to inaccuracies in recorded quantities and they
are based on parents’ reports rather than children’s. However, we are confident that the self-reported
information provided by parents about the nutritional assessment of their children was adequate
because they showed interest in the study and they received training and support in filling out the
food records. Furthermore, the attrition rate was low. We, therefore, think that the study has a good
internal validity. A third limitation is the fact that we did not measure the intake of omega-3 LC-PUFA
coming from other sources. Nevertheless, we are confident about the main role of fish and seafood as
the principal source of EPA + DHA in the Spanish diet [36,39].

In our sample of children with ADHD and controls (age- and sex-matched with the ADHD
subjects), there were considerably more boys than girls (reflecting the characteristic sex ratio observed
in ADHD [1,2]), which can rule out a proper analysis for the effects of sex. Both the controls and the
ADHD children were recruited not only from the same age group but also from the same geographical
region, and had a similar socioeconomic status. Data were collected over the same time period (winter),
and this homogeneity reduced potential sources of bias.

Despite these limitations, our study underscores the need for greater attention to the education
of parents and children regarding healthy dietary habits in Spain, and as such, education is the most
promising and practical complementary management strategy in ADHD. Given that fish consumption
is the main source of dietary omega-3 LC-PUFA [58], interventions promoting fish consumption in a
balanced diet, as well as other positive eating behaviors, are strongly warranted in the future.

5. Conclusions

The intake of seafood in particular fish, is reduced in children with ADHD compared to typically
developing children and this may contribute to reduced intake of some omega-3 LC-PUFA such as
EPA and DHA, essential nutrients for a proper brain development and function. Further research is
required to clarify associations between ADHD symptomatology, eating patterns and health status.
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Abstract: The present study aimed to examine the effect of transpulmonary administration of
caffeine on working memory and related brain functions by electroencephalography measurement.
The participants performed working memory tasks before and after vaporizer-assisted aspiration
with inhalation of caffeinated- and non-caffeinated liquids in the caffeine and sham conditions,
respectively. Transpulmonary administration of caffeine tended to increase the rate of correct
answers. Moreover, our findings suggest that transpulmonary administration of caffeine increases
the theta-band activity in the right prefrontal, central, and temporal areas during the task assigned
post-aspiration. Our results may indicate an efficient and fast means of eliciting the stimulatory
effects of transpulmonary administration of caffeine.

Keywords: caffeine; transpulmonary administration; working memory; electroencephalography;
prefrontal cortex

1. Introduction

In recent years, vaporizers have been widely used to gain exhilaration and improve cognitive
function. The vaporizer is a device that atomizes liquid by the heat generated from the heating element
and performs transpulmonary aspiration of caffeine and herbs, besides nicotine. Oral consumption
of caffeine has been reported to improve vigilance [1,2], attention [3,4], memory function [5], and
mood [6]. On the contrary, little is known about the effects of transpulmonary administration of caffeine
on cognitive function. When administered orally, the peak blood level of caffeine is achieved in 30 to
120 min [7], whereas transpulmonary administration achieves the same in a few seconds [8]. Moreover,
caffeine is known to pass through the brain-blood barrier [9]. Based on these facts, transpulmonary
administration of caffeine can be expected to have an immediate effect in improving cognitive and
related brain functions.

The purpose of this study was to investigate the effects of transpulmonary administration of
caffeine on cognitive and related brain functions. We performed electroencephalography (EEG)
measurements of participants performing a working memory task before and after the transpulmonary
administration of caffeine. We analyzed brain activity in the theta band [10], which is suggested to be
related to working memory functions.

2. Materials and Methods

2.1. Participants

Nine healthy male participants (mean age ± standard deviation: 22.8 ± 1.4 years) with normal or
corrected-to-normal vision participated in the experiments. None of them had a history of neurological
or psychiatric illness. All participants reported being low caffeine consumers (mean consumption
= 75 mg/day), and non-smokers. All participants were right-handed, as determined by the Flinders
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handedness survey (FLANDERS) [11]. This study used a within-subject design to reduce error variance
in the physiological measures and has sufficient statistical power to answer the research questions.
The study protocol was approved by the Ethics Committee of the Graduate School of Engineering,
the University of Tokyo. All participants provided written informed consent prior to their participation
in this study.

2.2. Stimuli

We used a commercially available vaporizer, caffeinated liquid (caffeine 1%) for test,
and non-caffeinated liquid for the sham condition. Both liquids were transparent and indistinguishable
by appearance. Moreover, none of the liquids contained nicotine.

2.3. Experimental Task

The letter 3-back working memory tasks [12] were administered as neurobehavioral probes
during EEG measurement. The sequences of the uppercase letters were centrally presented with a
stimulus duration of 1000 ms and an interstimulus interval of 1000 ms against a black background
using Presentation (Neurobehavioral Systems, Inc., Berkeley, CA, USA). Participants were required to
press a button with their right finger immediately if the letter currently presented were the same as the
previous three times (Figure 1).

Figure 1. Experimental design of the letter 3-back working memory task.

2.4. Procedures

All participants underwent both caffeine and sham conditions at the same time on two separate
days, with an interval of one or more days between the experimental days. The condition order was
counterbalanced across participants.

The experiment took place in a shielded room with the participants seated in a comfortable chair,
about 90 centimeters from a 29.8” type display MultiSync LCD-PA302W (NEC Corp, Tokyo, Japan;
effective display area of 641 × 401 mm2). The participants were instructed to relax, prevent excessive
body or head movements, and to fix their gaze on the middle of the monitor. After explaining the
experiment, it was conducted in the following order while with the participants seated on a chair:

(1) Pre-aspiration task: The participants performed the letter 3-back working memory task for
4 min (120 trials).

(2) The participant performed vaporizer aspiration for 2 min.
(3) Post-aspiration task: The participant performed the letter 3-back working memory task for

4 min (120 trials).
The vaporizer aspiration was performed in eight sets with the following steps constituting a set:
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(1) Suck steam for 2 s.
(2) Inhale deeply steam for 3 s.
(3) Exhale from his mouth for 6 s.
(4) Rest for 6 s.
The timings of these steps were indicated on the display. The caffeine content in the aspirated

vapor in the caffeine condition was about 0.15 mg. Under either of the conditions (caffeine and sham),
the participants were required to rate their subjective evaluation concerning the degree of preference
and intensity of aroma on a 4-point scale immediately after vaporizer aspiration.

2.5. EEG Recording and Analysis

EEG signals were continuously recorded using the EEG-1200 (Nihon Kohden Corp., Tokyo, Japan)
at a sampling rate of 1000 Hz. Nineteen electrodes were positioned according to the international
10−20 system for electrode placement (at the Fp1, Fp2, Fz, F3, F4, F7, F8, Cz, C3, C4, T3, T4, Pz, P3, P4,
T5, T6, O1, and O2 sites; Figure 2) [13], using the average of both earlobes as reference, with a time
constant of 10 s.

Figure 2. Electroencephalograph electrode positions (Electrode sites of the 10–20 system).

The continuous EEG data were segmented into 4-minute epochs, separately for the pre- and
post-aspiration letter 3-back working memory task. The EEG data were exported to EEGLAB14.2b
(MATLAB toolbox) [14] for spectral analysis, and were high-pass filtered at 1 Hz using a finite impulse
response filter. Electrooculographic artifacts due to blinks or eye movements and electromyographic
artifacts were removed using the Automatic Subspace Reconstruction method implemented in the
‘clean_rawdata’ plugin of EEGLAB [15]. To estimate the average power of the theta band (5–7 Hz),
data were processed using the time-frequency algorithm in EEGLAB.

3. Results and Discussion

In order to compare the participants’ impressions of the aroma of the vapors in the caffeine and
sham conditions, the subjective preference and intensity for aroma were scored (Figures 3 and 4).
The paired t-test was performed with the score as the independent variable. There were no significant
differences between scores in either of the conditions. We observed that the participants did not feel
any difference in the aroma of the vapors under caffeine and sham conditions.
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Figure 3. Preference score for the aroma of vapors (N = 9).

 
Figure 4. Intensity score for the aroma of vapors (N = 9).

In order to compare the behavioral indices in the caffeine and sham conditions, the correct answer
rate and the response time in the letter 3-back working memory task were calculated (Figures 5 and 6).
In the caffeine condition, the correct answer rate increased post-aspiration, compared to pre-aspiration.
Even under the sham condition, the correct answer rate increased post-aspiration; however, this increase
was lesser than that under the caffeine condition. There was no difference in the reaction time pre- and
post-aspiration under both conditions. In a two-way repeated measures analysis of variance (ANOVA)
using treatment (caffeine and sham) and time (pre- and post-aspiration) as the dependent variables,
no significant differences were found in the correct answer rate and reaction time.

