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ABSTRACT

Ketone bodies have potential disease-modifying activity that represent a novel therapeutic approach for neurodegenerative diseases (NDD). The aim
of this systematic review was to summarize and evaluate the evidence for the application of ketogenic therapies (dietary or exogenous ketogenic
agents) for NDD and provide recommendations for future research. Eight databases were electronically searched for articles reporting on controlled
trials (≥4 wk duration) that induced ketosis or elevated serum ketone concentrations in people with NDD. Of 4498 records identified, 17 articles
met the inclusion criteria with a total of 979 participants including studies on mild cognitive impairment (MCI; n = 6), multiple sclerosis (n = 4),
Alzheimer’s disease (n = 5), Parkinson’s disease (n = 1), and MCI secondary to Parkinson’s disease (n = 1). Of 17 studies, 7 were randomized double-
blind placebo-controlled trials. Most studies used dietary interventions (n =9), followed by medium-chain triglycerides (n =7) and a fasting protocol
(n = 1). Generally, trials were 6 wk in duration and assessed cognition as the primary outcome. Studies were heterogeneous in type and severity of
NDD, interventions used, and outcomes assessed. Overall, 3/17 studies carried a low risk of bias. Based on available evidence, exogenous ketogenic
agents may be more feasible than dietary interventions in NDD from a compliance and adherence perspective; more research is required to confirm
this. Recommendations for future research include improving exogenous formulations to reduce adverse effects, exploring interindividual factors
affecting response-to-treatment, and establishing a “minimum required dose”for clinically meaningful improvements in disease-specific symptoms,
such as cognition or motor function. Adv Nutr 2021;12:1571–1593.
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Introduction
Neurodegenerative diseases (NDD) are a major focus for
research due to their prolific medical, social, and economic
implications, and lack of effective therapies for their clinical
management (1). Beyond neurodegeneration, several other
pathophysiological commonalities exist across NDD [e.g.
Alzheimer’s disease (AD), Parkinson’s disease (PD), multi-
ple sclerosis (MS), amyotrophic lateral sclerosis] including
protein aggregation and misfolding [e.g. amyloid-β (Aβ)],
cerebral hypometabolism, neuroinflammation, excitotoxic-
ity, oxidative stress, and mitochondrial dysfunction (2, 3).
Under regular physiological conditions, the adult brain con-
sumes ∼20% of basal metabolic energy, normally provided
by the oxidation of glucose (100–120 g in 24 h) (4). Following
neuronal injury, glucose uptake and utilization is significantly
disrupted (cerebral hypometabolism) and is associated with
mitochondrial dysfunction (5) and neuronal death (6).
Deficiencies in glucose metabolism may precede clinical

symptoms and act as a catalyst in pathophysiological cascades
implicated in NDD (1). Therefore, therapies addressing
metabolic dysfunction could be an important target for
prevention and to delay disease progression.

Ketogenesis is an evolutionary survival mechanism
whereby ketone bodies [acetoacetate (AcAc), β-
hydroxybutyrate (BHB), and acetone (Ac)] are produced
during periods of starvation, fasting, exercise, or reduced
carbohydrate availability (7). In these conditions, the brain
can adapt to the utilization of ketone bodies as substrates
for energy production, providing ≤70% of cerebral energy
requirements (8). Furthermore, they may attenuate cellular
energy deficits seen in NDD by providing an alternative
fuel source to glucose for the brain (9), reducing or
mitigating cerebral hypometabolism, oxidative damage, and
mitochondrial deficits (10). Preclinical evidence (both in
vitro and in vivo) offers insight into the neuroprotective
properties of ketogenic therapies (KT) (10–12), with
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several mechanisms relevant to NDD pathophysiology
including: enhanced antioxidant mechanisms (8), increased
mitochondrial respiration (13) and mitochondrial biogenesis
in the hippocampus (14), increased Aβ clearance (15,
16), and protection against Aβ-induced neurotoxicity
(17). Ketone bodies have also been shown to decrease
proinflammatory cytokines (12, 18–20) and Aβ deposition
(21), reduce glutamate toxicity (excitotoxicity) (18), and
illicit beneficial downstream effects on learning and memory
(22–24).

Human studies using therapeutic ketosis have predomi-
nantly assessed the ketogenic diet (KD) in adults and children
with treatment-resistant refractory epilepsy, where reduc-
tions in seizure frequency and increases in seizure freedom
have been reported (25–28). The classic KD consists of a
4:1 ratio of fats to protein and carbohydrates that physio-
logically mimics the fasting state (29). Although the classic
KD is safe and generally well-tolerated, barriers to long-term
adherence such as palatability issues, its restrictive nature,
and side effect profile (30–32) has led to the exploration
of dietary variations [e.g. modified Atkins diet; MAD (33,
34)] and the supplementation of exogenous ketogenic agents
such as medium-chain triglycerides (MCTs) to promote the
elevation of ketone bodies in the blood (12).

An emerging body of literature is now exploring the
application of KT in NDD more broadly, however, relatively
little is known of their efficacy from a clinical perspective.
There is a timely need to better understand KT (dose,
bioavailability, tolerability, safety, feasibility, and efficacy)
as they pertain to NDD populations. As such, this sys-
tematic review aimed to evaluate the clinical evidence for
the use of KT (dietary or exogenous ketogenic agents),
describe their characteristics, assess their efficacy, safety,
and feasibility, and provide recommendations for future
research.
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Methods
This systematic review was prospectively registered with
PROSPERO international database of systematic reviews
on 17 October, 2019 (#CRD42020156673), and followed
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement for transparent and
comprehensive reporting of methodology and results (35).

Eligibility criteria
After an in-depth scoping search of existing literature to
determine the breadth of scope of this review, the population,
intervention, comparisons, and outcome (PICO) principles
for systematic reviews were used to define the eligibility
criteria (36).

(i) Population: people with a NDD.
(ii) Intervention: ketosis; via exogenous supplementation of

ketogenic agents, dietary modifications, or fasting.
(iii) Comparisons: controlled studies including randomized

(parallel and crossover designs) and nonrandomized
trials.

(iv) Outcome: disease-specific clinical outcomes.

Inclusion criteria included peer-reviewed studies that
used an intervention that elevated serum ketone bodies in
NDD (no serum concentration change cut-off was defined)
and assessed clinically relevant outcomes. NDD was defined
as diseases involving “progressive loss of structure or func-
tioning of neurons, including the death of neurons” (37).
Only controlled clinical trials were considered and these were
limited to chronic interventions of ≥4 wk duration, to allow
for clinically meaningful improvements (32). Exclusion cri-
teria included reviews, editorials, commentaries, conference
proceedings, preclinical studies (in vitro and in vivo), acute
clinical studies (<4 wk), studies not published in English, or
studies where the full text could not be retrieved.

Search strategy
Eight databases comprising EBSCOHost (including
CINAHL, Medline, PsychINFO), Scopus (including
PubMed, EMBASE), and Web of Science were electronically
searched for articles from peer-reviewed journals from the
databases’ date of inception up until 30 October, 2019.
Database alerts were set up to notify the authors of any
new publications up until article submission on 21 August,
2020. An example of the title and keyword search algorithm
from Scopus are presented in Supplemental Table 1. The
same search strategy and Medical Subject Headings (MeSH)
terms were applied consistently across all databases, with
minor adjustments to allow for variations in search symbols
required for search queries. Reference lists of included
studies (citation search) were also searched to identify any
further eligible studies.

Data extraction
All articles from the systematic search across the 8 databases
were downloaded to and sorted in EndNote version X9.2.
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Initially, article titles and abstracts were screened for eligibil-
ity and sorted accordingly. Full-text articles were retrieved if
there was any uncertainty pertaining to an article’s eligibility
for inclusion. The primary reviewer (LSD) performed the
initial screening of articles to determine their eligibility
for inclusion. The shortlisted articles were screened by the
second reviewer (GZS) to confirm they met the inclusion
criteria and the final list was agreed on by both reviewers. Any
discrepancies in eligibility were resolved through discussion
between the 2 reviewers.

