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Introduction:Glucose hypometabolism and insulin resistance increase risk for and accelerate progression in Parkinson's
disease and neurocognitive disorders. We conducted a proof of concept trial to determine whether ketogenesis, a met-
abolic adaptation induced by dietary carbohydrate restriction, can improve cognitive performance in Parkinson's dis-
ease patients with mild cognitive impairment.
Methods: We enrolled patients with mild cognitive impairment associated with Parkinson's disease in an eight-week
nutritional intervention with random assignment to either high-carbohydrate consumption typical of the Western di-
etary pattern (n= 7) or to a low-carbohydrate, ketogenic regimen (n= 7). We assessed changes in cognitive perfor-
mance as well as motor function, anthropometrics, and metabolic parameters.
Results: Relative to the high-carbohydrate group, the low-carbohydrate group demonstrated improvements in lexical
access (p = 0.02, Cohen's f effect size = 0.76) and memory (p = 0.01, f = 0.87) and as well as a trend for reduced
interference in memory (p = 0.06, f = 0.60). The low-carbohydrate group also exhibited reduced body weight
(p < 0.0001, f = 1.89) and increased circulation of beta-hydroxybutyrate (p = 0.01, f = 0.90). Change in
body weight was strongly associated with memory performance (p = 0.001). Motor function was not affected
by the intervention.
Conclusion: Nutritional ketosis enhanced cognitive performance in Parkinson's disease-associated mild cognitive
impairment in this pilot study. This metabolic intervention and its mechanisms deserve further investigation in
the context of neurodegeneration.
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1. Introduction

Fifty to 80% of patients with Parkinson's disease (PD) exhibit abnormal
glucose tolerance [1]. Peripheral insulin resistance is often an early abnor-
mality in PD pathogenesis [2], and is related to impairment of central
(brain) insulin signaling associated with neuronal maintenance and bioen-
ergetics [3], suggesting thatmetabolic disturbance is a contributing etiolog-
ical factor. Insulin resistance is associatedwith amore severe PD phenotype
and rapid accrual of disease milestones, including mild cognitive impair-
ment (MCI) and dementia [4].
y & Behavioral Neuroscience,
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Ketogenesis is a metabolic adaptation in which the liver produces ke-
tone bodies contingent on low circulating levels of insulin, typically
resulting from carbohydrate restriction. Nutritional ketosis is distinct
from ketoacidosis, a consequence of severe insulin insufficiency often in
the context of diabetes mellitus. In addition to carbohydrate restriction,
feeding withmedium chain triglycerides and ketone bodies can produce el-
evations of circulating ketones and benefits for brain function [5].

In a prior controlled trial, we demonstrated that short-term carbohy-
drate restriction designed to induce ketogenesis was effective in reducing
glucose and insulin, elevating beta-hydroxybutyrate, and improving mem-
ory performance in older adults with MCI, a risk condition for dementia
[6]. In a subsequent uncontrolled study, also with MCI participants, proton
magnetic resonance spectroscopy imaging demonstrated significantly in-
creased myo-inositol and marginal increases of N-acetyl-aspartate and cre-
atine + phosphocreatine along with improved cognitive performance [7].
These findings suggested that the ketogenic intervention was associated
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with increased autophagy, improved neuronal integrity, and enhanced bio-
energetic function. In the current pilot trial, we investigated the effects of a
low carbohydrate, ketogenic intervention on cognitive performance in PD-
MCI participants. In addition, we assessed effects on motor function, an-
thropometrics, and metabolic parameters.