Figure 5. Percentage of correct answer in the letter 3-back working memory task (N = 9).
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Figure 6. Response time of the letter 3-back working memory task (N = 9).

The brain activity in the theta band was calculated for a 4-minute epoch, separately for the pre-
and post-aspiration letter 3-back working memory task. A two-way repeated measures ANOVA was
performed with treatment (caffeine and sham) and time (pre- and post-aspiration) as the dependent
variables, and the log-transformed (10 × log10 (μV2)) theta band power (5−7 Hz) as the independent
variable. We observed significant interactions for F8, F4, C4, and T4 (p < 0.05) (Table 1, Figure 7).
Theta-band power differences between post- and pre-aspiration during the letter 3-back working
memory task in the caffeine and sham conditions were calculated. The averages of all nine participants
in the experiment are presented in Table 1.

Table 1. Theta-band power differences between post- and pre-aspiration during the letter 3-back
working memory task in the caffeine and sham conditions (N = 9).

Treatment Condition

Caffeine Sham

ΔPower (Post–Pre) ΔPower (Post–Pre)

EEG Location Mean SE Mean SE

F8 0.314 0.225 −0.420 0.231
F4 0.164 0.168 −0.416 0.248
C4 0.173 0.171 −0.335 0.189
T4 0.290 0.199 −0.318 0.239

Figure 7. Theta activation at F8 during the letter 3-back working memory task (N = 9).
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Activity of the right prefrontal cortex (F8 and F4), right central region (C4), and the right temporal
region (T4) were enhanced after the aspiration of vapors in the caffeine condition as compared with
the sham condition. These results are consistent with previously reported findings, which suggested
that the activation of the right frontal area increased during the working memory task after oral
administration of caffeine [16,17]. The neuroexcitatory action of caffeine, a non-selective adenosine
A1 and A2 receptor antagonist, modulates the activity of the dopamine-rich brain regions of the
right hemisphere that are involved in executive and attentional functions required for working
memory function [16]. In the previous study, the participants performed the working memory task
20−30 min after oral administration of caffeine, whereas, in this study, the participants performed the
task immediately after transpulmonary aspiration of caffeinated vapors. Our findings indicate that
transpulmonary administration of caffeine has an immediate effect on the right prefrontal, central,
and temporal areas associated with working memory.

With regard to the sham condition, the theta-band activities demonstrated greater deactivation in
the post-aspiration task. Previous research has shown the relationship between the sustained effort
to focus attention and theta-band activity under working memory load [18]. In the sham condition,
it is possible that sustained effort decreased and the theta-band activity decreased with time. On the
contrary, the increase in the brain activity for the theta band in the caffeine condition may indicate that
caffeine contributes to sustain execution and attention.

In the caffeine condition, the post-aspiration correct answer rate increased more than that of
the pre-aspiration. This increase was greater than that observed in the sham condition. However
no significant differences were found in the behavioral response. This behavioral effect could be
due to the low content of caffeine used in this study rather than the previous study [1–6]. However,
as in this study, previous studies of brain function show significant changes in brain activity even
without corresponding changes in overt behavior [16,19,20]. The effects of transpulmonary aspiration
of caffeine on other brain activity related to resting state, vigilance, attention, and mood are not still
clear and need further research.

4. Conclusions

The objective of this study was to investigate the effect of the transpulmonary administration
of caffeine on working memory and related brain functions by EEG measurement. The participants
performed the letter 3-back working memory tasks before and after vaporizer-assisted aspiration
of caffeinated or sham liquid. The transpulmonary administration of caffeine tended to increase
the rate of correct answers. Moreover, transpulmonary administration of caffeine was observed to
immediately increase the theta-band activity in the right prefrontal, central, and temporal areas during
task performance. These results may indicate an efficient and fast means of eliciting the stimulatory
effects of transpulmonary administration of caffeine.
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Abstract: The objective of the present review was to evaluate whether exercise can counteract
a potential high-fat diet-induced memory impairment effect. The evaluated databases included:
Google Scholar, Sports Discus, Embase/PubMed, Web of Science, and PsychInfo. Studies were
included if: (1) an experimental/intervention study was conducted, (2) the experiment/intervention
included both a high-fat diet and exercise group, and evaluated whether exercise could counteract
the negative effects of a high-fat diet on memory, and (3) evaluated memory function (any type) as
the outcome measure. In total, 17 articles met the inclusionary criteria. All 17 studies (conducted in
rodents) demonstrated that the high-fat diet protocol impaired memory function and all 17 studies
demonstrated a counteracting effect with chronic exercise engagement. Mechanisms of these robust
effects are discussed herein.

Keywords: cytokines; hippocampal neurogenesis; inflammation; insulin resistance; obesity

1. Introduction

Unlike traditional advice that promotes a low-fat diet [1], recently, high-fat diets (HFDs) are
gaining popularity among athletes [2] and the general population [3]. However, HFDs have been
shown to impair episodic memory function [4,5]. In humans, episodic memory function refers to
the retrospective recall of information from a spatial-temporal context [6]. That is, episodic memory,
a contextual-based memory, involves what, where, and when aspects of a memory [7]. In rodents,
however, episodic memory is primarily evaluated from a spatial memory task, such as the Morris
water maze task or a T-maze task.

As discussed elsewhere [8], a cellular correlate of episodic memory is long-term potentiation
(LTP), a form of activity-dependent plasticity that results in enhancement of synaptic transmission [9].
The complementary process of LTP is long-term depression (LTD), in which the efficacy of synaptic
transmission is reduced [10]. It is thought that LTP and LTD play an important role in memory as
LTP- and LTD-like changes in synaptic strength occur as memories are formed at various sets of brain
synapses [11–13]. The adverse episodic memory effects from an HFD may, in part, occur through
alterations in processes that influence synaptic transmission and production of plasticity-related
proteins [14–16]. For example, research demonstrates that a chronic HFD impairs hippocampal
dendritic spine density [17], induces astrocyte alterations [18], reduces expression of the NR2B
subunit of NMDA receptors [19], decreases CREB expression [20], and reduces hippocampal BDNF
production [21].
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Of central interest to this review is whether exercise can counteract HFD-induced memory
impairment. Such an effect is plausible for several reasons. We speculate that this counteracting
effect may occur from exercise activating some of the neurophysiological pathways that are involved
in episodic memory function (e.g., BDNF). Further, we speculate that exercise may counteract
HFD-induced memory impairment by, not only activating these pathways, but by also inhibiting
the downregulation of these pathways induced by HFD. First, chronic exercise has been shown to
enhance episodic memory function [22] and LTP [23]. Chronic exercise may subserve episodic memory
function via inducing neurogenesis [23,24] and altering LTP-related receptor (e.g., NMDA) structure
and function [25,26].

Couched within the above, HFD may impair episodic memory and exercise has been shown to
enhance episodic memory function. Further, exercise has been shown to regulate processes (e.g., LTP)
that are impaired with HFD. Thus, the specific research question of this systematic review was to
evaluate the extant literature to determine whether exercise can counteract a potential HFD-induced
memory impairment effect.

2. Methods

2.1. Computerized Searches

The evaluated databases included: Google Scholar, Sports Discus, Embase/PubMed, Web of
Science, and PsychInfo [27]. Articles were retrieved from inception to 22 April 2019. The search terms,
including their combinations, were: exercise, physical activity, diet, high-fat, memory, cognition, and
cognitive function.

2.2. Study Selection

The computerized searches were performed separately by two authors and comparisons were
made to render the number of eligible studies. Consensus was reached from these separate reviews.
After conducting the searches, the article titles and abstracts were evaluated to identify applicable
articles. Articles meeting the inclusionary criteria were retrieved and evaluated at the full text level.

2.3. Inclusionary Criteria

Studies were included if: (1) an experimental/intervention study was conducted, (2) the
experiment/intervention included both an HFD and exercise group, and evaluated whether exercise
could counteract the negative effects of an HFD on memory, and (3) evaluated memory function (any
type) as the outcome measure.

2.4. Data Extraction of Included Studies

Detailed information from each of the included studies were extracted, including the following
information: author, subject characteristics, exercise protocol, diet protocol, temporal assessment of
the exercise and diet protocols, memory assessment, whether the diet protocol impaired memory,
whether exercise counteracted the diet-induced memory impairment, and evaluated mechanisms of
this attenuation effect.