Data extraction was carried out on each eligible full-
text article. Study characteristics were extracted including
author, year of publication, study design, study population,
number of participants, age (mean and SD), gender ratio,
study location, recruitment strategy, screening tools, inter-
vention, dosage, duration of trial, outcome measures, and
findings.

The Cochrane Risk of Bias Tool 2.0 was used to assess risk
of bias in randomized studies (38). This tool is appropriate for
randomized, controlled trials and examines methodological
bias in 5 domains: randomization, deviations from intended
intervention, missing data, outcome measurement, and
selection of reported result (38). Each study was assessed on
methodological rigor and satisfactory reporting of criteria
in the aforementioned domains. Every question can be
answered with: no information (NI), yes (Y), possibly yes
(PY), no (N), possibly no (PN), and not applicable (N/A).
An algorithm is then used to assess the level of bias present
in each domain (low risk, some risk, and high risk). For
nonrandomized studies, the Risk of Bias In Non-Randomised
Studies-of Interventions (ROBINS-I) tool was used (39).
ROBINS-I considers 7 distinct domains where bias may
be introduced and provides signalling questions to help
reviewers make a risk of bias judgement for each domain,
which carries forward to an overall evidence rating for each
study (39).

Following this, the Grading of Recommendations As-
sessment, Development, and Education (GRADE) system
was used to evaluate the certainty and quality of the
evidence (40, 41). GRADE aims to provide evidence rat-
ings in a transparent fashion to inform patient, clini-
cian, and policy decision-making (42). Randomized trials
lacking important limitations, as defined by the GRADE
system, typically constitute high-quality evidence. In con-
trast, studies with high methodological limitations will
result in the overall rating of the evidence being down-
graded (41). Study design, consistency, directness, precision,
and publication bias are considered, and evidence quality
is given a rating of high, moderate, low, or very low
(40).

Due to the heterogeneity present in the included studies
(in NDD types and severity, interventions used, and outcome
measures assessed) a quantitative analysis of the data in
the form of a meta-analysis was not appropriate. Therefore,
the characteristics of each study along with GRADE assess-
ment were reported using a qualitative narrative synthesis
approach (43).

Results
Study selection
A total of 4878 records were identified, with 4498 remaining
after duplicates were removed. After title and abstract
screening, 29 full-text articles were retrieved (including
7 additional articles from various sources and database
alerts), of which 17 met the inclusion criteria (44–61). Four
articles (46, 47, 50, 52) reported results from 2 separate trials
and the remaining 13 studies were unique. Figure 1 outlines
the study search and selection process.

Study characteristics
Table 1 provides a detailed summary of the included studies.
Sixteen studies used a randomized controlled design (44,
46–53, 55–61) and the remaining study was nonrandomized
(54). Of the randomized trials, 7 were placebo-controlled (44,
46–49, 53, 55). Eight of the 9 dietary interventions used other
dietary approaches; a high-carbohydrate diet (60, 61), a low-
fat diet (56–58), the National Institute on Aging (NIA) diet
(51), a modified Paleolithic diet (MPD) (59), or variations
of a ketogenic diet (such as a fasting-mimicking diet) (50,
52) to serve as the control. Eleven studies were conducted in
the USA, 2 in Germany, with the remaining 4 articles each
from Canada, China, Iran, and New Zealand, respectively.
The earliest study included was conducted in 2009 (46), with
most recent articles published in 2020 (48, 57, 59).

Study participants
The total sample size across all included studies [accounting
for the 4 articles reporting on various outcomes from the
same trials (46, 47, 50, 52)] was 979, with individual samples
ranging from 4 to 413 participants. Studies included 548
females and 372 males; 2 studies (n = 30) did not specify the
breakdown of male and female participants in their reporting
(44, 60). The mean age (Mpooled ± SDpooled) of participants
was 68.25 ± 7.34 y [although in 1 study only age range was
reported (55), so this was excluded from this calculation].

Trials in mild cognitive impairment (MCI) were most
common (6/17). MCI studies examined 130 participants (49,
51, 55, 58, 61), whilst studies in people with MS analyzed 154
participants (50, 52, 54, 59) and those in AD featured 634
participants (44, 46–48, 53). The remaining 2 studies assessed
47 participants with PD (56) and a further 14 participants
with MCI secondary to PD (60).

Recruitment
Five studies advertised locally using flyers or radio adver-
tisements (most commonly used approach) (46, 47, 56, 61)
and others recruited via disease-specific medical centers or
support groups (59), (54, 60). Six of the 17 included studies
did not report on their recruitment strategy (44, 48, 49, 55,
57, 58) and 2 studies did not provide sufficient detail to
understand how participants were recruited (50, 52). One
study (51) utilized all the aforementioned strategies.
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FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram. NDD, neurodegenerative disease.

Intervention design
Interventions ranged in length from 30 d to 6 mo, with 6 wk
(n = 4) being most common (44, 57, 58, 61). The majority
of studies (n = 9) used variations of a KD to induce ketosis,
followed by exogenous ketogenic supplementation in the
form of MCTs (n = 7) and a fasting protocol (n = 1). None
of the studies conducted any follow-up after the conclusion
of the trial.

Compliance, withdrawals, and adverse events
Two studies (46, 51) reported compliance measures in
satisfactory detail and performed statistical analyses on
group differences in compliance. Almost half the articles
(n = 8) outlined compliance strategies but did not report
the outcomes, whilst other articles stated that participants
were compliant with the protocol but did not report how
compliance was measured or defined (n = 3). One study
failed to report on compliance measures at all (54). Dietary
studies often employed urinary or capillary BHB measure-
ments for compliance and tended to report on baseline and
endpoint values without analyzing adherence (50, 52, 56–61).
For studies that adequately reported on compliance, protocol
adherence using exogenous ketones was superior to that in
dietary interventions (44, 61).

Most studies (11/17) reported on participant withdrawals
and provided reasons in satisfactory detail (46, 47, 49–53, 55,
56, 59, 60). Two studies did not report on withdrawals at all.

Over 50% of included studies (n = 11) reported on adverse
events (46–51, 53, 55–57, 60), the most common being
gastrointestinal disturbance; including diarrhea, abdominal
discomfort, and nausea; symptoms were transient and mild-
to-moderate in nature. Adverse effects were more common
with exogenous ketogenic agents than dietary interventions
(46, 48, 49, 53, 55).

Overview of primary outcome measures
Due to variation in NDD included in this review, and the
focus on disease-specific outcomes for clinical relevance,
primary outcomes differed greatly between studies. Ac-
cordingly, primary outcomes are stratified by disease state
and summarized below. Statistically significant changes in
primary outcome measures due to ketogenic interventions
in NDD are shown in Figure 2. Comparative measures of
efficacy across disease states and intervention types were
not possible, therefore, this figure should be interpreted by
its 4 quadrants only and is not scaled from most effective
to least effective. Studies that measured “cognition” using a
neuropsychological testing battery (NTB) have been com-
bined for illustrative purposes. Bubbles are placed randomly
in their respective quadrants and are not representative of
level of efficacy. Studies were deemed to have mixed effects
if primary outcome measures demonstrated positive effects
in some domains and no effect in others. Bubbles are color-
coded based on their representative NDD; the number inside
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FIGURE 2 Evidence for clinical efficacy of ketogenic interventions. Upper left quadrant (ULQ): dietary interventions demonstrating no
effect on primary outcomes. Upper right quadrant (URQ): dietary interventions demonstrating positive effects on primary outcome
measures. Lower left quadrant (LLQ): interventions using exogenous ketogenic agents demonstrating no effect on primary outcomes.
Lower right quadrant (LRQ): interventions using exogenous ketogenic agents demonstrating positive effects on primary outcome
measures. Note: only outcome measures assessed by 2 or more studies are visualized here. Studies reporting on unique outcomes have
not been included. AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; EDSS, Expanded
Disability Status Scale; MCI, mild cognitive impairment; MDS-UPDRS I-IV, Movement Disorders Society-Unified Parkinson Disease Rating
Scale Parts I-IV; MS, multiple sclerosis; MSQoL-54, Multiple Sclerosis Quality of Life-54 questionnaire; NTB, neuropsychological test battery;
PD, Parkinson’s disease; PD-MCI, mild cognitive impairment secondary to Parkinson’s disease

the bubble is the corresponding study citation and risk of
bias is illustrated by border color (green = low risk of bias;
orange = some risk of bias; red = high risk of bias).

