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Abstract

Background: Many physiological health benefits observed after following a ketogenic diet (KD) can be attributed
to the associated weight loss. The KD has become more prominent as a popular health choice, not only in obese/
overweight individuals, but also in healthy adults. The study aims to determine the effects of a KD, independent of
weight loss, on various aspects of physiological health including: sleep, thyroid function, cognition, and cardio-
metabolic health. The study will also aim to determine whether a change in basal metabolic rate may be associated
with any changes observed.

Methods: Twenty healthy men and women between 18 and 50 years of age will take part in this study. In a
randomized controlled, cross-over design, participants will follow two isocaloric diets: a high-carbohydrate, low-fat
diet (55% CHO, 20% fat, 25% protein) and a KD (15% CHO, 60% fat, 25% protein). Each dietary intervention will last
for a minimum of 3 weeks, with a 1-week washout period in between. Before and after each diet, participants will
be assessed for sleep quality, cognitive function, thyroid function, and basal metabolic rate. A blood sample will
also be taken for the measurement of cardio-metabolic and immune markers.

Discussion: The present study will help in understanding the potential effects of a KD on aspects of physiological
health in healthy adults, without the confounding factor of weight loss. The study aims to fill a significant void in the
academic literature with regards to the benefits and/or risks of a KD in a healthy population, but will also explore
whether diet-related metabolic changes may be responsible for the changes observed in physiological health.

Trial registration: Pan African Clinical Trial Registry (www.pactr.org), trial number: PACTR201707002406306. Registered
on 20 July 2017.
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Background

Obesity, both independently, and in association with other
obesity-related diseases, leads to adverse physiological ef-
fects of many aspects of health including sleep [1, 2], cog-
nitive function [3, 4], and cardiovascular health [5]. A
reduction in body fat is a significant treatment target used
to improve obesity-induced adverse effects on each of
these physiological health variables [6—8]. However, stud-
ies investigating the effect of diet on the physiological as-
pects of health independent of the loss of weight (whether
total mass or fat mass) are lacking. Diets low in carbohy-
drate and high in fat, or ketogenic diets (KD), are conven-
tionally used to treat epilepsy and neurodegenerative
disorders [9, 10], but have been relatively popular for
weight loss since the 1800s [11]. Studies on KDs vary in
their daily limit of carbohydrate intake; carbohydrate con-
sumption may be restricted to as low as 4% [12, 13] up to
40% [14, 15] of daily caloric intake. The fundamental
principle of the KD, however, is severe restriction of diet-
ary carbohydrate consumption, with a concurrent increase
in dietary fat to compensate for the energy deficit, result-
ing in the promotion of lipid oxidation to produce ketones
as an energy source (as opposed to glucose), and thus, a
metabolic state of nutritional ketosis [16].

Obesity affects various aspects of physiological health, in-
cluding sleep and cognition. Compared to controls, obese
individuals have more night-time wakefulness and less total
sleep time [17]. Furthermore obesity with [18] and without
[17] sleep apnea is associated with fatigue, daytime sleepi-
ness, and poor sleep quality. A reduction in body fat im-
proves obesity-related adverse effects on sleep architecture
and daytime sleepiness [7]. In populations with sleep abnor-
malities, a KD has been shown to reduce sleepiness [19, 20]
and normalize sleep architecture [19, 21] but this change
was in association with a loss of body mass, particularly
body fat [19]. In healthy, non-obese men who were good
sleepers, a KD diet increases slow-wave sleep and decreases
rapid-eye-movement sleep [22] compared to a high-
carbohydrate, low-fat (HCLF) diet [1]. Studies investigating
the effect of the KD on sleep, however, are limited by their
study populations and small sample sizes.

Obesity is also a risk factor for dementia and adverse
changes to brain structure and function [3]. The relation-
ship between obesity and cognitive decline is likely to be bi-
directional, with suggestions that a gain in body fat may, at
least in part, be the result of a neurological predisposition
characterized by reduced executive brain function, but that
obesity further compounds the adverse effects on the brain,
possibly via mechanisms involving inflammatory pathways,
elevated lipids and/or insulin resistance [8]. There is some
evidence to suggest that loss of body mass has the potential
to reverse some of the negative obesity-related effects on
cognition, particularly with regards to working memory fol-
lowing significant weight loss [12]. Independent of obesity,
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prospective human studies have identified high-fat diets,
particularly diets rich in saturated fats, as risk factors for
developing Alzheimer’s disease and dementia [23-26].
Most human studies highlight that specific types of fats are
more important than total fat intake; in particular, omega-6
and saturated fatty acids are associated with reduced cogni-
tive performance [24, 27-29]. Randomized controlled trials
(RCTs) investigating the effects of the KD on cognition in
younger, healthy individuals, are lacking in the academic lit-
erature. Therefore, it is yet to be determined whether in-
creased adiposity, or the consumption of high-fat diets, is
responsible for cognitive decline.