3. Results

3.1. Retrieved Articles

The computerized searches identified 448 articles. Among the 448 articles, 430 were excluded and
18 full text articles were reviewed. Among these 18 articles, 1 was ineligible as it did not meet our
study criteria. Thus, in total, 17 articles met the inclusionary criteria and were evaluated herein.
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3.2. Article Synthesis

Details on the study characteristics are displayed in Table 1 (extraction table). As shown in Table 1,
all studies employed an exercise and diet paradigm in an animal model. The daily exercise protocol
ranged from 6 weeks to 23 weeks. Similarly, the diet protocol ranged from 6 weeks to 23 weeks, with
the majority of studies implementing an ad libitum diet consisting of 60% fat, 20% carbohydrate, and
20% protein. Across the 17 studies, there was variability on the temporal assessment of the exercise
and diet protocols, consisting of either having both protocols occur concurrently or exercise occurring
after the high-fat diet (treatment paradigm). Among the 17 studies, 10 implemented a concurrent
model, whereas 7 implemented a treatment paradigm. Regarding the memory outcome, the majority
of studies utilized a Morris water maze task, with others employing an avoidance task (e.g., passive or
step-down) or a maze task (e.g., y-maze task, radial maze task, evaluated plus maze task).

Regarding the effects of HFD on memory, all 17 studies demonstrated that the HFD protocol
impaired memory function. Notably, in one study, this impairment effect only occurred among a
subgroup of animals (adolescent mice) [28]. Similarly, all 17 studies demonstrated that chronic exercise
engagement counteracted HFD-induced memory impairment. Notably, however, one study showed
that this attenuation effect only occurred if the chronic exercise protocol occurred during the majority
of the HFD period [29].
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4. Discussion

The present review examines whether exercise can counteract HFD-induced memory impairment.
Main findings from the present review are twofold: (1) chronic HFD robustly impairs memory function,
and (2) chronic exercise engagement, occurring either concurrently or after the diet protocol, robustly
counteracted HFD-induced memory impairment. This latter finding occurred among studies that
employed various exercise protocols, such as voluntary access to a running wheel or forced exercise on
a treadmill. Similarly, across these studies, the exercise protocol varied from 6 to 23 weeks. Further,
various spatial-related memory tasks were employed across the evaluated studies. Despite these
variations in the exercise protocols and memory tasks, exercise robustly counteracted HFD-induced
memory impairment.

A mechanism through which exercise may counteract HFD-induce memory impairment is likely
through alterations in processes related to synaptic transmission and production of plasticity-related
proteins. As thoroughly addressed elsewhere [43–48], LTP involves several phases, including early-LTP
(E-LTP) and late-LTP (L-LTP) [47]. In brief, E-LTP, a protein synthesis-independent process, involves the
activation of several kinases (e.g., PKA, CaMKII), which play a critical role in phosphorylating proteins
and receptors (e.g., AMPA, NDMA), eventually potentiating synaptic transmission [47]. Endocytosis
of such receptors, via, for example, phosphatase activity, may induce LTD [10]. In contrast to E-LTP,
L-LTP, a protein synthesis-dependent process, involves gene expression and local protein synthesis via,
for example, the TrkB receptor [47]. The following paragraphs link some of these processes to episodic
memory function, how HFD impairs these processes, and how exercise influences these processes.

As noted in Table 1 and as shown in Figure 1, potential mechanisms of this exercise-related
counteraction effect of HFD-induced memory impairment are multifold. Such effects may include
exercise-induced alterations in some of the above-mentioned pathways. For example, activation of the
BDNF receptor, TrkB, plays an important role in spatial memory [49]. Specifically, BDNF appears to
play a critical role in the consolidation of memories, as previous work demonstrates that continuous
intracerebroventricular infusion of antisense BDNF oligonucleotide causes spatial memory deficit [50].
An HFD has been shown to reduce hippocampal BDNF levels and downstream effectors [20], which
may lower the neurochemical substrate of the hippocampus that is needed for optimal neuronal
function. Exercise may counteract this HFD-induced BDNF reduction and memory impairment via its
role in augmenting BDNF levels, via β-hydroxybutyrate alteration [51]. Exercise-induced increases in
β-hydroxybutyrate are thought to inhibit histone deacetylases, ultimately facilitating hippocampal
BDNF expression [51].

In addition to BDNF, synapsin 1, a neuronal phosphoprotein, plays an important role in regulating
neurotransmitter release. A chronic HFD has been shown to lower synapsin 1 levels [20] and reduction
of synapsin 1 leads to spatial memory deficit [52,53]. Exercise has been shown to increase synapsin
1 levels [54], which is likely occurring from exercise-induced increases in BDNF (i.e., BDNF may
promote the phosphorylation of synapsin 1) [55]. BDNF also plays an important role in hippocampal
neurogenesis [56], which may play a causal role in spatial memory. Ablation of adult hippocampal
neurogenesis results in impairment of acquiring spatial reference memory [57]. Neurogenesis plays an
important role in spatial memory and may, for example, occur via pattern separation mechanisms [58].
A chronic HFD may impair neurogenesis through increases in corticosterone [59], with exercise
potentially counteracting this effect via BDNF-mediated hippocampal neurogenesis [60].

In conclusion, this review demonstrated that episodic memory may be impaired with a chronic
HFD, yet this effect may be counteracted by chronic engagement in exercise. Future work should
consider this model in the context of a preventive paradigm. All of the evaluated studies in this review
employed a concurrent or treatment-based model and, thus, it would be worthwhile to evaluate if
a period of exercise prior to an HFD protocol can counteract the detrimental effects of an HFD on
memory function. Furthermore, future work should also consider evaluating other memory systems
(e.g., working memory, episodic memory, procedural memory, prospective memory) to determine
whether the observed associations hold true across different memory systems.
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Figure 1. Schematic illustrating the mechanistic role through which exercise may counteract a high-fat
diet-induced impairment of memory function.
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Abstract: The current review highlights the evidence supporting the use of ketogenic diet therapies
in the management of adult epilepsy, adult malignant glioma and Alzheimer’s disease. An overview
of the scientific literature, both preclinical and clinical, in each area is presented and management
strategies for addressing adverse effects and compliance are discussed.
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1. Introduction

The ketogenic diet (KD) was formally introduced into practice in the 1920s although the origins of
ketogenic medicine may date back to ancient Greece [1]. This high-fat, low-carbohydrate diet induces
ketone body production in the liver through fat metabolism with the goal of mimicking a starvation
state without depriving the body of necessary calories to sustain growth and development [2,3].
The ketone bodies acetoacetate and β-hydroxybutyrate then enter the bloodstream and are taken
up by organs including the brain where they are further metabolized in mitochondria to generate
energy for cells within the nervous system. The ketone body acetone, produced by spontaneous
decarboxylation of acetoacetate, is rapidly eliminated through the lungs and urine. The classic KD is
typically composed of a macronutrient ratio of 4:1 (4 g of fat to every 1 g of protein plus carbohydrates
combined), thus shifting the predominant caloric source from carbohydrate to fat. Lower ratios of
3:1, 2:1, or 1:1 (referred to as a modified ketogenic diet) can be used depending on age, individual
tolerability, level of ketosis and protein requirements [4]. To increase flexibility and palatability, more
‘relaxed’ variants have been developed, including the modified Atkins diet (MAD), the low glycemic
index treatment (LGIT) and the ketogenic diet combined with medium chain triglyceride oil (MCT).
Introduced in 2003, the MAD typically employs a net 10–20 g/day carbohydrate limit which is roughly
equivalent to a ratio of 1–2:1 of fat to protein plus carbohydrates [5,6]. The LGIT recommends 40–60 g
daily of carbohydrates with the selection of foods with glycemic indices <50 and ~60% of dietary
energy derived from fat and 20–30% from protein [7]. The primary goal of this diet, primarily used in
children, is not to induce metabolic ketosis and will not be further explored in this review. The MCT
variant KD uses medium-chain fatty acids provided in coconut and/or palm kernel oil as a diet
supplement and allows for greater carbohydrate and protein intake than even a lower-ratio classic
KD [8], which can improve compliance. While there is an extensive literature documenting the use
of KDs for weight loss and epilepsy [9,10], these diets have garnered increased interest as potential
treatments of other diet-sensitive neurological disorders. The aim of the current review is to describe
the evidence, preclinical and clinical, supporting KD use in the management of adult epilepsy, adult
malignant gliomas and Alzheimer’s disease. Several randomized controlled trials support the use of
KDs for the treatment of drug-resistant epilepsy and there is emerging evidence that these diets may
also be effective in treating refractory status epilepticus, malignant glioma and Alzheimer’s disease
in adults.
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2. KDs in the Management of Adult Epilepsy and Refractory Seizures