Mild Cognitive Impairment.
Six studies investigating KT for MCI were included (49,
51, 55, 57, 58, 61); over half (n = 4) utilized a dietary
intervention (51, 57, 58, 61) for a duration of 6 wk (57,
58, 61). Cognition was the predominant primary outcome
measure assessed, with mixed effects observed (51, 55,
57, 61). Various NTBs were used to quantify cognitive
scores. The Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog) was administered across 2 studies;
1 (using MCTs for 24 wk) found appreciable improvements
in word recall, word recognition, and remembering test
instructions compared with placebo (55), whilst the other
found no changes in cognition (57). A medium effect size
was found in participants adhering to a low-carbohydrate
diet compared with a high-carbohydrate diet using the Verbal
Paired Association Learning test (V-PAL) (61), whilst no
effects were observed in the Trail Making Test (55, 61) or
Digit Symbol Test (55).

An individual study showed that increased cerebral ketone
metabolism after MCT supplementation was associated with
an improvement in secondary measures of cognition, with
a significant between-group effect observed in the Boston
Naming Test compared with placebo (49). Variations of the
KD were found to favorably modulate several bacterial taxa
in the microbiome (such as Firmicutes and Proteobacteria

spp.), as well as SCFA production in the gut (57, 58).
Fecal butyrate and propionate increased after a KD, whereas
acetate and lactate decreased (58). The KD also modulated
cerebrospinal fluid (CSF) biomarkers; CSF Aβ-42 increased,
CSF tau decreased, and the CSF Aβ-42: tau ratio was also
increased after treatment (58).

Alzheimer’s Disease.
Five studies reporting on 4 unique trials investigated the
use of MCTs compared to placebo in people with mild to
moderate AD (44, 46–48, 53). Trial duration was variable,
ranging from 30 d (53) to 26 wk (48). The daily dose of
MCTs ranged between 17.3 g and 40 g and caprylic acid
(8:0) was the primary MCT used across interventions (44,
46–48). Cognition, measured using the ADAS-Cog, was the
primary outcome of efficacy (3/5 studies) and mixed effects
were observed (46, 48, 53). One trial found a significant
reduction in ADAS-Cog scores (mean change of –2.62
points from baseline in 30 d using 17.3 g MCTs daily)
compared with placebo, as well as significant improvements
in each cognitive subdomain (53). A minimum 4-point
reduction in ADAS-Cog within 6 mo is considered to be
the minimum clinically important difference (MCID) (62).
The second study found significant effects in treatment-
compliant, APOE-ε4(–) participants only (46), and the
third study found no significant effects, relative to placebo
(48). Two studies used the Mini-Mental State Examination
(MMSE); 1 reported no effect (46), whereas the second
reported significant worsening in MMSE scores in the MCT
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group compared with placebo, relative to baseline values (48).
An individual study found increased regional cerebral blood
flow after 45 d of MCT treatment compared with placebo,
however no effects were observed for participants carrying
1 or more copies of the APOE-ε4(+) allele (44).

Multiple Sclerosis.
Four studies reporting on 3 unique trials (50, 52, 54, 59)
used predominantly KD interventions (n = 3) (50, 52, 59)
for a duration of 6 mo (50, 52). The majority (n = 3)
of studies were in relapse-remitting MS (RRMS) (50, 52,
54) and 1 included all subtypes of MS (relapse-remitting,
primary progressive, and secondary progressive) (59). No
observable differences were noted amongst MS subtypes
across the included studies. The Expanded Disability Status
Scale (EDSS) (50, 52, 54, 59) and Multiple Sclerosis Quality
of Life-54 questionnaire (MSQoL-54) (50, 52, 59) were most
frequently used as primary outcome measures. One study
reported a statistically significant difference in the EDSS
after a KD for 6 mo compared with the control diet (50),
a second reported a downward trend that did not reach
statistical significance (52), whilst the remaining 2 studies
reported no significant effect (54, 59). Using the MSQoL-54;
2 studies found a significant effect (particularly in physical
and mental health composite scores) (50, 52), however, a
third study saw no change (59). No effects were observed
in the Modified Fatigue Impact Scale or Multiple Sclerosis
Functional Composite (59). Adaptations of the KD signifi-
cantly reduced the expression of proinflammatory enzymes
(52), white blood cells, and lymphocytes compared with
controls (standard diet) (50). Relative decreases in immune
activity were positively correlated with improvements in the
MSQoL-54 (50, 52).

Parkinson’s Disease.
Two studies used KD interventions 8 wk in duration in
people with PD (56) and MCI secondary to PD (PD-MCI)
(60). The Movement Disorders Society-Unified Parkinson
Disease Rating Scale (MDS-UPDRS) was used across both
studies; 1 found no significant effects (60), however, the
second found that participants on the KD experienced a
significantly larger decrease in Part 1 (nonmotor experiences
of daily living) of the MDS-UPDRS compared with a low-
fat diet (56). Other parts of the MDS-UPDRS improved,
however, no significant differences were seen in Parts 2–4
(motor experiences of daily living; motor examination and
motor complications, respectively) relative to the control
diet.

Cognition was the primary outcome assessed in people
with MCI secondary to PD. Significant improvements were
found in the Controlled Oral Word Association test and
the V-PAL, but not in the California Verbal Learning Test
(60). Further, significant reductions were seen in body
weight, waist circumference, fasting insulin, LDL cholesterol,
and total cholesterol after a KD compared with baseline
parameters (56, 60).

Risk of bias within and across studies
Figure 3 illustrates the risk of bias judgement for each
domain (A: randomized studies; B: nonrandomized study).
Three studies were judged to have low risk of bias overall (48,
49, 53), 5 were judged to have some concerns of bias (46, 47,
54, 57, 59), and the remaining 9 studies were deemed to be
at high risk of bias (44, 50–52, 55, 56, 58, 60, 61). A total
of 16 from 17 studies were randomized (44, 46–53, 55–61),
with 5 studies providing sufficient detail of the randomization
process and allocation concealment (48, 49, 51, 53, 59). Over
half (n = 11) of the studies adequately accounted for missing
data (46–50, 52–54, 57, 58, 60). Risk of bias in the domain of
outcome measurement varied between the included studies.
Although most studies (n = 10) were deemed to be at low
risk of bias in this category (44, 46–49, 51–53, 56) a moderate
to high risk of bias due to selective reporting of results was
present in 2 studies (57, 59).

GRADE assessment
Tables 2, 3, 4, and 5 present the GRADE assessment
conducted appraising KT in relation to each NDD across
included studies. The summary of findings from the GRADE
assessment are detailed in Table 6. Overall, the certainty
of the evidence across all NDD was low to very low. Small
sample sizes, methodological issues, and inconsistency in
outcomes were the key issues identified across the evidence.

Discussion
This systematic review summarized and critically appraised
interventional studies that used the induction of ketosis (ei-
ther via exogenous supplementation with ketogenic agents,
dietary modifications, or fasting) to treat NDD. Twelve
(70.6%) of the included articles were published in the last
3 years, highlighting the emerging interest in this area of
investigation. Based on the included studies, KT may confer a
variety of benefits to people with NDD, potentially serving as
a viable adjunctive treatment to conventional care. However,
more robust large-scale clinical research is required to
increase the certainty and reliability of the evidence. Overall,
observed effects included improvements in measures of
cognition (46, 53, 55, 60, 61), brain ketone utilization (49),
regional cerebral blood flow (44), health-related quality of life
(50), reductions in markers of inflammation (52), enhanced
activities of daily living (56), metabolic parameters (55–
57, 59, 60), and favorable effects on the gut microbiome
(58). Each aim of this review (efficacy, safety and feasibility,
recommendations for future research) is now addressed
separately below.