Dietary effects on cardiovascular function have been in-
vestigated more than any other physiological function.
However, the majority of studies have been conducted in
obese and/or overweight individuals, who are likely to be in
an obesity-induced, low-grade pro-inflammatory state. Ap-
prehensions exist that the KD, with its concomitant high
intake of total and saturated fat, adversely affects blood lipid
levels and hence, increases the risk for cardiovascular dis-
ease (CVD) [30-36]. Traditionally, a low-fat diet is pre-
scribed for body fat reduction for obese patients with or at
risk for CVD and it is suggested that the fat loss following
any diet restriction and/or exercise accounts for the favor-
able improvements seen in cardiovascular health [37, 38].
However, a meta-analysis on 23 controlled trials involving
1141 obese patients, reported that the KD diet in fact has
favorable effects on cardiovascular health [39]. In particular,
the KD is associated with significant reductions in plasma
triglycerides, fasting plasma glucose, glycated hemoglobin,
plasma insulin, C-reactive protein, systolic and diastolic
blood pressures, total body mass, abdominal circumference,
as well as significant increases in high-density lipoprotein
(HDL) cholesterol, with no significant changes in low-
density lipoprotein (LDL) cholesterol [39].

The inconsistencies in the results of studies comparing
physiological variables between the KD with the current
recommended HCLF diet, are further confounded by the
fact that total body mass loss is associated with both
these diets, particularly with calorie restriction. Given
that physiological factors, such as sleep and cardiovascu-
lar health, are altered by a reduction in body fat, espe-
cially in overweight and obese populations, it is difficult
to differentiate between the effects of the loss of fat mass
or dietary composition. It is, therefore, important to ex-
plore the physiological outcomes of these diets in the ab-
sence of any change in body mass.

Further, it is important to note that even with an increase
in calorie intake on a KD, a greater loss of body mass has
been reported in overweight adolescents compared with
those on the HCLF diet, and it has been suggested that a
non-calorie restricted KD may be more effective than a
very-low-calorie diet due a greater maintenance of meta-
bolic rate, which is a consequence of a higher caloric intake
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[40]. Despite the most common application for the KD be-
ing a reduction in total body mass, there is astonishingly lit-
tle research investigating the effects of a KD, compared
with the conventional HCLF diet, on basal metabolic rate
(BMR) or thyroid function [41, 42]. Changes in the thyroid
hormones triiodothyronine (T3) and thyroxine (T4) that
contribute to maintenance of metabolic rate due to a low-
carbohydrate diet have produced mixed results [41-43].
Importantly, however, caloric intake in these studies was
not controlled. Instead, greater loss of body mass on the
KD compared with HCLF diets, in obese and/or overweight
individuals, has been attributed to spontaneous reduction
in caloric intake [41, 44, 45], reduced hunger and/or in-
creased satiety due to increased fat consumption [46—49],
or an inhibitory effect of B-hydroxybutyrate (BOHB) (the
major circulating ketone body) on appetite [50]. Given the
persistent metabolic adaptation that follows loss of total
body mass and/or calorie restriction, namely adaptive
thermogenesis, which promotes an overall decline in energy
expenditure and a reduced BMR [51, 52], it is intriguing to
determine whether diet composition, independent of a loss
of body mass, caloric intake, and levels of physical activity,
has any significant metabolic effects.

A controlled, cross-over dietary intervention in healthy
individuals, incorporating vital aspects of physiological
health into one study and negating the effect of body mass
loss and calorie intake, has not yet been done. Given that
the majority of studies investigating the KD have: (1) been
done in overweight/obese populations, with or without
diabetes mellitus and/or insulin resistance, (2) did not
control for total caloric intake and levels of physical activ-
ity, and (3) did not incorporate a cross-over of subjects
doing both diets, this study will account for the many
study limitations that exist in the current academic litera-
ture by controlling for body mass, existing disease, and
calorie intake. Therefore, we wish to determine, in a
randomized-controlled cross-over study design, whether a
KD, compared with a HCLF diet, affects sleep, cognition,
thyroid function, and cardiovascular effects in a generally
healthy, non-obese/overweight population while maintain-
ing body mass on the two diets. In addition, we aim to de-
termine whether BMR is different between the ketogenic
and HCLF diets in normal healthy adults and whether this
difference is associated with any difference in sleep, cogni-
tive and cardiovascular physiology.