Despite being first recognized as an effective tool in the treatment of epilepsy in the 1920s [11,12],
interest in diet therapy subsequently waned following the introduction of anti-epileptic drugs (AEDs)
until the 1990s. Studies and clinical trials emerged demonstrating its efficacy in patients with
drug-resistant epilepsy and particular pediatric epilepsy syndromes [11–13]. In the management
of drug-resistant epilepsy (seizures resistant to two or more appropriate AEDs), adult patients have
a less than 5% chance of seizure freedom with additional drugs added and may not be surgical
candidates due to a generalized epilepsy, multifocal nature, or non-resectable seizure focus [14,15].
Seizures that evolve into status epilepticus (prolonged seizure lasting longer than 5 minutes or recurrent
seizures without return to baseline between seizures) despite appropriate first- and second-line AEDs
are classified as refractory status epilepticus (RSE). If status epilepticus continues or recurs 24 h or
more after the initiation of treatment with anesthetic agents to induce burst- or seizure-suppression,
patients are diagnosed with super-refractory status epilepticus (SRSE) [16]. Growing preclinical and
clinical evidence suggests that KDs can offer seizure reduction and seizure freedom in patients with
drug-resistant epilepsy and status epilepticus through a variety of potential mechanisms.

There has been controversy over whether the major ketone bodies produced by the liver
are responsible for the anti-seizure effect of the KD primarily due to the clinical observation that
blood ketone (i.e., β-hydroxybutyrate) levels inconsistently correlate with seizure control amongst
studies [17–21], although findings may relate to diet heterogeneity and methodological differences
between studies. In addition, ketone levels at the neuronal or synaptic level may be a more
accurate reflection of ketone effects on excitability [22] as opposed to systemic concentrations.
As recently reviewed [23], an increasing number of compelling experimental studies highlight
pleiotropic anti-seizure and neuroprotective actions of ketones. Such effects include ketone-induced
changes in neurotransmitter balance and release as well as changes in neural membrane polarity
to dampen the increased neuronal excitability associated with seizures. In rat models of epilepsy,
acetoacetate and β-hydroxybutyrate increased the accumulation of γ-aminobutyric acid (GABA) in
presynaptic vessels [24]. Ketotic rats, moreover, exhibit lower levels of glutamate in neurons but stable
amounts of GABA, suggesting a shift in the total balance of neurotransmitters towards inhibition [25].
Supporting these pre-clinical data, humans maintained on a KD showed increased GABA levels in
the cerebrospinal fluid and in brain using magnetic resonance spectroscopy [26,27]. Ketones can
slow spontaneous neuronal firing in cultured mouse hippocampal neurons by opening adenosine
tri-phosphate (ATP)-sensitive potassium channels [28,29]. Medium chain fatty acids, like decanoic
acid, have also exhibited efficacy in in vitro and in vivo models of seizure activity. Decanoic acid
application blocked seizure-like activity in hippocampal slices treated with pentetrazol and increased
seizure thresholds in animal models of acute seizures using both the 6 Hz stimulation test (a model of
drug-resistant seizures) and the maximal electroshock test (a model of tonic-clonic seizures), potentially
through a mechanism involving selective inhibition of AMPA receptors [30–32].

Moreover, there may also be an additional neuroprotective benefit of ketogenic therapies related
to improved mitochondrial function due to increased energy reserves combined with decreased
production of reactive oxygen species (ROS) [33]. For example, the KD has been shown to stimulate
mitochondrial biogenesis, increase cerebral ATP concentrations, and result in lower ROS production in
animal models [34,35]. Animal models have similarly demonstrated that the KD may influence seizures
associated with the mammalian target of rapamycin (mTOR) pathway, as rats fed a KD showed reduced
insulin levels and reduced phosphorylation of Akt and S6, suggesting decreased mTOR activation
and increased AMP-activated protein kinase signaling [36,37]. Ketone reduction of oxidative stress
may occur via genomic effects, as ketone application in in vitro models inhibits histone deactylases
(HDACs) resulting in increased transcriptional activity of peroxisome proliferator-activated receptor
(PPAR) γ and upregulation of genes including the antioxidants catalase, mitochondrial superoxide
dismutase and metallothionein 2 [38,39]. Lastly, there is emerging evidence that ketone bodies exhibit
protective anti-inflammatory effects [40]. In animal models, KD treatment reduces microglial activation,
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expression of pro-inflammatory cytokines and pain and inflammation after thermal nociception [41–43].
Similar experimental work in non-epilepsy models suggested that ketone body anti-inflammatory
effects may be mediated by hydroxy-carboxylic acid receptor 2 (HCA2) and/or inhibition of the innate
immune sensor NOD-like receptor 3 (NLRP3) inflammasome [23,43,44]. These anti-inflammatory
properties may explain the observed benefit of KD in treating patients with SRSE secondary to
auto-immune and presumed auto-immune encephalitis such as those with new-onset refractory status
epilepticus (NORSE) and febrile infection-related epilepsy syndrome (FIRES) [45].

In contrast to the aforementioned studies highlighting mechanisms mediated largely by ketones,
recent preclinical work suggests the anti-seizure properties bestowed by KDs may instead relate to
modulation of gut microbiota. The KD has been shown to alter the composition of gut microbiota
in mice and ketosis is associated with altered gut microbiota in humans [46–49]. Studies using two
mouse models of epilepsy (6 Hz stimulation test and mice harboring a null mutation in the alpha
subunit of voltage-gated potassium channel Kv1.1) demonstrate that KD induced changes in gut
microbiota, produced by feeding or fecal transplant, are necessary and sufficient to confer seizure
protection. The effect appears to be mediated by select microbial interactions that reduce bacterial
gamma-glutamylation activity, decrease peripheral gamma-glutamylated-amino acids and elevate
bulk hippocampal GABA/glutamate ratios [50]. As rodent studies have shown different taxonomic
shifts in response to KD therapy, the gut microbiota induced by KDs will depend on host genetics
and baseline metabolic profiles [46,50]. Further research is needed to determine effects of the KD on
microbiome profiles in adults with drug-resistant epilepsy and whether particular taxonomic changes
in gut microbiota correlate with seizure severity and response to therapy.

A surge of clinical studies since the turn of the century support KD use in the management of
chronic epilepsy in adults, with most reporting efficacy defined by the proportion of patients achieving
≥50% seizure reduction (defined as responders). A 2011 review pooled data from seven studies
of the classic KD to show that 49% of 206 patients had ≥50% seizure reduction and, of these, 13%
were seizure-free [51]. A 2015 meta-analysis reviewing ketogenic dietary treatments in adults from
12 studies of the classic KD, the MAD and the classic KD in combination with MCT found efficacy
rates of KDs in drug-resistant epilepsy ranged from 13–70% with a combined efficacy rate of 52% for
the classic KD and 34% for the MAD [52]. In the largest observational study of 101 adult patients
naïve to diet therapy who subsequently started the MAD, 39% had ≥50% seizure reduction and 22%
became seizure-free following 3 months of treatment [53]. Based on intention-to-treat (ITT) data from
observational studies to date, the classic KD reduces seizures by ≥50% in 22–70% of patients while the
MAD reduces seizures by ≥50% in 12–67% of patients [52,54,55], with some suggestion that dietary
intervention may be more effective in patients with generalized rather than focal epilepsy [56,57].

Two randomized controlled trials (RCTs) evaluating MAD efficacy in adults with drug-resistant
epilepsy have been reported recently. The first RCT in Iran compared the proportion of patients with
focal or generalized epilepsy achieving ≥50% seizure reduction between 34 patients randomized
to MAD use for 2 months (of whom 22 completed the study) compared to 32 control patients and
found 35.5% (12/34) efficacy in the MAD group (ITT analysis) at 2 months compared to 0% in the
control group [58]. These findings are in line with reports from meta-analyses of observational studies
using MAD in adults [52]. The second RCT in Norway compared the change in seizure frequency
following intervention in patients with drug-resistant (who had tried ≥3 AEDs) focal or multifocal
epilepsy randomized to either 12 weeks of MAD (37 patients, of whom 28 received the intervention
and 24 completed the study) or their habitual diet (38 patients, of whom 34 received the intervention
and 32 completed the study) [59]. While they found no statistically significant difference in seizure
frequency nor in 50% responder rate between the two groups following the intervention, a significant
reduction in seizure frequency in the diet group compared to controls was observed among patients
who completed the study but only for moderate benefit (25–50% seizure reduction). Importantly,
compared to the patient population in the Iranian RCT with roughly half generalized and focal epilepsy
patients (length of epilepsy 14–17 years on average, 6–9 mean seizures per month and had tried on
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average 3–4 AEDs), the Norwegian study investigated MAD treatment in adults with solely focal
epilepsy who were particularly drug-resistant (length of epilepsy more than 20 years on average,
with a median of 15 seizures per month and had tried on average 9–10 AEDs) and did note an
improvement in overall seizure severity in the diet group, as measured by the Liverpool Seizure
Severity Scale [58,59]. Additional RCTs of larger sample size are warranted to investigate MAD efficacy
in different subpopulations of adult epilepsy patients.