Evidence for clinical utility of ketogenic interventions
As illustrated in Figure 2, available evidence for KT
varies greatly between NDD populations, outcome mea-
sures, and intervention type, requiring further standardized
investigation.
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FIGURE 3 Risk of bias assessments in alphabetical order of first authors’ names. Panel A: randomized studies using Cochrane’s Risk of Bias
tool. Panel B: nonrandomized studies using the ROBINS-I tool. Low (green): judged to be at low risk of bias for all domains. Some (yellow):
judged to raise some concerns in ≥1 domain, but not to be at high risk of bias for any domain. High (red): judged to be at high risk of bias
in ≥1 domain for this result OR the study is judged to have some concerns for multiple domains in a way that substantially lowers
confidence in the result. ROBINS-I, Risk of Bias in Non-Randomised Studies-of Interventions.

Ketogenic therapies for neurodegenerative disease 1583



TABLE 2 Should ketogenic therapies compared with control be used for people with Alzheimer’s disease?

GRADE domain Judgement
Concerns about

certainty domains

Methodological
limitation of the
studies

All trials in this sample (44, 46–48, 53) were judged to be at low risk of methodological bias
in the assessed domains. There were some concerns in 2 studies (44, 47) about baseline
differences between groups, however, we did not warrant this as serious enough to
downgrade the level of evidence in this category

Not serious

Indirectness Overall, the subsample of studies in AD was fairly well characterized. All studies were
performed in people with mild to moderate AD. All studies used exogenous ketogenic
agents in the form of MCTs, however, there are differences in fatty acid composition
across MCT products which may affect the efficacy of the intervention. All studies used
the ADAS-Cog as the validated scale to measure cognition (primary outcome) (46–48,
53), except for the trial by Torosyan (44) that measured regional cerebral flood flow.

We judged the evidence to have no serious indirectness

Not serious

Imprecision The total sample size across studies was 634, or 618 when considering the studies that all
used the same primary outcome measure (ADAS-Cog). Based on Optimal Information
Size (OIS), the sample exceeds the number of patients generated by a conventional
sample size calculation for a single adequately powered trial. All studies were randomized
and placebo-controlled, so the comparator was “no intervention.” Overall, 4/5 studies (44,
46–48) reported nonsignificant results when subgroup analyses are not considered

Not serious

Inconsistency The direction and magnitude of effect varied across the different trials. Overall, the results
showed either a small reduction in symptoms (i.e. an improvement in cognition) or no
statistically significant change. When participants were stratified for APOE-ε4 status,
APOE-ε4(–) participants experienced statistically significant improvements from
baseline. One study (53) reported statistically significant reductions in the ADAS-Cog
after 30 d treatment (52 participants), whereas other studies with larger samples (46–48)
showed no statistically significant effects overall.

In 1/5 studies (48), there was no change, and in some outcomes, participants worsened
(MMSE, APOE-ε4(+) participants in ADAS-Cog). No significant between-group
differences were observed. In 3/5 studies (44, 46, 48), there was no statistically significant
change after the treatment overall (notwithstanding subgroup analysis).

1/5 study (small sample, short study duration, overall low ROB) (53) showed statistically
significant improvements in cognition in the treatment group (MCT). We judged the
evidence to be at serious risk of inconsistency

Serious

Publication bias We did not suspect publication bias, due to the presence of both positive and negative
trials in the evidence base. Furthermore, the systematic search strategy was
comprehensive and covered an extensive number of databases

Not suspected

AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; APOE-ε4, apolipoprotein E allele ε4; GRADE, Grading of Recommendations,
Assessment, Development and Evaluation; MCT, medium-chain triglycerides; MMSE, Mini-Mental State Examination; ROB, risk of bias.

Mild Cognitive Impairment and Alzheimer’s Disease.
In people with MCI or mild to moderate AD, promising
clinical evidence exists for the improvement of cognition in
the domains of verbal memory (61) and word recognition
and recall (55), however, no significant effects were observed
in other domains such as language or praxis (55, 57). This
suggests that KT may positively impact key brain regions
responsible for memory and have a lesser impact on cognitive
domains that tend to deteriorate later in the natural progres-
sion of neurodegeneration (63). Mechanisms underpinning
cognitive improvements may be the product of neuroprotec-
tive mechanisms such as reductions in oxidative stress and
inflammation, and improvements in synaptic transmission
(10–12), or the bridging of cerebral energetic deficits (1). All
included studies that measured BHB demonstrated increased
concentrations (either in serum or urine) post-intervention.
However, not all trials exceeded the accepted threshold for
nutritional ketosis (≥ 0.5 mM), or more importantly, BHB
concentrations that would be considered clinically significant

in these populations (64). Several trials noted that improve-
ments in memory were positively correlated with elevated
serum BHB concentrations (46, 49, 53, 61). Ketone bodies
can help to overcome cerebral hypometabolism by mitigating
energy deficits caused by reduced glucose utilization, hence
improving various facets of cognitive performance (1). Of
note, 1 particular study (with low risk of bias) demonstrated
significant improvements across all cognitive domains in
30 d as evidenced via the ADAS-Cog (53). These results
are encouraging considering the magnitude of change in
30 d, however, should be interpreted with caution. Generally,
improvements in the ADAS-Cog are associated with clinical
improvements, although improvements do not always fully
represent the spectrum of clinically important effects (65). In
clinical trials for antidementia drugs, a 3–4 point reduction
in the ADAS-Cog over 6 mo is considered to be clinically
important (65, 66). This threshold has been challenged,
with some studies suggesting the 4-point change carries
no specific clinical relevance for patients (62, 65). Further
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TABLE 3 Should ketogenic therapies compared with control be used for people with mild cognitive impairment?

GRADE domain Judgement
Concerns about

certainty domains

Methodological
limitation of the
studies

1/5 trials (49) had low risk of bias across the 3 assessed domains and had the largest sample
size (52 participants). Another study (57) did not clearly report on allocation
concealment or sequence generation, which lowers confidence in the certainty of the
evidence. The remaining 3 studies (55, 58, 61) were judged to have some or high risk of
bias across methodological items assessed. Therefore, we have judged the trials to have
very serious methodological limitations

Very serious

Indirectness The patients, intervention, and comparators within included studies all provide direct
evidence to the clinical question at hand. All studies included participants with a
diagnosis of MCI. 4/6 studies measured cognition as the primary outcome, whilst 2 other
individual studies measured brain ketone metabolism (49) and CSF AD biomarkers (58).
Further, 4/6 studies implemented a dietary intervention (51, 57, 58, 61) whilst the
remaining 2 trials (49, 55) used MCTs. The predominant primary outcome measure in this
sample (cognition) was assessed using varying neuropsychological testing methods in
different trials. We also note variation in the modified ketogenic diets adapted across the
sample. We judged the trials to have no serious indirectness

Not serious

Imprecision The total number of participants included in all trials was 130, which is concerning. Some
studies reported small improvements in cognition using varying neuropsychological
assessments (55, 61) and other trials reported “nonsignificant results” (51, 57) likely
because of enrolling a small number of participants. We judged the evidence to have
very serious imprecision

Very serious

Inconsistency Overall, mixed results were consistently seen across studies which examined cognition as
the primary outcome measure (4/6 studies) (51, 55, 57, 61). The direction and magnitude
of effect varied across trials. One study reported an improvement in verbal learning
memory (medium effect-size) (61) whilst another reported some improvements in
specific testing outcomes within the ADAS-Cog, although this study had an extremely
small sample and was deemed to be at high risk of bias (55). The remaining studies
showed no significant effects on cognition, although effects were trending in the right
direction. We judged the evidence to have serious inconsistency

Serious

Publication bias We did not suspect publication bias, due to the presence of both positive and negative
trials in the evidence base. Furthermore, the systematic search strategy was
comprehensive and covered an extensive number of databases

Not suspected

AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive Subscale; CSF, cerebrospinal fluid; GRADE, Grading of Recommendations, Assessment,
Development and Evaluation; MCI, mild cognitive impairment; MCT, medium-chain triglycerides.

research evaluating MCID in the context of the ADAS-
Cog, along with patient-centered metrics are needed (66).
The primary differentiating factor of this study was that
MCTs were dosed 3 times daily (total daily MCT dose
of 17.3 g), as opposed to once daily (44, 46, 48, 49, 55).
Regular dosing throughout the day may allow for a more
consistent supply of ketogenic substrates (particularly in the
absence of a concurrent KD), increased tolerability, and
reduced incidence of adverse effects (53). In contrast, when
excluding subgroup analyses of compliance and genotype,
3 studies reported no significant effect on cognition post-
intervention (46, 48, 51). The ketogenic potential of MCT
formulations needs to be considered. Variation in MCT
fatty acid composition can produce substantially different
physiological effects, as noted in Henderson et al. (48). Phar-
macokinetic studies may be valuable in further elucidating
the ketogenic potential of differing exogenous formulations
(67).