2. Methods

2.1. Participants and study design

We recruited patients from the Gardner Center for Parkinson's disease
and Movement Disorders at the University of Cincinnati Academic Health
Center. We sought participants diagnosed with PD as per the UK Brain
Bank criteria [8] and with cognitive signs and symptoms corresponding
to MCI according to the Movement Disorder Society Task Force guidelines
for Level I PD-MCI [9]. Inclusion criteria included either a total score be-
tween 20 and 25 on the Montreal Cognitive Assessment (MoCA) [10],
reflecting mild overall cognitive decline, or a score <5 on the MoCA de-
layed recall task, the latter an indicator of hippocampal volume loss [11],
which has been observed with verbal memory deficit in early PD [12]. In
addition, patients were required to have been treated with a stable regimen
of antiparkinsonianmedications for at least six weeks and were expected to
require no dose adjustment during the study period. Each participant also
was required to have a study partner (typically spouse) involved in the ed-
ucation concerning the assigned dietary regimen and to assist with adher-
ence to the protocol. Exclusion criteria included a diagnosis of dementia,
a second neurological disorder, past or current substance abuse, unstable
psychiatric disturbance, diabetes, or regular use of glucose or insulin mod-
ulating agents or medications that might affect the cognitive outcome mea-
sures such as benzodiazepines and stimulants.

This was an eight-week randomized, controlled, parallel-group trial.
Participants were assigned to either a high- or low-carbohydrate regimen
according to a pre-determined schedule generated by a random number se-
quence. Assessments, including cognitive evaluation, motor evaluation,
and anthropometric and metabolic assays, were performed at the enroll-
ment visit and at the final study visit after 8 weeks. The study was approved
by the University of CincinnatiMedical Institutional Review Board and reg-
istered at ClinicalTrials.gov (NCT00777010). Each participant provided in-
formed consent.

2.2. Intervention

Each dietary regimenwas presented as a healthy approachwith empha-
sis on vegetable sources of carbohydrates, although the high carbohydrate
participants were not restricted from any form of carbohydrate. The high-
carbohydrate protocol was designed to maintain overall carbohydrate in-
take at the level typical of the Western diet [13] and well above the level
required to induce ketone body production. For the low-carbohydrate
group, we prescribed a target of 20 g carbohydrate per day exclusively
from vegetables with total restriction from fruit, grain-based foods, and
sweets. Participants and study partners were provided dietary education
orally and with written information as to the macronutrient composition
of common foods and were counseled concerning sources of carbohydrate,
fat, and protein under the supervision of a registered dietitian. In order to
provide individualized regimens that would be acceptable to participants,
we discussed specific foods that might be included, substituted, or elimi-
nated according to each individual's food preferences. Carbohydrate was
the only macronutrient manipulated in the intervention. Consumption of
fat and protein was measured but not controlled in view of evidence that
moderate protein intake does not suppress ketogenesis or affect seizure con-
trol [14] and given our prior experience applying this protocol [6,7].

2.3. Dietary intake monitoring

In order to measure dietary intake and enhance adherence to the
assigned regimen, all participants were instructed to keep three-day diet
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diaries during the week before enrollment and during each week of the in-
tervention. The three-day diaries sampled consumption on two weekdays
and one weekend day. Participants were providedwith oral andwritten ed-
ucation as to how to complete the diet diary forms and instructed to record
all intake including fluids with portion sizes. Each diary was reviewed with
the participant and study partner when submitted to ensure completeness
and clarify uncertainties regarding food preparation or portion size. Diet di-
aries submitted at baseline (pre-intervention) and after week 8 were ana-
lyzed at the Bionutrition Core of the University of Cincinnati Clinical
Translational Research Center using the Nutrition Data System for Research
(NDSR), version 2014 developed by the Nutrition Coordinating Center,
University of Minnesota, Minneapolis, MN USA. For each time point, nutri-
ent values were averaged across the three days. This method is appropriate
when assessing energy and macronutrient intakes compared to specific di-
etary recommendations [15]. In addition, we performed point-of-care mea-
surement of ketone bodies at brief study visits during weeks 2, 4, and 6 to
assess adherence to the respective regimens.

2.4. Neurocognitive assessments

The neuropsychological protocol included tasks designed to assess do-
mains typically affected in PD including aspects of executive ability and
memory function. We administered the Controlled Oral Word Association
task, which includes lexical access trials with phonological and categorical
constraints [16] and assesses executive control operations and phonologi-
cal and semantic information processing [17]. The California Verbal Learn-
ing Test [18] was used to obtain measures of recall and interference in
memory. We also administered the Verbal Paired Associate Learning Test
(VPAL) [19], which calls for learning new associations between arbitrary,
semantically unrelated terms (for example, help-years), a more demanding
verbal memory task.