Methods

Study design

The design of the study is a randomized controlled, cross-
over trial. The study will follow the Standard Protocol
Items: Recommendations for Interventional Trials
(SPIRIT) guidelines for the design and conduct of a trial
(Fig. 1; Additional file 1) [53]. As outlined in Fig. 2, partici-
pants will be asked to visit the Movement Physiology
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Research Laboratory on five occasions; the first visit will
be for screening the volunteers to ensure that they fit the
study criteria. Thereafter, eligible participants will return
to the laboratory before the start of, and after, each dietary
intervention. Following 1 week of normal habitual dietary
monitoring, each participant will follow two isocaloric di-
ets (a KD and a high-carbohydrate, low-fat (HCLF) diet)
in a randomized order and separated by a 1-week washout
period. Randomization of the order of the diets will be
done using the Microsoft Excel 2010 (Version 14.0)
CHOOSE and RANDBETWEEN functions. These func-
tions (=CHOOSE(RANDBETWEEN(1,2), “A”“B’) are
able to assign each new participant into one of the two di-
ets. Each dietary intervention will last for a minimum
period of 3 weeks. In the KD it is critical for the partici-
pant to remain in a ketogenic state for three consecutive
weeks. Should the participant leave the ketogenic state (as
assessed by blood ketone levels), the dietary intervention
period will be prolonged until the consecutive, 3-week ke-
togenic state is achieved. If a participant does not reach a
ketogenic state in 2 weeks, we will exclude them, as it is
indicative of non-compliance. However, we will be more
lenient with someone who has entered a ketogenic state
but may struggle to maintain the state, in which case we
will guide them by closely monitoring their diet to ensure
that their carbohydrate intake is suitably low and that
their fat intake is suitably high. We will also look at the
content of each participant’s diet to ensure that the foods
do not contain imperceptible carbohydrates or that their
protein content is not too high, which may result in gluco-
neogenesis. We will continuously encourage pure fat in-
take, e.g., cooking with olive oil, butter or coconut oil.
Should a participant leave the ketogenic state more than
five times they will be excluded from the study.

The principal investigator (PI) who is collecting the out-
come measures will not be blinded to the diet allocation
because feedback may need to be provided on a daily
basis, to encourage dietary compliance. A researcher that
will conduct the statistical analysis will, however, be
blinded to the order in which the diets were undertaken.

Participants

Twenty healthy individuals, between the ages of 18 and
50 years, will be asked to volunteer in this study. A total
of 20 participants would provide 85% power to obtain a
medium effect size for BMR (Cohen’s d effect size = 0.3)
[54]. Using standardized and customized screening ques-
tionnaires for sleep quality and general health, volunteers
will be screened to ensure that they are free from any
chronic illness, depression, sleep disorders, for at least
6 months prior to the start of the study. Volunteers will be
excluded if they are overweight or obese (BMI>26 kg/
m?®), have any adverse cardiac or metabolic conditions
such as type 1 or 2 diabetes mellitus, hypercholesterolemia
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STUDY PERIOD
Enrolment Allocation Post-allocation Close-out

After completion of both
diets (7 wk+ from
baseline)

Habitual

0 Washout
(1 Aug 2017) (1 wk)

TIMEPOINT** -6 months (1 wk)

Wk1 Wk2 Wk3

ENROLMENT:

Eligibility screen X

Informed consent X

Allocation (and
habitual dietary X X
monitoring)

INTERVENTIONS:

[HCLF] X X

[KD] X X

[List other study
groups]

ASSESSMENTS:

BASELINE

Sleep quality,
cognitive test, blood X
lipid profile, blood
inflammatory markers,
thyroid function, BMR,
physical activity.

OUTCOMES

Outcome data
collected every week X X X X
during intervention:
Sleep quality, physical
activity.

Outcome data
collected at the end of
each intervention:
Cognitive function, X X
blood lipid profile,
inflammatory markers,
thyroid ion, BMR.

OTHER DATA
COLLECTED DURING
HABITUAL WEEK

Cognitive practice
tests, habitual dietary
monitoring, general
health

Fig. 1 Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) schedule of enrollment, interventions, and assessments for the
duration of the study. HCLF = High carbohydrate, low fat diet; KD= ketogenic diet, BMR = basal metabolic rate

Before and after diet 1
Body mass, blood sample, sleep quality,
cognitive tests, basal metabolic rate

Time

. 1 week 3 weeks 1 week 3 weeks
period
Habitual week Dietary intervention Wash-out Dietary intervention
period

After washout and after diet 2
Screening for Body mass, blood sample, sleep quality,
eligibility cognitive tests, basal metabolic rate

Fig. 2 Timeline and details of study procedures
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or hypertension confirmed by a clinician. The Pittsburgh
Sleep Quality Index (PSQI) [55] and the General Health
Questionnaire (GHQ) [56] will be used to assess quality of
sleep and psychological health, respectively. Eligible par-
ticipants will be asked to maintain the same level of phys-
ical activity throughout the study, which will be
monitored using the standardized Global Physical Activity
Questionnaire (GPAQ) [57]. If participants are taking a
daily vitamin/mineral supplement, they will be asked to
continue taking it as usual. If they are not taking any sup-
plement they will be asked not to start taking one during
the study. Using the dietary data obtained from 1 week of
habitual dietary monitoring at the start of the study, daily
calorie intake will be calculated for each participant and
the total amount of calories consumed daily during both
dietary interventions will be based on this value.