Additionally, ketogenic interventions in MCI and AD
improved several peripheral metabolic markers implicated in
the development and exacerbation of cognitive decline (68,
69). Across included studies, significant reductions in fasting
glucose (55, 57), fasting insulin (55, 57), hemoglobin A1c

(57), total triglycerides (57), and LDL (57) were reported.
These studies are in line with others reporting improve-
ments in insulin sensitivity, blood glucose concentrations,
and lipemic control following a KD (70–73). Benefits to
cognitive function may also be attributable to improve-
ments in cardiovascular and metabolic risk factors (68,
69).

Consistently, across all studies, APOE-ε4(+) participants
tended to respond poorly to treatment, compared with
APOE-ε4(–) counterparts (44, 46, 47, 49, 51, 55, 58).
APOE-ε4 status appears to strongly influence responsivity
to KT in both acute (74) and chronic studies (44, 46,
49, 51, 55, 57–59, 61). KT appear most effective for
APOE-ε4(–) individuals, hence this sample becoming the
focus for more recent trials (48, 53). Differences in treatment
outcomes between APOE-ε4(+) and APOE-ε4(–) may be
attributable to many factors including advanced cerebral
hypometabolism, mitochondrial enzyme dysfunction, and a
greater degree of systemic inflammation. These factors may
inhibit the efficient utilization of ketone bodies in APOE-
ε4(+) individuals (44, 46, 48). Further, homozygous carriers
of APOE-ε4 display disturbed fatty acid metabolism, which
may be implicated in their poor responsivity to KT (75, 76).
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TABLE 4 Should ketogenic therapies compared with control be used for people with Parkinson’s disease or MCI secondary to Parkinson’s
disease?

GRADE domain Judgement
Concerns about

certainty domains

Methodological
limitation of the
studies

Both of the included studies in PD were judged to be at high risk of bias overall (56, 60).
Although both studies reported on allocation concealment, there was no information
available on random sequence generation, which lowered our certainty in the evidence.
Further, in both studies participants and those delivering the intervention were aware of
the participant’s assigned intervention group. Therefore, we have judged the trials to
have very serious methodological limitations

Very serious

Indirectness The participants, interventions, and comparators all provide direct evidence to the clinical
question. Both studies used a dietary intervention to induce ketosis and included
participants with PD, however, 1 study specifically assessed participants with MCI
secondary to PD (60). As such, different clinical outcomes were measured between trials.
Krikorian used neuropsychological testing to evaluate cognitive changes (60), whilst
Phillips measured motor function and activities of daily living using the MDS-UPDRS-I-IV
(56). Krikorian also employed the MDS-UPDRS-I-IV to measure motor function, however,
this was a secondary outcome in the study. We judged the evidence to have no serious
indirectness

Not serious

Imprecision The total number of participants across both trials was 61, which was concerning. Both
trials reported mixed results in outcome measures assessed with significant and
nonsignificant effects observed (56, 60). Due to the small sample size the precision and
reliability of presented trials is low. We judged the evidence to be at very serious risk of
imprecision

Very serious

Inconsistency As primary outcome measures differed across studies, it was not possible to compare the
consistency of magnitude of effects in included studies. Hence, we judged the evidence
to be at very serious risk of inconsistency

Very serious

Publication bias We did not suspect publication bias, due to the presence of both positive and negative
trials in the evidence base. Furthermore, the systematic search strategy was
comprehensive and covered an extensive number of databases

Not suspected

GRADE, Grading of Recommendations, Assessment, Development and Evaluation; MCI, mild cognitive impairment; MDS-UPDRS I-IV, Movement Disorders Society-Unified
Parkinson Disease Rating Scale Parts I-IV; PD, Parkinson’s disease.

The APOE-ε4 and sex interaction should be carefully
considered in future studies given the increased risk and
poorer outcomes in females compared with males (77–81).

Multiple Sclerosis.
Health-related quality of life measures such as the MSQoL-54
and EDSS were most commonly used to quantify improve-
ments in disease-specific outcomes resulting from KT, with
mixed results (50, 52, 59). Significant improvements in both
physical and mental health composite scores were observed,
evidenced via MSQoL-54 (50). Currently, no MCID score
is established for this tool, therefore, interpretation of
clinically meaningful change is difficult (82). In studies that
reported favorable outcomes in quality of life (50, 52), inverse
associations were observed between expression of proinflam-
matory adipokines (ALOX5 and COX1) and the MSQoL-
54 (52), suggesting benefits may be mediated by modulating
inflammation. KD, fasting, and calorie restriction inhibit
the production of key enzymes (e.g. COX1, COX2, ALOX5)
required for the synthesis of proinflammatory eicosanoids
implicated in the pathogenesis and exacerbation of MS (52,
83, 84). BHB may produce an anti-inflammatory effect by the
inhibition of the NOD-, LRR-, and pyrin domain-containing
protein 3 (NLRP3) inflammasome, independent of starvation
or calorie-restricted mechanisms such as autophagy (85).
These effects demonstrate that KT may be able to modulate

immune system hyperactivity, potentially slowing disease
progression. However, not all studies were positive. One
study found no significant effects across any quality of life
or motor function outcomes in participants who adopted
a KD compared with a modified Paleolithic-style diet,
where several clinical disease markers showed significant
improvements (59).

Parkinson’s Disease.
There is very limited clinical evidence available for the
use of KT in people with PD. Significant improvements
in nonmotor daily living experiences (Part 1 of MDS-
UPDRS-I-IV) were observed in people with PD following a
KD, however, no significant effects above and beyond that
achieved with the control diet (low-fat diet) were observed
in Parts 2–4 (56). Nonmotor symptoms such as fatigue,
pain, urinary issues, and cognitive decline tend to be the
more disabling factors of PD (86), and are least respon-
sive to conventional pharmacological interventions such as
L-dopa (87). The KD may be a viable adjunctive therapy
alongside L-dopa, although more evidence is needed before
this may be confidently implemented in clinical practice. It
should be noted that some participants experienced transient
exacerbated tremor or rigidity, which was intermittent in
nature and most prominent in the KD group. The authors
speculate that these effects may be secondary to significant
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TABLE 5 Should ketogenic therapies compared with control be used for people with multiple sclerosis?