2.5. Motor assessments

Motor functionwas evaluatedwith themotor subscale of theMovement
Disorders Society-Unified Parkinson Disease Rating Scale (MDS-UPDRS-III)
[20], which has been shown to have high inter-rater reliability and respon-
siveness to treatment.We also administered the Finger Tapping task [21], a
timed measure of finger tapping movements of the dominant and non-
dominant hands that calls for a rudimentary level of motor dexterity.

2.6. Anthropometric and metabolic measures

We measured body weight and waist circumference at the narrowest
waist. Blood was obtained after overnight fast for serum assays of glucose,
insulin, and β-hydroxybutyrate (β-OHB) thatwere performed at the Univer-
sity of Cincinnati Metabolic Diseases Institute. Glucose was determined
using enzyme sensingwith glucose oxidase to form gluconate and hydrogen
peroxide. Insulin assays were performed using two antibodies and
electrochemiluminescence detection. Β-OHB was measured through enzy-
matic quantification using β-hydroxybutyrate dehydrogenase.

2.7. Statistical analyses

The neuropsychological measures were chosen to be representative of
cognitive domains vulnerable in PD including lexical access, memory inter-
ference, and memory recall. Using baseline scores, we examined inter-
correlations within and between domains to corroborate inclusion of each
measure in the respective composite outcomes. Test scores were standard-
ized andmeans calculated to create each composite [22]. The lexical access
composite incorporated the phonological and semantic production scores
from the Controlled Oral Word Association task. The interference compos-
ite was derived from the CVLT intrusion and CVLT false positive scores. The
memory composite included the CVLT short- and long-delay recall mea-
sures and the VPAL.

http://ClinicalTrials.gov
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Group differences in cognitive, motor, anthropometric, and metabolic
outcomes were evaluated with analyses of covariance (ANCOVA). These
analyses involved between-group comparisons of the final visit scores
with covariate control for enrollment visit values in order to isolate the ef-
fect of the intervention [23]. We calculated Cohen's f statistic to determine
effect size estimates for significant effects. Cohen's f is applied in analysis of
variance and is an extension of the effect size statistic (d) applied in the con-
text of the t-test between means of two groups [24]. Cohen's f values are
characterized as small (0.10), medium (0.25) and large (0.40) [24]. Given
the sample size and large effects obtained, estimated power was >0.87 at
alpha probability = 0.05. Regression analyses were used to investigate re-
lationships between significant anthropometric or metabolic factors and
the cognitive outcomes. Difference scores for the anthropometric and met-
abolic factors were calculated by subtracting baseline from final visit
values. These difference scores, alongwith baseline cognitive scores, served
as predictors in the regression and the final visit cognitive score was the de-
pendent variable. These analyses determined the degree towhich change in
an anthropometric or metabolic factor was associatedwith the cognitive re-
sponse to the intervention. We also examined within-group changes in an-
thropometric, metabolic, and dietary factors during the intervention
protocol with dependent t-tests.
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3. Results

3.1. Study participants

Eighteen patients met eligibility criteria and were enrolled. Four partic-
ipants did not complete the trial, three because of complications associated
with long-standing medical conditions and one because of perceived fa-
tigue. Fourteen patients completed the trial, including 7 randomized to
the high carbohydrate regimen and 7 to the low carbohydrate regimen
(Fig. 1).
3.2. Pre-intervention nutritional parameters

There was no difference between groups with respect to demographic,
anthropometric, metabolic, and nutrient intake data at the time of enroll-
ment (Table 1). Total daily energy and macronutrient intake were similar
for each groupwith no difference for any nutritional parameter. Prior to en-
rollment, carbohydrate and fat intake comprised, respectively, 44% and
40% of total daily kcal for all participants, reflecting the relatively high car-
bohydrate and fat intake levels characteristic of theWestern dietary pattern
low
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Table 1
Baseline sample characteristic by group.