Several case reports and case series have also demonstrated the successful use of KD therapy for
management of RSE and SRSE [60–64]. For example, a case series of 10 adults with SRSE of median
duration 21.5 days treated with a KD (either 4:1 or 3:1 ratio KD) showed successful cessation of status
epilepticus in 100% of patients who achieved ketosis (9 out of 10 adults) at a median of 3 days (range
1–31 days) [65]. In the largest phase I/II clinical trial of 15 adult patients treated with a 4:1 ratio KD
(14 of whom completed therapy) after a median of 10 days of SRSE, 11 (79% of patients who completed
KD therapy, 73% of all patients enrolled) achieved resolution of seizures in a median of 5 days (range
0–10 days) [66]. As both RSE and SRSE carry high rates of morbidity and mortality [67], KDs offer a
needed adjunctive strategy for management. KDs have the potential advantages of working rapidly
and synergistically with other concurrent treatments; are relatively easy to start, monitor and maintain
in the controlled intensive care unit setting with close follow up; do not contribute to hemodynamic
instability seen with anesthetic agents and could potentially reduce the need for prolonged use of
anesthetic drugs.

3. KDs in the Management of Adult Malignant Gliomas

Malignant gliomas are a highly heterogeneous tumor, refractory to treatment and the most
frequently diagnosed primary brain tumor. Glioblastoma multiforme (GBM), the most aggressive
type of glioma, carries an exceptionally poor prognosis with a median overall survival duration
between 12 and 15 months from time of diagnosis and a 5-year survival rate of less than 5% [68,69].
The current standard of care for treating patients with GBM consists of maximal safe resection, followed
by radiotherapy and concurrent chemotherapy with temozolomide [69]. Additional therapeutic
strategies include glucocorticoid management of peritumoral edema and anti-angiogenic treatment
with bevacicumab (Avastin); however therapeutic progress, particularly in regard to overall survival,
remains poor [70]. Emerging research efforts over the past two decades seek to exploit a known cancer
hallmark of abnormal energy metabolism in tumor cells named the “Warburg effect” following the
discovery of physician, biochemist and Nobel laureate Otto Warburg that tumors exhibit high rates
of aerobic glycolysis followed by predominant fermentation of pyruvate to lactate despite sufficient
oxygen availability [71,72]. This metabolic phenotype confers several potential advantages to the cancer
cell that include (1) more efficient generation of carbon equivalents for macromolecular synthesis;
(2) bypassed mitochondrial oxidative metabolism and its concurrent production of reactive oxygen
species and (3) acidification of the tumor site to facilitate invasion and progression [73]. As a result of
this metabolic alteration, malignant glioma cells critically depend on glucose as the main energy source
to survive and sustain their aggressive proliferative properties [74]. Moreover, clinical findings have
identified hyperglycemia as a negative predictor of overall survival and a marker of poor prognosis in
patients with GBM [75–78]. These findings have prompted nutritional strategies to target glycemic
modulation using KDs, caloric restriction, intermittent fasting and combinatorial diet protocols broadly
classified as ketogenic metabolic therapy.

Numerous preclinical studies have investigated KDs and/or exogenous supplementation of
ketones or ketogenic agents in the treatment of malignant glioma. In the CT-2A malignant mouse
astrocytoma model, a calorie-restricted KD decreased plasma glucose, plasma insulin-like growth
factor and tumor weight when administered as a stand-alone therapy and elicited potent synergistic
anti-cancer effects when administered in combination with glycolytic inhibitor 2-deoxy-D-glucose
(2-DG) [79,80]. In the GL-261 malignant glioma model, KD fed mice had reduced peritumoral edema
and tumor microvasculature, 20–30% increased median survival time and achieved complete and

36



Brain Sci. 2018, 8, 148

long-term remission when used concomitantly with radiation therapy [81–83]. A similar synergistic
effect was observed between KD and temozolomide in the GL-261 model [84]. Comparable effects
of KDs on tumor growth and survival time have also been shown in glioma derived mouse
models of metastatic cancer and in patient-derived GBM subcutaneous and orthotopic implantation
models [85,86]. These and other studies suggest that KDs induce a metabolic shift in malignant brain
tissue towards a pro-apoptotic, anti-angiogenic, anti-invasive and anti-inflammatory state accompanied
by a marked reduction in tumor growth in vivo [70] via mechanisms that include:

(1) Reduction in blood glucose and insulin growth factor-1 levels [79];
(2) Attenuated insulin activated Akt/mTOR and Ras/mitogen-activated protein kinase (MAPK)

signaling pathways [87,88];
(3) Induction of genes involved in oxidative stress protection and elimination of ROS through histone

deactylase inhibition and altered expression of genes related to angiogenesis, vascular remodeling,
invasion potential and the hypoxic response [38,82,84];

(4) Enhanced cytotoxic T cell anti-tumor immunity [89]; and
(5) Reduced inflammation via ketone body inhibition of the NLRP3 inflammasome and a reduction

in other circulating inflammatory markers [43,90].

The first published case report in 2010 of an adult female patient with newly diagnosed GBM
treated with a calorie restricted KD concomitant with standard care (radiation plus chemotherapy)
following partial surgical resection demonstrated no tumor detection using fluorodeoxyglucose
positron emission tomography (FDG-PET) and magnetic resonance imaging (MRI) after two months
of treatment. However, after discontinuing diet therapy, tumor recurrence was detected 10 weeks
later [91]. Subsequently a retrospective review reported 6 adult patients with newly diagnosed GBM
treated with a KD, 4 of whom were alive at a median follow-up of 14 months and demonstrated reduced
mean glucose compared to patients on a regular diet but only one patient was without evidence of
disease for 12 months at the time of publication [92]. In another case report of 2 adult patients with
recurrent GBM treated with a 3:1 calorie-restricted KD, both patients showed evidence of tumor
progression by 12 weeks [93]. In the largest pilot trial, of 20 adult patients with recurrent GBM treated
with a ≤60 g/day carbohydrate restricted diet, 3 discontinued because of poor tolerability, 3 had stable
disease after 6 weeks that lasted 11–13 weeks and 1 had a minor response, with an overall trend towards
an increase in progression-free survival in patients with stable ketosis [94]. A more recent case report
documented an adult patient with newly diagnosed GBM who continued to experience significant
tumor regression 24 months following combined treatment with subtotal resection, calorie restricted
KD, hyperbaric oxygen and other targeted metabolic therapies [95]. These early observational, pilot
studies and case reports principally provide evidence of feasibility and short-term safety as no serious
adverse events were reported. Although they suggest a role for KDs in the management of GBM
substantiated by an array of preclinical studies, given study design heterogeneity particularly in regard
to diet formulation and calorie restriction, paucity of control groups and differences in endpoints,
no conclusive statistical analysis of the clinical impact of KDs on adult GBM patient outcomes can
be made. Consequently, a growing scientific interest has led to an increased number of registered
clinical trials, including 4 randomized controlled trials (NCT02302235, NCT01754350, NCT01865162
and NCT03075514) of KDs (compared to a standard diet or between two KD types) in the management
of adult GBM, 2 of which also include caloric restriction and a primary outcome of overall survival or
progression-free survival [70,96].

4. KDs in the Management of Alzheimer’s Disease

In Alzheimer’s disease (AD), the most common form of progressive dementia, loss of recent
memory and cognitive deficits are associated with extracellular deposition of amyloid-β peptide,
intracellular tau protein neurofibrillary tangles and hippocampal neuronal death. Theories vary
regarding the etiology of the overall disease process but mitochondrial dysfunction and glucose
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hypometabolism are recognized biochemical hallmarks [97]. Defects in mitochondrial function and
a decline in respiratory chain function alter amyloid precursor protein (APP) processing to favor
the production of the pathogenic amyloid-β fragment [98]. Reduced uptake and metabolism of
glucose have been strongly linked to progressive cognitive degeneration, as neurons starve due to
inefficient glycolysis [99]. Moreover, FDG-PET studies find asymptomatic individuals with genetic
risk for AD or a positive family history show less prefrontal cortex, posterior cingulate, entorhinal
cortex and hippocampal glucose uptake than normal-risk individuals. This reduction is associated
with downregulation of the glucose transporter GLUT1 in the brain of individuals with AD [40,100].
Increasing evidence has demonstrated an association between high-glycemic diet and greater cerebral
amyloid burden in humans [101] and that increased insulin resistance contributes to the development
of sporadic AD [102,103], suggesting diet as a potential modifiable behavior to prevent cerebral
amyloid accumulation and reduce AD risk.