GRADE domain Judgement
Concerns about

certainty domains

Methodological
limitation of the
studies

Of the 4 studies included, 1/4 was judged to be at low risk of bias for allocation
concealment and sequence generation (59). The remaining 3 studies had some
concerns of bias in these domains. All included studies in this subsample (50, 52, 54, 59)
were deemed to be a high risk of bias due to issues with blinding. We have judged the
trials to have very serious methodological limitations

Very serious

Indirectness The patients, intervention, and comparators in the studies mostly provide direct evidence
to the clinical question at hand. All participants in the included trials had MS (3/4 studies
were relapse-remitting only (50, 52, 54); and 1/4 included primary and secondary
progressive as well as relapse-remitting types) (59). The interventions varied across the
sample; 3/4 used a dietary intervention (50, 52, 59) and 1/4 used a fasting protocol (54).
The types of outcome measures also varied across studies. We judged the evidence to
have serious indirectness

Serious

Imprecision The total number of participants included in trials in people with MS was 154, which was
concerning. Please note 2/4 studies report on outcomes from the same study (50, 52).
Small sample sizes and high drop-out rates in some studies significantly reduced data
points for analysis which increases concerns about imprecision. 2/4 studies reported
statistically significant findings (50, 52) whilst the remaining studies reported
nonsignificant effects (54, 59). We judged the evidence to have very serious imprecision

Very serious

Inconsistency Overall, results showed small improvements in clinical outcome measures (eicosanoid
expression; MSQoL-54) (50, 52) or no change (MSQoL-54; disease relapse) (54, 59),
however, variability in outcome measures renders the evidence inconsistent. Variation in
the directionality of outcome effect was observed in 2/4 studies that measured
MSQoL-54 and EDSS (50, 59). One study reported medium to large effect sizes in these
scales (50) whilst the second reported nonsignificant effects (59). We judged the
evidence to have very serious inconsistency

Very serious

Publication bias We did not suspect publication bias, due to the presence of both positive and negative
trials in the evidence base. Furthermore, the systematic search strategy was
comprehensive and covered an extensive number of databases

Not suspected

EDSS, Expanded Disability Status Scale; GRADE, Grading of Recommendations, Assessment, Development and Evaluation; MS, multiple sclerosis; MSQoL-54, Multiple Sclerosis
Quality of Life-54 questionnaire.

increases in dietary fat which may have accelerated dopamine
depletion or oxidative stress (56, 88). Although preliminary
findings suggest the KD may be effective in improving
measures of cognition (specifically, lexical access) in people
with MCI secondary to PD, neither study found any benefit
in motor functionality in people with PD (56, 60).

Safety, tolerability, and compliance
KT were found to be safe and generally well-tolerated. No
serious intervention-related adverse events were reported.
Interventions that administered an exogenous ketogenic
agent (44, 46, 47, 49, 55) generally had better compliance
and a more rigorous study design (due to use of placebo),
although tolerability was an issue amongst some participants.
Gastrointestinal disturbance, including nausea and diarrhea
was commonly reported in these interventions. Gastroin-
testinal symptoms are likely to subside following an adequate
adjustment period or may be mitigated with the development
of improved formulations (67, 89). As evidenced through
high noncompliance observed in some dietary interventions,
KDs may not be a feasible approach to achieving therapeutic
ketosis in NDD populations (51, 52). These findings are in
agreeance with previous studies in adults adopting a KD,
reporting a drop-out rate of 40–50% (90). Behavioral change
is challenging in any population, particularly for clinical

groups with reduced physical and/or cognitive function
(91–94). Some dietary studies in this review enlisted the
assistance of a “study partner” to support the participant with
meal preparation and compliance with study protocols (51,
57, 59, 60). Caregiver burden resulting from participation
in such protocols which ultimately led to numerous with-
drawals from the trial, has been discussed elsewhere (95). In
reviewed studies, the net benefit of enlisting a study partner
is unclear as this was not adequately measured. Future
studies could consider conducting measures of caregiver
burden to better understand the impact and implications
for future research (95). Consequently, it is imperative to
examine whether 1) exogenous ketone supplementation can
afford comparable clinical benefits to a KD or 2) whether
administration of exogenous ketones in conjunction with a
KD can mitigate potential deficits in efficacy occurring from
nonadherence to the dietary protocol. A trial is currently un-
derway evaluating the tolerability of an exogenous ketogenic
agent (BHB) in conjunction with a KD, a low-glycemic index
diet, or a standard diet in persons with Angelman Syndrome
which may provide some preliminary insight into feasibility
(96).

Ketone measurement is key to understanding compliance
and keto-adaptation. Different methods carry advantages
and disadvantages relating to cost, ease of administration,
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TABLE 6 Summary of findings from the GRADE assessment

Neurodegenerative
disease Outcome Effect

Number of
participants (studies)

Certainty in the
evidence

Alzheimer’s disease Improvement in
cognition

Most studies (3/5)
showed no statistically
significant effects of
treatment

634 (5 randomized
controlled trials)

LOW1 certainty
⊕⊕OO

Mild cognitive
impairment

Improvement in
cognition

Studies which examined
cognition showed
small-medium
improvements or no
effect

130 (6 randomized
controlled trials)

VERY LOW2,3 certainty
⊕OOO

Parkinson’s disease or
MCI secondary to
Parkinson’s disease

Improvement in
cognition and motor
function

Both studies showed
mixed results for
measures of cognition
and motor function

61 (2 randomized
controlled trials)

VERY LOW4,5 certainty
⊕OOO

Multiple sclerosis Improvement in quality
of life and disability

Most studies (3/5)
showed no significant
effect of treatment

154 (3 randomized
controlled trials;
1 nonrandomized
prospective study)

VERY LOW6,7 certainty
⊕OOO

1Serious inconsistencies were observed across the evidence significantly lowering the certainty of the body of evidence. Therefore, we chose to downgrade certainty by 2 levels.
2Very serious risk of bias across studies because of unclear or inadequate blinding, sequence generation, and allocation concealment.
3Serious imprecision and inconsistency were considered together as there were small effects or “no effects” reported in studies.
Note. Indirectness was not downgraded because the physiological endpoints were comparable between studies despite differing interventions (dietary compared with
exogenous ketogenic therapies).
4Very serious risk of bias across studies because of unclear sequence generation and lack of blinding.
5The evidence was rated to be of very low certainty due to serious or very serious concerns across 4/5 categories.
6Very serious risk of bias across studies because of unclear sequence generation and lack of blinding.
7The evidence was rated to be of very low certainty due to serious or very serious concerns across 4/5 categories.
Certainty of evidence key = VERY LOW, ⊕OOO; LOW, ⊕⊕OO; MODERATE, ⊕⊕⊕O; HIGH, ⊕⊕⊕⊕.
GRADE, Grading of Recommendations, Assessment, Development and Evaluation; MCI, mild cognitive impairment.

accuracy, sensitivity, and participant burden (97). Capillary
blood BHB measurement has the highest specificity and is
most accurate in reflecting ketone concentrations compared
with urinary or breath measurements (98). Ideally, stud-
ies should include regular measurements of blood ketone
concentrations; optimally daily (56) or at a minimum
weekly (56), to monitor protocol adherence and response
to treatment. However, this may not always be feasible
due to high costs and unwillingness of participants to
endure regular finger-prick testing. Despite 0.5 mmol/L
being a commonly accepted threshold for nutritional ketosis
(99), serum BHB requirements for therapeutic indications
(particularly in advanced stages of NDD) may be much
higher. For example, in children with refractory epilepsy,
serum BHB ≥4 mmol/L was associated with significantly
greater reductions in seizure frequency compared to children
with serum BHB <4 mmol/L (64). Combining ketone esters
(KE) or ketone salts to MCT formulations may be an effective
way to elevate blood ketones to higher concentrations for
longer periods (100, 101), whilst simultaneously promoting
endogenous ketone production. This would allow for a more
sustained blood ketone profile which would be of benefit
to NDD populations (102, 103). Combination formulations
may also help to slow gastric emptying, potentially reducing
adverse effects such as diarrhea (104). Furthermore, the
fatty acid composition of MCT products should be carefully
considered as this has a sizeable effect on ketogenic potential

(105). Acute metabolic studies in healthy adults demonstrate
octanoate (8:0) has a significantly greater dose-response
effect on plasma ketones compared with decanoate (10:0)
or dodecanoate (12:0) (106, 107). Total plasma ketones
were 3-fold higher after 8:0 relative to 10:0, and 2-fold
higher after 10:0 relative to 12:0 (106). Ketogenic poten-
tial is also moderated by meal composition and timing.
A carbohydrate-containing breakfast did not reduce the
absorption of medium-chain fatty acids (MCFA), however,
the breakfast affected the subsequent conversion to ketones
in the proceeding 3–4 h, potentially due to postprandial
insulin secretion (106). MCT emulsification has been shown
to increase plasma MCFA bioavailability 2–3 fold compared
with nonemulsified MCTs, elevating plasma ketones 2–
4-fold in a dose-dependent fashion. Gastrointestinal side
effects decreased by ∼50% compared with nonemulsified
MCTs (67). The formula was 60% 8:0 and 40% 10:0 (a
common ratio in many commercially available products); a
synergistic combination which may produce more sustained
ketone body production (67, 108). For future interven-
tions, administering emulsified MCTs without a meal may
be desirable for maximizing resulting ketosis (106, 107).
Exogenous KE can also induce ketosis in the absence of
adhering to a KD (109) and are advantageous as they
can directly elevate blood ketone concentrations, whilst
simultaneously supplying ketogenic precursors (103). KE
are powerful ketogenic agents; rapidly elevating blood BHB
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concentrations to higher concentrations for longer periods
compared with MCTs (100). Human data using KE in clinical
populations and long-term safety data is currently lacking
and needs to be established (103).