High carbohydrate (n = 7) Low carbohydrate (n = 7) t(12); p

Age, y 65.4 (6.5) 66.0 (5.5) 0.17; 0.86
Education, y 15.7 (3.4) 17.7 (2.2) 1.30; 0.22
PD duration, y 2.9 (2.1) 2.6 (2.8) 0.19; 0.84
MoCA 24.2 (2.4) 25.4 (1.1) 1.12; 0.28
MoCA recall score 3.0 (1.4) 2.5 (0.9) 0.64; 0.53
Body weight, kg 96.1 (13.3) 89.9 (12.1) 0.89; 0.38
Waist circumference, cm 105.9 (8.5) 102.6 (16.8) 0.46; 0.65
BMI 31.2 27.9 0.97; 0.34
Fasting glucose, mg/dL 91.3 (12.1) 93.4 (9.9) 0.35; 0.72
Fasting insulin, ?tf=μU/L 8.7 (3.8) 8.2 (4.4) 0.26; 0.79
βHB, mM 0.11 (0.06) 0.08 (0.04) 1.27; 0.22
Total energy, kcal/day 2623 (1586) 2205 (624) 0.60; 0.55
Carbohydrate, g/day 285 (179) 248 (83) 0.46; 0.64
Protein, g/day 101 (46) 82 (28) 0.85; 0.40
Fat, g/day 118 (87) 95 (29) 0.61; 0.54
Fiber, g/day 18.5 (7.4) 20.2 (7.1) 0.43; 0.67
Carbidopa 1 0
Carbidopa/levodopa 6 6
Tolcapone 1 1
Ropinirole 1 1
Selegiline 0 2
Pramipexole 0 1
Amantadine 1 0
Rasagiline 2 0
Rotigotine 1 0
Entacapone 0 1

Note: Values are M (SD) except where noted otherwise. PD duration = period from Parkinson's disease diagnosis to date of study enrollment. MoCA=Montreal Cognitive
Assessment. BMI=bodymass index. βHB=beta-hydroxybutyrate. Nutritional information derived fromdiet diary records obtained during theweek prior to the enrollment
visit. Values for medications indicate the number of participants within group treated with each drug.
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[13]. Protein comprised 15% of total caloric intake, also consistent with
typical US dietary intake data [25].

3.3. Between group analyses of cognitive performances

As compared with the high carbohydrate group, the low-carbohydrate
group exhibited improved performances on the lexical access composite
(F(1,11) = 6.55, p = 0.02, Cohen's f effect size = 0.76; Fig. 2A), and on
the memory composite (F(1,11) = 8.42, p = 0.01, f = 0.87; Fig. 2B).
The low carbohydrate group also exhibited a trend for reduced interference
in memory (F(1,11) = 4.03, p = 0.06, f = 0.60).

3.4. Motor function

There was no effect for motor function assessed by the MDS-UPDRS-III
(34.5 (10.7) vs 26.5 (5.3), p=0.42) or for finger tapping for the dominant
(45.9 (12.6) vs 43.3 (5.4), p=0.92) hand and non-dominant (36.6 (12.6) vs
41.3 (4.6), p = 0.58) hand.

3.5. Between-group anthropometric and metabolic parameters

Compared to the high-carbohydrate group, the low-carbohydrate group
had greater body weight reduction (95 (12.1) kg vs 83 (12.5) kg; F(1,11)=
39.4, p < 0.0001, f = 1.89), and there was a trend for reduction of waist
circumference (104 (8.6) vs 94 (15.3); F(1,11) = 3.54, p = 0.10, f =
0.55). We also observed an effect for β-OHB (0.08 (0.01) mM vs 0.31
(0.19) mM; F(1,11) = 7.74, p = 0.01, f = 0.90). However, there was no
between-group difference for fasting glucose (92.6 (17.6) mg/dL vs 91.3
(8.4) mg/dL, p = 0.50) or fasting insulin (6.5 (3.0) μU/L vs 5.8 (3.2) μU/L,
p = 0.74).