Preclinical work supports the role of ketogenic therapies to prevent or ameliorate histological and
biochemical changes related to Alzheimer’s disease pathology. In vitro studies showed attenuation
of deleterious amyloid-β induced effects on rat cortical neurons by pre-treatment with coconut oil
(containing high concentrations of MCT) or medium chain fatty acids via activation of Akt and
extracellular-signal-regulated kinase (ERK) signaling pathways [104]. Similarly, preclinical studies
using animal models of dementia demonstrated reduced brain amyloid-β levels, protection from
amyloid-β toxicity and better mitochondrial function following administration of the KD, ketones
and MCT [105–108]. Importantly, ketone body suppression of mitochondrial amyloid entry has been
further shown to improve learning and memory ability in a symptomatic mouse model of AD [109].
In aged rats, a KD administered for 3 weeks improved learning and memory and was associated
with increased angiogenesis and capillary density suggesting the KD may support cognition through
improved vascular function [110]. In summary, these preclinical observations provide insight into
potential mechanisms through which KDs and ketones may influence AD risk and pathology and lay
the foundation for subsequent studies in humans.

In the first randomized controlled trial in humans, 20 patients with AD or mild cognitive
impairment (MCI) received a single oral dose of either MCT or placebo on separate days and
demonstrated expected elevations in serum ketone level following ingestion but only patients without
the Apolipoprotein E (APOE) ε4 allele showed enhanced short-term cognitive performance on a
brief screening tool measuring cognitive domains that included attention, memory, language and
praxis [111]. This study was later replicated with similar improvements in working memory, visual
attention and task switching seen in 19 elderly patients without dementia who received the MCT
supplement [112]. Another RCT in adults with MCI treated with either a very low (5–10%) or high
(50%) carbohydrate diet over 6 weeks showed an improvement in verbal memory performance that
correlated with ketone levels in the ketogenic diet group [113]. A 2015 case report suggested that regular
ketone monoester ((R)-3-hydroxybutyl (R)-3-hydroxybutyrate) supplementation, rather than a change
to habitual diet, produced repeated diurnal elevations in circulating serum β-hydroxybutyrate levels
and improved cognitive and daily activity performance over a 20-month period [114]. A single-arm
pilot trial in 15 patients with mild-moderate AD using an MCT-supplemented ≥ 1:1 ratio KD for
3 months showed an improved Alzheimer’s disease Assessment Scale –cognitive subscale score
in 9 out of 10 patients who completed the study and achieved ketosis (as measured by elevated
serum β-hydroxybutyrate levels at follow-up) [115]. Three additional studies in patients with MCI
or mild-moderate AD using at least 3-month treatment protocols (2 randomized studies of MCT or a
ketogenic product compared to placebo for 3–6 months and 1 observational study administering a
ketogenic meal over 3 months) reported that the cognitive benefit of ketogenic therapies was greatest
in patients who did not have the APOE ε4 allele [116,117] and, in the observational study, was limited
to APOE ε4 negative patients with mild AD [118]. A recent study of patients with mild-moderate AD
treated with 1 month of MCT supplements demonstrated increased ketone consumption, quantified
by brain 11C-acetoacetate PET imaging before and after administration, suggesting ketones from MCT
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can compensate for the brain glucose deficit observed in AD [119]. The clinical evidence lends support
for the use of KDs and/or supplements to improve cognitive outcomes in patients with AD, however
results indicate that stage/level of disease progression and APOE ε4 genotype may affect response
to dietary treatment. Ongoing registered randomized clinical trials sponsored by Johns Hopkins
University (NCT02521818), Wake Forest University (NCT03130036, NCT03472664 and NCT02984540),
Université de Sherbrooke (NCT02709356) and the University of British Columbia (NCT02912936) are
underway (active, recruiting, or completed) in individuals with subjective memory impairment, mild
AD, and/or healthy controls to evaluate the impact of:

(1) 6–18 weeks of a modified Ketogenic-Mediterranean diet compared to a low-fat diet;
(2) 12 weeks of MAD compared to a recommended diet for seniors to achieve a healthy eating index;
(3) 1 month treatment with two different MCT oil emulsions (60–40 oil or C8 oil); or
(4) 10 days, twice a day, supplementation with a lactose-free skim milk drink containing either

10–50 g/day of MCT oil or 10–50 g/day of placebo (high-oleic sunflower oil)

On primary outcomes that include brain acetoacetate/glucose metabolism using PET, AD biomarkers,
level of serum ketones, safety and feasibility as well as secondary outcomes that include cognition,
function and examining key treatment response variables such as APOE genotype, amyloid positivity
and metabolic status that could inform precision medicine approaches to dietary prescription.

5. Management of Adverse Effects and Poor Compliance in Adults

The most commonly reported adverse effects associated with KD use in adults with epilepsy and
long-term diet use in children with epilepsy are gastrointestinal effects, weight loss and a transient
increase in lipids [120,121]. Similar side effects have been reported in clinical studies of KD use in
malignant glioma and AD, although a true assessment of risk in these populations is difficult due to the
small number of trials, short duration of follow up and heterogeneity in KD therapy applied [70,122].
The gastrointestinal side effects which include constipation, diarrhea and occasional nausea and
vomiting are typically mild, improve with time, can often be managed with diet adjustments with the
guidance of a dietitian or nutritionist and infrequently require medical intervention. Smaller meals,
increased fiber intake, exercise and increased sodium and fluid intake can often prevent or alleviate
these complaints. Weight loss may be an intended positive effect in patients who are overweight but for
those who want to maintain or gain weight, adjustments in caloric intake are recommended. This is of
particular importance in patients with malignant glioma as the development of cachexia, due to weight
loss principally affecting skeletal muscle mass, is associated with decreased cancer therapy tolerance
and impaired respiratory function, leading to lower survival rates [123]. Increases in serum lipids have
been shown to normalize with continued diet therapy (after 1 year) or return to normal after cessation of
diet therapy in adult epilepsy patients [57,124,125]. In addition, very low carbohydrate diets that induce
ketosis have been shown to lead to reductions in serum triglycerides, low-density lipoprotein and total
cholesterol and increased levels of high-density lipoprotein cholesterol in adults [9]. Other potential
side effects can result from vitamin and mineral deficiencies secondary to restricting carbohydrates
and prolonged ketonemia, including osteopenia and osteoporosis [3,126,127], although the precise
mechanism remains unclear. The standard practice of supplementing a recommended daily allowance
of multivitamin and mineral supplements can reduce the risk of such deficiencies.

Diet adherence and compliance remain significant barriers to successful implementation and an
adequate assessment of KD efficacy. Common methodologies to assess and document KD adherence
in adults beyond patient self-report include frequent measurements of serum β-hydroxybutyrate or
urine acetoacetate concentrations during the first few weeks on the diet and/or collection of dietary
food records [57,121,128]. As examples, daily urine ketone assessments are traditionally used in
adults with epilepsy during MAD initiation until moderate to large levels of ketosis are reached
and serum ketone assessments using drops of blood from a finger stick have been used to guide
short-term KD therapy in patients with GBM [53,128]. Still, the majority of studies traditionally report
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adherence based on patient self-report. A combined adherence rate of 45% for all KD types, 38% for
the classic KD and 56% for the MAD, has been reported in a review of the epilepsy literature [52].
In the largest observational study of 139 adult epilepsy patients treated with KDs, 48% (67/139)
discontinued the diet (39%) or were lost after initial follow up (9%) with approximately half of patients
citing difficulty with compliance or restrictiveness as the reason for stopping [53]. The literature of
adherence rates in adult GBM and AD is sparse but growing, with the largest GBM study reporting
15% (3/20) drop-out after 2–3 weeks due to subjectively decreased quality of life [94] and a recent
3 month single-arm AD pilot trial of a MCT-supplemented KD reporting 33% (5/15) attrition due to
caregiver burden [115]. Often the provision of food recipes and resources to patients and families
during initial diet training and subsequent visits can emphasize the variety of food choices and ease of
use rather than perceived restrictiveness. Additional methods to improve adherence and compliance,
as well as access for patients who live distant from a KD center, include scheduled telephone calls
or electronic communication with the supervising dietitian or nutritionist, provision of ketogenic
supplements and use of electronic applications like KetoDietCalculatorTM (The Charlie Foundation
for Ketogenic Therapies, Santa Monica, CA, USA) to prevent drop-out and emphasize progress and
success [6,129].