Study quality and risk of bias
Dietary interventions (50–52, 56–61) had higher attrition,
lower adherence, and more issues with risk of bias due to
inherent aspects of study design (e.g. participants knowledge
of intervention allocation). Various measures were imple-
mented to increase compliance; such as weekly contact from
the research team, nutritional education sessions, a “study
partner” (usually a spouse or family member), and individ-
ualized meal plans tailored to the participants’ preferences,
with varying degrees of success. Dietary behavior change is
often difficult to navigate; particularly in a research setting
(110). For many, a KD involves significant deviation from a
“typical” diet and may be challenging for clinical populations
to adopt, particularly those with mild to moderate cognitive
decline where activities of daily living are affected (22).

Cochrane’s risk of bias tool (38) was used to appraise
randomized studies as it is considered the gold standard in
the evaluation of study quality within randomized clinical
trials (111). Dietary interventions naturally carry an inherent
risk of bias as participants and members of the research
team are aware of their assigned intervention and this is
not accounted for in the Cochrane’s risk of bias tool. Risk
can be mitigated by blinding outcome assessors to group
allocation; an approach implemented in 2 dietary studies
(51, 56). Remaining studies did not report on outcome
assessor blinding hence many dietary studies were judged
to be at moderate to high risk of bias in this domain (50,
54, 55, 57–59, 61). Studies using exogenous ketogenic agents
(44, 46, 48, 49, 53, 55) tended to have lower risk of bias
due to a randomized, double-blind, placebo-controlled study
design. Participant knowledge of their treatment in dietary
interventions was the most prominent issue, coupled with
nonadherence to the treatment protocol and a lack of analysis
used to estimate the effect of adherence.

As KT are an emerging area of investigation, many studies
were designed to be proof of concept trials. Small under-
powered samples [7 studies had ≤20 participants (44, 51,
55, 57–60)] may limit the generalizability of results, however,
this highlights the need for larger, adequately powered trials
to build upon encouraging effects evidenced here. Issues
with recruitment (51) and participant withdrawals after
enrollment further contributed to small samples.

Summary of recommendations for future research
a) Compare ketogenic diets with exogenous ketogenic

agents to ascertain which approach is superior consider-
ing:

(i) feasibility
(ii) suitability for people with NDD

(iii) ability to produce clinically significant changes in
disease-specific outcomes.

b) Determine the optimal daily dosing protocol required
for exogenous ketones to maintain stable blood ketone
concentrations.

c) Improve tolerability and reduce adverse effects related
to the use of exogenous ketones using formulations
containing both KE, KS, and MCT.

d) Conduct pharmacokinetic studies to inform development
of formulations with maximal ketogenic potential.

e) Establish a “minimum required dose” for clinically signif-
icant improvements in disease-specific symptoms such as
cognition or motor function.

Future research directions and recommendations
In the absence of effective treatments for NDD, investigating
the therapeutic potential of ketone bodies is an impor-
tant avenue which may lead to a novel disease-modifying
agent for these conditions. This review has highlighted
that participants were more compliant in interventions
using supplementation of exogenous ketogenic agents com-
pared with dietary interventions (44, 46, 47, 49, 55).
Supplementation as opposed to dietary modifications may
be the most feasible option to achieve nutritional ketosis
and bridge cerebral energy deficits in populations with
NDD. With regards to MCT treatment, due to disparities
in total daily dose, composition of MCT supplements, and
duration of intervention between studies, this prevents the
ability to provide any general dosage recommendations at
this time. Similarly, dietary approaches were highly variable,
however, all included studies used a modified KD. The classic
KD was not adopted in any instance. No single ketogenic
dietary approach was found to be superior in terms of
clinical outcomes, and all variations of a KD administered
demonstrated an elevation in serum BHB relative to baseline
(50–52, 56–61). Further work should be carried out to op-
timize exogenous ketogenic formulations to maximize their
ketogenic potential, acceptability, and tolerability. In future,
articles should provide clear detail on fatty acid composition
of MCT formulations to allow comparative evaluations and
ensure that ketone concentrations are closely monitored, not
only for compliance but to inform clinical recommendations
for product selection and dosing guidelines. Posology is
another key area which requires further characterization in
order to establish a “minimum required dose” applicable
to disease-specific phenotypes. This will allow clinicians
to provide a more personalized, evidence-based approach
to treatment underpinned by clear guidelines resulting in
optimal outcomes for their patients.

Strengths and limitations of this review
With the goal of clinical relevance in mind, this systematic
review focused on controlled clinical studies that were
chronic in nature to allow for meaningful changes to be
observed. Primary outcomes related to improvement of
disease state and/or quality of life in NDD were evaluated. A
comprehensive list of databases (n = 8) were searched using
MeSH terms, a wide scope, and an extensive keyword strategy
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in order to capture the totality of the literature currently
available. Furthermore, conducting risk of bias and GRADE
assessments served to highlight methodological strengths
and weaknesses, along with the certainty of the evidence
which will be valuable for optimizing study design in future
trials.

Due to heterogeneity in disease state, study design, and
primary outcome measures assessed, a meta-analysis was
not feasible. Future reviews (with alternative aims) may
consider focusing on 1 NDD (i.e. MCI), or intervention (KD
or exogenous ketogenic agents) in order to assess efficacy
in a quantitative manner once there is sufficient literature
available. In addition, the variation in disease state (e.g. MS
having a much younger age of onset than other NDD) meant
there were significant differences in age between participants,
which further confounds interpretation of the data.

Conclusions
This systematic review summarized and critically appraised
17 controlled trials investigating a ketogenic agent (dietary
modification, fasting protocol, or exogenous supplement) to
improve disease-related outcomes in people with NDD. Most
studies focused on people with MCI, AD, or MS and used
a ketogenic dietary intervention that was 6 wk long. Study
outcomes were mixed across disease states and intervention
type, with a high risk of bias present among included articles.
Lack of reporting on randomization, allocation concealment,
missing data, and adherence to trial protocol were the most
common issues found. KT appear to be a promising tool
in the clinical management of NDD, however, the current
evidence is not sufficient to propose any formal clinical
recommendations at this time. The authors anticipate that
this review can be utilized effectively to highlight research
gaps in the field and to inform prospective study design in
order to enhance the quality of future research assessing the
therapeutic potential of ketone bodies.

Acknowledgments
The authors’ contributions were as follows—LSD and GZS:
conceptualized the review and formulated the systematic
search strategy; LSD: conducted the preliminary literature
review, database searches, data extraction, performed the risk
of bias assessment, and drafted the manuscript; the eligibility
of articles and discrepancies in the risk of bias assessment
were discussed and resolved between LSD and GZS; GZS
and CKL: supervised LSD and assisted with finalizing the
manuscript; and all authors read and approved the final
manuscript.

References
1. Zilberter Y, Zilberter M. The vicious circle of hypometabolism

in neurodegenerative diseases: ways and mechanisms of metabolic
correction. J Neurosci Res 2017;95:2217–35.

2. Kiaei M. New hopes and challenges for treatment of neurodegenerative
disorders: great opportunities for young neuroscientists. Basic Clin
Neurosci 2013;4:3–4.