3.6. Regression analyses

Change in body weight was strongly associated with memory perfor-
mance (standardized beta (βstd) =− 0.59, p<0.001) and marginally pre-
dicted lexical access (βstd = − 0.34, p = 0.06). Further, change in body
weight was related to β-OHB (βstd = − 0.61, p = 0.02).
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3.7. Within-group changes in dietary intake

For the high-carbohydrate group, total daily energy intake did not
change significantly during the intervention despite the apparently large
difference (2623 (1568) kcal to 2016 (671) kcal), and there was no change
for any macronutrient. Caloric intake from carbohydrate (43.5% to 39%)
and from fat (40% to 43%) were maintained at pre-intervention propor-
tions for the high carbohydrate participants and comprised the largest com-
ponents of energy intake. The relative proportion of daily energy from
protein (15% to 17%) and intake of fiber (18.5 (7.4) g to 17.6 (6.9)
g) also did not change during the intervention.

However, for the low carbohydrate group, daily energy intake declined
significantly (2205 (624) kcal to 1667 (404) kcal, p=0.004) as did carbo-
hydrate intake (from 44.9% to 8% of total kcal, p = 0.001). Intake of pro-
tein (14% to 29%, p = 0.009) and fat (38% to 61%, p = 0.04) increased
relative to pre-intervention levels, and there was a reduction of fiber con-
sumption (20.2 (7.1) g to 6.8 (4.1) g, p = 0.007).

3.8. Within-group anthropometric and metabolic parameters

At week 8, the high-carbohydrate group was unchanged with respect to
body weight, waist circumference, fasting glucose, and β-OHB relative to
baseline levels (Table 2). However, fasting insulin declined significantly
(p = 0.01). In contrast, within the low-carbohydrate group, several
anthropometric and metabolic factors were modified by the intervention
including reductions in body weight (p < 0.001), waist circumference (p
= 0.05), and fasting insulin (p = 0.04) along with an increase in β-OHB
(p = 0.02).

4. Discussion

This proof of concept trial demonstrated that carbohydrate restriction
with ketogenesis improved performances in aspects of executive ability
andmemory in PD-MCI participants. Executive abilities represent a key do-
main vulnerable to early PD-MCI [26]. In this study, we observed better lex-
ical access and fewer intrusion errors for the low carbohydrate group,
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Fig. 2. Enhanced cognitive performances for the low carbohydrate group shown for
representative tasks. Panel A: lexical access was enhanced for the low carbohydrate
group as reflected in comparatively improved phonological production on the
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Cohen's f = 0.79). Panel B shows improved Verbal Paired Associate Learning Test
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reflecting improved executive control processes including inhibition, set
shifting, and access to semantic knowledge [27].

In addition, the effect for memory supports the notion of improved
memory encoding among the low carbohydrate participants, implying en-
hanced function of the hippocampus and associated medial temporal lobe
structures [28]. This finding recapitulates our prior observation of im-
proved paired associate learning with nutritional ketosis in non-PD MCI
participants [6]. Ketone metabolismmay have particular benefit for medial
temporal lobe structures including hippocampus [29], at least in part
Table 2
Within group changes in anthropometric and metabolic parameters and energy and ma

High carbohydrate

Enrollment Final t

Body weight, kg 96.1 (13.3) 95.1 (12.1) 1
Waist, cm 105.9 (8.5) 104.2 (8.6) 4
Glucose, mg/dL 91.3 (12.1) 92.6 (17.6) 0
Insulin, μU/L 8.7 (3.8) 6.5 (3.0) 3
βHB, mM 0.11 (0.06) 0.08 (0.01) 1
Total energy, kcal 2623 (1586) 2016 (671) 1
Carbohydrate, g; % total kcal 285; 43% 197; 39% 1
Protein, g; % total kcal 101; 15% 89; 17% 0
Fat, g; % total kcal 118; 40% 97; 43% 1
Fiber, g 18.5 (7.4) 17.6 (6.9) 0

Note. Values are M (SD) except where indicated otherwise.
⁎ Indicates p < 0.05.
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because these structures aremore vulnerable to aging andmetabolic distur-
bance, underscoring the salience of a metabolic intervention.