6. Conclusions

Although the neurological conditions discussed in this review-epilepsy, malignant glioma and
Alzheimer’s disease—have distinct disease processes, each exhibit disrupted energy metabolism,
increased oxidative stress and neuro-inflammation. As each of these pathophysiologic factors can be
influenced through diet manipulation, it is logical and reasonable that diet could alter the course and
outcomes of these and other neurologic disorders that share common pathways. Extensive preclinical
work supports the use of KDs and/or ketone bodies to thwart or ameliorate histological and
biochemical changes leading to neurologic dysfunction and disease. Demonstrated and hypothesized
mechanisms by which ketogenic therapies influence epilepsy, malignant glioma and Alzheimer’s
disease include metabolic regulation, neurotransmission modulation, reduced oxidative stress and
anti-inflammatory and genomic effects that were highlighted in this review and summarized in Table 1.
In some instances, an understanding of the mechanisms by which the KD and ketones exert their effects
has led to novel therapeutic targets and work to develop new pharmaceutical drugs [130]. For many
disorders, the clinical literature is still growing and limited by the conditions that make dietary
interventions difficult to evaluate. For example, evaluation of whole diet changes cannot be performed
under blinded circumstances as the participant will be aware of the diet changes made and/or the
content of their meals. Other methodological constraints relate to limitations in inter-study comparison
due to the heterogeneity of diet intervention used and reduced statistical power to detect significant
effects when baseline levels of nutrient intake and individual variability are appropriately controlled.
There are also challenges in monitoring diet compliance in the ambulatory setting as adherence to a
prescribed diet can be more difficult to achieve than with a traditional pharmaceutical intervention.
However, dietary interventions have the advantage of being non-invasive, relatively low risk and
generally without serious adverse effects in the appropriate clinical context and may be particularly
useful as an adjunctive therapy that synergizes with other pharmacologic and non-pharmacologic
approaches. The scientific evidence collected from clinical studies in humans to date has supported
KD therapy use in adult epilepsy, adult malignant glioma and Alzheimer’s disease, although overall
assessment of efficacy remains limited due to study heterogeneity and indications that particular
patient subpopulations may achieve disparate levels of benefit. Further clinical investigation using
more standardized KD protocols and in patient subpopulations is warranted.

40



Brain Sci. 2018, 8, 148

Table 1. Hypothesized mechanisms through which ketogenic therapies influence neurological disease.

Ketogenic Mechanisms Epilepsy Malignant Glioma Alzheimer’s Disease

Metabolic Regulation
↓Glucose uptake & glycolysis + +

↓Insulin, IGF1 signaling + +
↑Ketones/ketone metabolism + +

Altered gut microbiota +
Neurotransmission

Altered balance of excitatory/inhibitory
neurotransmitters

+

Inhibition of AMPA receptors +
↓mTOR activation & signaling + +

Modulation of ATP-sensitive potassium channels +
Oxidative Stress

↓Production of reactive oxygen species + +
↑Mitochondrial biogenesis/function + +

Inflammation/Neuroprotection
↓Inflammatory cytokines + +

NLRP3 inflammasome inhibition + +
↑cytotoxic T cell function +
↓peritumoral edema +
↓amyloid-β levels +
Genomic Effects

Inhibition of HDACs + +
↑PPARγ +

↓Expression of angiogenic factors in tumor cells +

AMPA—α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid; IGF1—insulin-like growth factor 1; HDACs—histone
deacetylases; mTOR—mammalian target of rapamycin; NLRP3—NOD-like receptor protein 3; PPAR—peroxisome
proliferator-activated receptor. ↓—decreased; ↑—increased; +—mechanism shown in in vitro or in vivo studies.
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Abstract: Even though obese individuals often succeed with weight loss, long-term weight loss
maintenance remains elusive. Dietary, lifestyle and psychosocial correlates of weight loss maintenance
have been researched, yet the nature of maintenance is still poorly understood. Studying the neural
processing of weight loss maintainers may provide a much-needed insight towards sustained obesity
management. In this narrative review, we evaluate and critically discuss available evidence regarding
the food-related neural responses of weight loss maintainers, as opposed to those of obese or lean
persons. While research is still ongoing, available data indicate that following weight loss, maintainers
exhibit persistent reward related feeling over food, similar to that of obese persons. However,
unlike in obese persons, in maintainers, reward-related brain activity appears to be counteracted by
subsequently heightened inhibition. These findings suggest that post-dieting, maintainers acquire
a certain level of cognitive control which possibly protects them from weight regaining. The prefrontal
cortex, as well as the limbic system, encompass key regions of interest for weight loss maintenance,
and their contributions to long term successful weight loss should be further explored. Future
possibilities and supportive theories are discussed.

Keywords: obesity; weight loss maintenance; maintainers; regainers; neural processing;
functional neuroimaging

1. Introduction

Obesity remains a major public health concern at the global level. Excess body weight has been
associated with negative effects in multiple organs and body systems [1–3], including the peripheral
and the central nervous system. Being obese is associated with several neuropathologies [4], ranging
from polyneuropathy [5] and impaired function of various cognitive domains [6] to neurodegenerative
diseases, like Alzheimer’s disease [7] and other dementias [8,9]. The introduction of neuroimaging
in obesity management has further yielded useful information [10]. Obese individuals have been
known to exhibit hypothalamic abnormalities [11] hippocampal atrophy [12], and lower brain volume
compared to normal-weight or overweight controls [13]. Obesity is associated with both structural and
functional alterations in brain areas related to reward anticipation [14,15], inhibition and restraint [16],
as well as higher cognitive functioning [17].

On the other hand, weight loss has been found to mitigate neurodegeneration and cognitive
decline. In a recent meta-analysis, even modest weight loss (≥2 kg) was associated with improvements
in attention, memory, executive functioning and language [18]; larger losses (>10% of initial body
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weight) have been found to augment cognition in the elderly [19]. The weight loss method may
also be of neurological importance. For instance, when compared to behavioral dieters, patients
following bariatric surgery have shown enhanced processing in areas related to food motivation
(bilateral temporal cortex) [20]. In the same study, dieters showed increased hunger (right medial
prefrontal cortex, left precuneus) and self-referent processing, when compared to bariatric patients [20].

However, weight loss is not a milestone, but rather part of a dynamic process. Following weight
loss, the weight-reduced individual enters an uneven combat, commonly resulting inweight regain.
The available data indicate that the trend of weight regaining in dieters is highly eminent [21] and
that ex-obese persons maintain a mere 3–4 kg of their initial weight loss [22], or even less [23]. Hence,
researchers have recently focused their interest on individuals who experienced long-term successful
weight loss maintenance (SWLM). Several weight control registries have been established worldwide,
including the National Weight Control Registry in the US and the MedWeight study in Greece [24–27].
These registries have delineated several factors involved in SWLM, including dietary behaviors [28–31],
lifestyle habits [32–36] and psychosocial aspects [37–39], that assist individuals in the longevity of their
weight loss.

Despite this knowledge, existing models explain only 30% or less of maintenance variance, leaving
the rest unexplained and unexplored [40], suggesting that the nature of maintenance is yet poorly
understood. Along these lines, little is known on the sustainability of brain changes during weight
loss maintenance. Thus, some research interest has been focused on the neural mechanisms that are
involved in weight management and how they could potentiate long term success in post-dieters.
In this narrative review, we present and critically discuss weight loss maintenance in relation to
the neural processing of individuals with a history of obesity compared to that of lean and/or
obese counterparts.

2. Materials and Methods

We searched PubMed for functional neuroimaging studies. Combinations of the following
keywords were used: weight loss maintenance/maintainer, weight regain/regainer, functional magnetic
resonance imaging (fMRI) or positron emission tomography (PET), neural activity/processing. In
addition, the references of the retrieved studies were searched for similar research. Inclusion criteria
for this narrative review were (i) publication date from January 2000 till May 2018, (ii) investigations
involving human subjects >18 years of age, with absence of psychopathology, (iii) involvement of weight
loss maintainers and/or regainers in the sampling. Articles that were involving animal studies, basic
neurobiological research, or did not meet the inclusion criteria, were excluded. Our search concluded
in 8 studies, and their descriptive information can be found in Table 1. Regional brain activation
differences among maintainers, obese and normal weight individuals are summarized in Figure 1.
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Figure 1. A summary of regional brain activity and proposed function in maintainers compared to
obese and normal weight individuals.