3. Lewerenz J, Maher P. Chronic glutamate toxicity in neurodegenerative
diseases – what is the evidence? Front Neurosci 2015;9:1–20.

4. Cahill GF, Herrera MG, Morgan AP, Soeldner JS, Steinke J, Levy
PL, Reichard GA, Kipnis DM. Hormone-fuel interrelationships during
fasting. J Clin Invest 1966;45:1751–69.

5. Błaszczyk JW. The emerging role of energy metabolism and
neuroprotective strategies in Parkinson’s disease. Front Aging Neurosci
2018;10:1–9.

6. Prins ML. Cerebral metabolic adaptation and ketone metabolism after
brain injury. J Cereb Blood Flow Metab 2008;28:1–16.

7. Puchalska P, Crawford PA. Multi-dimensional roles of ketone bodies
in fuel metabolism, signaling, and therapeutics access. Cell Metab
2017;25:262–84.

8. Veech RL. The therapeutic implications of ketone bodies: the effects
of ketone bodies in pathological conditions: ketosis, ketogenic diet,
redox states, insulin resistance, and mitochondrial metabolism.
Prostaglandins, Leukotrienes Essent Fatty Acids 2004;70:309–19.

9. Cahill GF. Fuel metabolism in starvation. Annu Rev Nutr 2006;26:
1–22.

10. Paoli A, Bianco A, Damiani E, Bosco G. Ketogenic diet in
neuromuscular and neurodegenerative diseases. Biomed Res Int
2014;2014:474296.

11. White H, Venkatesh K, Venkatesh B. Systematic review of the use
of ketones in the management of acute and chronic neurological
disorders. J Neurol Neurosci 2017;08:1–9.

12. Gasior M, Rogawski MA, Hartman AL. Neuroprotective and disease-
modifying effects of the ketogenic diet. Behav Pharmacol 2006;17:
431–9.

13. Giménez-Cassina A, Martínez-François JR, Fisher JK, Szlyk B, Polak K,
Wiwczar J, Tanner GR, Lutas A, Yellen G, Danial NN. BAD-dependent
regulation of fuel metabolism and K(ATP) channel activity confers
resistance to epileptic seizures. Neuron 2012;74(4):719–30.

14. Bough KJ, Wetherington J, Hassel B, Pare JF, Gawryluk JW, Greene JG,
Shaw R, Smith Y, Geiger JD, Dingledine RJ. Mitochondrial biogenesis
in the anticonvulsant mechanism of the ketogenic diet. Ann Neurol
2006;60:223–35.

15. Van Der Auwera I, Wera S, Van Leuven F, Henderson ST. A ketogenic
diet reduces amyloid beta 40 and 42 in a mouse model of Alzheimer’s
disease. Nutr Metab (Lond) 2005;2:28.

16. Wang J, Ho L, Qin W, Rocher AB, Seror I, Humala N, Maniar K, Dolios
G, Wang R, Hof PR, et al. Caloric restriction attenuates beta-amyloid
neuropathology in a mouse model of Alzheimer’s disease. FASEB J
2005;19(6):659–61.

17. Kashiwaya Y, Takeshima T, Mori N, Nakashima K, Clarke K, Veech
RL. D-b-Hydroxybutyrate protects neurons in models of Alzheimer’s
and Parkinson’s disease. Proc Natl Acad Sci 2000;97:5440–4.

18. Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS,
Devchand P, Wahli W, Willson TM, Lenhard JM, et al. Fatty acids and
eicosanoids regulate gene expression through direct interactions with
peroxisome proliferator-activated receptors α and γ . Proc Natl Acad
Sci 1997;94:4318–23.

19. Lin Q, Ruuska SE, Shaw NS, Dong D, Noy N. Ligand selectivity
of the peroxisome proliferator-activated receptor α. Biochemistry
1999;38:185–90.

20. Cullingford TE. The ketogenic diet; fatty acids, fatty acid-activated
receptors and neurological disorders. Prostaglandins, Leukotrienes
Essent Fatty Acids 2004;70:253–64.

21. Patel NV, Gordon MN, Connor KE, Good RA, Engelman RW, Mason
J, Morgan DG, Morgan TE, Finch CE. Caloric restriction attenuates
Aβ-deposition in Alzheimer transgenic models. Neurobiol Aging
2005;26:995–1000.

22. Lee M-T, Jang Y, Chang W-Y. How do impairments in cognitive
functions affect activities of daily living functions in older adults? PLoS
One 2019;14(6):e0218112.

23. Hashimoto M, Hossain S, Shimada T, Sugioka K, Yamasaki H, Fujii
Y, Ishibashi Y, Oka JI, Shido O. Docosahexaenoic acid provides
protection from impairment of learning ability in Alzheimer’s disease
model rats. J Neurochem 2002;81:1084–91.

24. Hashimoto M, Tanabe Y, Fujii Y, Kikuta T, Shibata H, Shido O.
Chronic administration of docosahexaenoic acid ameliorates the

1590 Dewsbury et al.



impairment of spatial cognition learning ability in amyloid β infused
rats. J Nutr 2005;135:549–55.

25. D’Andrea Meira I, Romão TT, Do Prado HJP, Krüger LT, Pires MEP,
Da Conceição PO. Ketogenic diet and epilepsy: what we know so far.
Front Neurosci 2019;13:1–8.

26. Kverneland M, Selmer KK, Nakken KO, Iversen PO, Taubøll
E. A prospective study of the modified Atkins diet for adults
with idiopathic generalized epilepsy. Epilepsy Behav 2015;53:
197–201.

27. Neal EG, Chaffe H, Schwartz RH, Lawson MS, Edwards N,
Fitzsimmons G, Whitney A, Cross JH. The ketogenic diet for the
treatment of childhood epilepsy: a randomised controlled trial. Lancet
Neurol 2008;7:500–6.

28. Liu H, Yang Y, Wang Y, Tang H, Zhang F, Zhang Y, Zhao Y. Ketogenic
diet for treatment of intractable epilepsy in adults: a meta-analysis of
observational studies. Epilepsia Open 2018;3:9–17.

29. Leone A, De Amicis R, Lessa C, Tagliabue A, Trentani C, Ferraris
C, Battezzati A, Veggiotti P, Foppiani A, Ravella S, et al. Food and
food products on the Italian market for ketogenic dietary treatment
of neurological diseases. Nutrients 2019;11:1–21.

30. Sampath A, Kossoff EH, Furth SL, Pyzik PL, Vining EPG. Kidney
stones and the ketogenic diet: risk factors and prevention. J Child
Neurol 2007;22:375–8.

31. Furth SL, Casey JC, Pyzik PL, Neu AM, Docimo SG, Vining EPG,
Freeman JM, Fivush BA. Risk factors for urolithiasis in children on
the ketogenic diet. Pediatr Nephrol 2000;15:125–8.

32. Sherrier M, Li H. The impact of keto-adaptation on exercise
performance and the role of metabolic-regulating cytokines. Am J Clin
Nutr 2019;110:562–73.

33. El-Rashidy OF, Nassar MF, Abdel-Hamid IA, Shatla RH, Abdel-
Hamid MH, Gabr SS, Mohamed SG, El-Sayed WS, Shaaban SY.
Modified Atkins diet vs classic ketogenic formula in intractable
epilepsy. Acta Neurol Scand 2013;128:402–8.

34. Miranda MJ, Turner Z, Magrath G. Alternative diets to the classical
ketogenic diet – can we be more liberal? Epilepsy Res 2012;100:
278–85.

35. Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred Reporting Items
for Systematic Reviews and Meta-Analyses: The PRISMA Statement.
PLoS Med 2009;6:e1000097.

36. Eriksen MB, Frandsen TF. The impact of PICO as a search strategy
tool on literature search quality: a systematic review. J Med Libr Assoc
2018;106:420–31.

37. ICD Codes. ICD-10-CM Code G31.9 Degenerative Disease of Nervous
System, Unspecified [Internet]. 2020. [Accessed 2020 Nov 2]. Available
from: https://icd.codes/icd10cm/G319.

38. Higgins JPT, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman
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