The strong inverse association between the intervention-related change
in body weight and memory enhancement was not anticipated, although
we had expected a positive association of memory with β-OHB [6]. There
is evidence that BMI is inversely related to central ATP production [30]
and that obesity is related to brain atrophy and neurocognitive decline
[31], emphasizing the importance of body weight regulation for brain bio-
energetics and structural integrity. Accordingly, weight loss was not merely
a side effect of carbohydrate restriction. Body weight reduction, particu-
larly in overweight individuals would be expected to be related to reduc-
tions of insulin and inflammatory mediators [31], which also would
contribute to improved central bioenergetic function. An important coun-
terpoint to the apparent benefit associated with weight loss is concern re-
garding loss of lean mass. While we did not measure lean mass in this
study, onemight expect at least modestmuscle loss in the context of decline
in body weight in the low carbohydrate group, even though ketosis gener-
ally is muscle sparing. This would be an important issue in longer trials and
with respect to individuals with PD who might be more vulnerable to mus-
cle atrophy. The future application of the ketogenic approach in this popu-
lation, especially for longer duration, should monitor body composition
and caloric intake.

It is of interest that the high carbohydrate group exhibited significant re-
duction of insulin during the course of the intervention, even while main-
taining overall high carbohydrate intake. This implies that the high
carbohydrate participants reduced high glycemic carbohydrates in favor
of vegetables as recommended in the nutritional education. However, this
effect in the context of a relatively brief intervention was not sufficient to
enhance cognitive performance.

There is no approved pharmacologic intervention to treat cognitive de-
cline in PD. As such, these preliminary findings may have implications for
application of a worthwhile non-pharmacologic management strategy for
patients with PD-MCI. Randomized trials employing nutritional interven-
tions have demonstratedmitigation of dementia risk [32]. Other nutritional
approaches have included supplementation with bioactive compounds
such as flavonoids for PD [33] and alteration of overall dietary pattern
such as carbohydrate restriction and theMediterranean diet for Alzheimer's
disease [34]. While nutritional interventions have implications for im-
proved metabolic function, one might consider ketosis to be among the
most potent because it is associated with metabolic benefits and enhanced
cerebral bioenergetics, the latter demonstrated to offset glucose
hypometabolism associated with neurodegeneration [35].

This study has limitations inherent to its pilot nature and relatively brief
duration. First, the sample sizewas small, whichmay have precluded obser-
vation of a modest change in motor function, although we obtained large
effect sizes for the cognitive findings. This factor, along with evidence of
similar benefit in previous studies [5,6], contributes to emerging evidence
supporting further investigation of this intervention. The gender propor-
tions of the final cohort were overwhelmingly male. Prospective
cronutrient intake during intervention.

Low carbohydrate

(7); p Enrollment Final t(7); p
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participants who were screened and did not qualify for enrollment or de-
clined to participate also were predominantly male. However, the clinic
population from which the sample was drawn generally reflects national
gender proportions for PD (2:1 male to female). We are not aware of a sys-
tematic reason for the gender inequality other than a tendency for greater
cognitive impairment in men with PD observed in other research [36].
The unbalanced gender proportions may have been a random effect that
would have been mitigated in a larger sample.

The brief duration of the intervention may have enhanced adherence
but limited the benefit of a longer-term protocol. Notably, we did not ob-
serve benefit for motor function in this trial, which may have occurred
with a longer intervention period. Future investigations with longer inter-
vention periods will be important as will studies that assess the duration
of benefit following discontinuation of the therapy. Finally, we were not
able to include biomarkers or metabolic measures through neuroimaging
or cerebrospinal fluid that could have provided direct evidence of central
nervous system mechanisms.

In sum, we have shown that short-term nutritional ketosis is capable of
enhancing cognitive performance in PD-MCI patients. The findings extend
prior observations of neurocognitive benefits in at-risk individuals and in
those with early neurodegeneration. However, further investigation is
needed with larger samples in order to demonstrate the reproducibility of
the findings. In addition, it will be necessary to investigate whether longer
duration intervention might provide similar or greater benefit and whether
benefit is sustained after termination of the treatment. Future studies of nu-
tritional ketosis also will be of interest to evaluate the effects of genetic and
epigenetic factors and endophenotypes of PD and to investigate central
mechanisms.
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