3. The Neural Background of Weight Loss Maintenance

The notion that cognitive skills may be important for SWLM has interested obesity researchersover
the previous decades. In a 2001 study, after a weight reduction intervention, provision of extended
care with cognitive component (i.e., problem solving) resulted inmaintenance of >10% of weight
loss [48]. What is more, this form of extended care appeared to be more effective for SWLM than
relapse prevention training and no extended care. Few years later, Del Parigi and associates [41,42], in
two PET-scan studies involving weight loss maintainers, obese and normal weight volunteers recorded
that the posterior cingulate and the amygdala were activated after a satiating meal in the obese group,
but not in the normal weight or maintainers. In the same study, persistent abnormal responses in the
middle insular cortex and the hippocampus of maintainers and obese persons were also reported.
These results were of the first to suggest that, being obese or having a history of obesity is associated
with greater craving for the coming meal and enhanced memory processing. Additionally, these
findings also suggest that when individuals succeed with weight loss, their brain activity differentiates
to some extent in relation to their previous obese state.

4. The Interplay of Restraint and Reward Anticipation Brain Regions

As already stated, there seems to exist a strong link between obesity and impaired function
of the reward network. The mechanisms could conceivably be explained by the reward-deficiency
model [49]. Overweight and obese individuals exhibit greater activation in reward related areas (i.e.,
insula, amygdala, cingulated gyrus) and reward anticipation areas (anterior cingulate, orbitofrontal
cortex) [50]. Higher BMI (Body Mass Index) has been associated with higher activation of reward
anticipation and impulsivity regions (anterior cingulated cortex, middle frontal gyrus) in both
cross-sectional and prospective studies [51,52]. Finally, a recent systematic review of functional
neuroimaging studies suggests consistency in the published research that relates obesity with high
reward-related region activation, even after the consumption of a high-calorie meal [50].

In studies involving weight loss maintainers, the picture is similar. However, reward-related
processes appear to activate in parallel to a different set of brain areas. Following an orosensory
paradigm, Sweet and colleagues [45] observed elevated responses in almost all brain regions examined
in maintainers, compared to obese and normal weight controls. As only maintainers exhibited
significant reactivity in the left putamen and inferior frontal gyrus (areas associated with food reward
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and inhibitory control, respectively), the authors hypothesized that maintainers exhibited greater
reward expectations during the orosensory stimulation, but responded with greater restraint. Greater
restraint in maintainers has been previously reported also in an observational study using visual
stimuli of low and high calorie food pictures [43]. Compared to obese and normal weight controls,
the maintainers seemed to experience greater inhibition and restraint, as they showed greater activation
in the left superior frontal region of the brain, this “inhibitory” activation of the prefrontal cortex that
maintainers experience is similar to the pattern found in normal-weight individuals [53,54].

Even though the activation of the inferior frontal gyrus during various stimuli has been associated
with SWLM, the prospective study by Murdaugh et al. did not support it [46]: weight maintenance
9 months following a dietary intervention was associated with decreased post-treatment activity in
the insula and the putamen, as well as the midbrain/thalamus and the inferior frontal gyrus. These
contradictory findings may be partly explained by the different methodologies and selection criteria
used in various studies.

According to Sweet et al. [45], when maintainers are provided with a food stimulus, their brain
reaction follows a pattern of elevated reward expectation, yet consequently greater inhibitory control.
In a prospective study, greater impulse control (as expressed by the activation of the dorsolateral
prefrontal cortex), immediately after a 12-week behavioral weight loss intervention, was found to
be predictive of SWLM in the 1-year follow up [55]. Additionally, a recent study exploring cortical
thickness as a surrogate marker of cognitive control, concluded that maintainers tended to have greater
cortical thickness than obese controls (although the trend did not pass the significance threshold) [44].
Taken together these findings may imply that, in the post-dieting period, maintainers could exhibit
cognitive changes, which counteract their food reward-related neural circuits and possibly protect
them against weight regain.

5. Executive Functions Driving Maintenance

As the prefrontal cortex may play a pivotal role in protecting against weight regaining the potential
involvement of executive functioning has been investigated. Executive functions, a neuropsychological
trait regulated by the prefrontal cortex [56], mediate processes of “how” choices are made and
established [57] and may moderate the relationship between eating intention and behavior [58]. Higher
executive functions have been linked to weight loss maintenance during the 2-year post-procedural
period of bariatric surgery patients [59]. Similarly, in a functional neuroimaging study of people post
obesity surgery, greater utilization of the executive control circuitry of resistance to palatable food cues
was associated with more successful maintenance [51]. Thus, manipulation of executive functions
through cognitive training, towards enhancing and optimizing function of the prefrontal cortex, may
hold promising aspects for long term weight loss maintenance [60,61].

6. Clinical Implications and Future Possibilities

In summary, while evidence is still insufficient, following weight loss, maintainers acquire
a certain level of cognition, reacting with heightened inhibition against food cues, to compensate for
elevated reward related feeling over food. The differences in the neural activity of weight loss between
maintainers and obese individuals indicate a persistent imbalance between hedonic and homeostatic
food ingestion following weight loss. The prefrontal cortex, as well as the limbic system are key regions
of interest for weight loss maintenance and their contributions to long term successful weight loss
should be further explored.

Although some evidence regarding the neural responses of weight loss maintainers has been
accumulated, there are major caveats in the comparison and reproducibility of the results from
the neuroimaging studies [50]. As indicated in Table 1, the measures of acquisition have not been
systematic, there is no standard approach in methodology (scan acquisition, inclusion criteria etc.)
while the studies so far have commonly used small-sized, convenient samples. What is more, not all
regions that activate differently in maintainers in comparison to obese or normal weight individuals
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have been assigned a proposed function, thus inadequately profiling neural involvement in weight
loss maintenance (Figure 1). Future research should address these issues and exploit standardized
approaches in larger population groups.

Following weight loss, maintainers exhibit a transitioning period during which they show brain
similarities to both obese and normal weight persons. The duration of the transitioning period, if
finite, is yet unknown: it begins after weight loss and may span beyond 3 years of maintenance. New
studies should examine the brain regions of people who have achieved to maintain their weight loss
for prolonged periods of time (i.e., ≥5 years of maintenance) that activate, when exposed to food cues.
In addition, neuroimaging research should directly compare weight loss maintainers with individuals
that regained their weight loss shortly after the dieting period, or maintained it for more than a year,
but regained the loss thereafter (ex-maintainers).

The interplay of restraint and reward for weight loss maintenance could be explored from different
perspectives. Multistep cognitive behavioral treatment in obese patients has produced promising
results in enhancing dietary restraint [62]. Our understanding of neural restraint in weight loss
maintenance would be enhanced by studies examining not only the neural activity of selected brain
regions, but also their functional connectivity in the resting state. For example, resting state activity of
the middle temporal gyrus has been shown to correlate with dietary restraint [63]; this association was
supposed to reflect the middle temporal gurus’ connectivity with frontal regions involved in inhibitory
processes [64]. Exploring the sensory experience of food, as well as the impact of food architecture
may also be of importance in addressing food reward [65]. Personality traits, such as persistence [66],
may favor weight loss maintenance, and their implications in the abovementioned interplay should
be further researched. Last, examining the role of neuropeptides with known homeostatic properties,
prominent in the limbic system and the prefrontal cortex, such as orexin [67,68], may withhold
therapeutic targets for long-term obesity management [69].

To succeed with weight loss maintenance, post obese individuals are required to exercise morethan
a dieter [70], and to adhere to a low-calorie diet [28], 300–400 kcal lower of that expected of their body
mass [71], to compensate for decreased energy expenditure and persistent physiological adaptations
that favor weight regain [72].Considering the brain similarities of the maintainers to both the obese
and normal-weight persons, we hypothesize that people with previous history of obesity, even
if presented with normal BMI, should not be treated as normal-weight, but rather as ex-obese or
weight-reduced individuals. This postulation is strengthened by research that focuses beyond behavior
or neuroimaging. For instance, epigenetic DNA methylation patterns of maintainers has been found to
more closely resemble that of normal weight than obese controls [73]. If supported by future research,
this hypothesis may provide a paradigm shift for clinicians and obesity researchers, so as to more
thoroughly profile and prevent weight regaining.
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