Dietary intervention

Participants will, in a random order, follow a KD (15%
carbohydrate, 60% fat, and 25% protein) and a HCLF diet
(55% carbohydrate, 20% fat, and 25% protein). Each diet-
ary intervention will last for a minimum of 3 weeks, with
a 1-week washout period in between each diet, during
which time participants will be asked to follow their habit-
ual diet (as during the first week of the study). The PI will
provide each participant with meal plans that are specific
to each dietary intervention, but will maintain an identical
calorie intake to that which was consumed, on average,
over the first week of following each participant’s habitual
diet. Therefore, the PI will formulate individualized meal
plans with the correct respective macronutrient content
for each dietary intervention according to each partici-
pant’s habitual calorie intake. The PI will also educate each
participant on the fundamentals of each dietary interven-
tion and provide foodlists, and other resources containing
information on dietary macronutrient compositions and
calories, to assist each participant to make food choices of
their preference, but in line with the dietary intervention.
The PI will also be easily assessable to each participant for
guidance and/or advice, as well as motivation, throughout
the study. Ultimately, these measures should assist with
participant compliance.

Dietary monitoring

Throughout the study (i.e., during the first week (habitual
week), during both dietary interventions and during the
washout period), participants will be asked to record a de-
tailed account of their daily dietary consumption using
specialized, but commercially available, calorie-counter ap-
plications (MyFitnessPal, version 7, Under Armour). The
applications have the functionality to export detailed diet
data for later analysis. In addition, the PI will be able to re-
motely monitor (smart devices will be connected), and crit-
ically analyze and assess, macronutrient composition and
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calorie intake, in order to provide each participant with
daily feedback during the diets. The feedback provided will
either be positive, encouraging comments, or advice on
how to best amend their diet for the purpose of the study.
In order to ensure that a nutritional ketosis is maintained
for three consecutive weeks of being on the KD, blood
levels of B-hydroxybutyrate (BOHB) will be determined
using a finger-prick test and a -ketone handheld analyzser
(Freestyle Optium, Abbott Diabetes Care Ltd., United King-
dom). Levels of BOHB will be measured before and after
each dietary intervention, as well as at the end of each week
while participants are on the KD. During the intervention,
each participant will be provided with a -ketone handheld
analyzer and shown explicitly how to use the device. Partici-
pants will then be able to monitor ketones at home them-
selves without having to return each week for laboratory
assessment. Participants will be required to take a photo of
the value recorded by the handheld analyzer and send that
photo to the PI. Monitoring of BOHB levels will be done to
confirm the ketogenic state in each participant, and once
achieved, the BOHB assessment will be repeated every sec-
ond day to ensure that the ketogenic state is maintained for
three consecutive weeks. Maintenance of a ketogenic state
for three consecutive weeks will be a critical requirement of
the study. When participants leave the ketogenic state (con-
sidered as BOHB levels below 0.4 nM), the dietary interven-
tion period will be prolonged until the consecutive 3-week
ketogenic state is achieved.

Assessments

Home assessments

During each dietary intervention, in addition to daily diet-
ary recall, participants will be provided with study-specific
morning and evening questionnaires to assess daily sub-
jective measures of sleep, mood, and exercise activity. Fur-
ther, at the end of each week, physical activity will be
assessed [57].

Sleep, mood, and exercise questionnaires For the dur-
ation of the study period, participants will be required to
complete a customized sleep diary every morning (morn-
ing questionnaire) to assess perceived sleep quality as well
as morning vigilance on two separate 100-mm Visual
Analogue Scales (VAS), anchored from the “worst sleep”
to the “best sleep ever,” and “not at all fresh and alert” to
the “most fresh and alert ever,” respectively. The morning
questionnaire will also provide information on each par-
ticipant’s sleeping habits, such as what time they went to
bed, how long they think it took them to fall asleep, and
what time they woke up. Thus, information on each par-
ticipant’s sleep-wake cycles can be retrieved. Each evening,
throughout the study, participants will be required to
complete a customized evening questionnaire to assess
current mood on a 100-mm VAS anchored from “worst
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mood ever” to “best mood ever.” The evening question-
naire also asks for information on the type, duration, and
intensity of any exercise performed during the day. At the
end of each week, physical activity will be further assessed
using the standardized GPAQ [57].

Laboratory assessments

Before and after each dietary intervention (i.e., four
times), participants will return to the laboratory after an
overnight fast, for anthropometric measurements and to
provide a blood sample. Tests to assess cognitive func-
tion tests and BMR will also be assessed at each of these
visits, and validated and standardized Pittsburgh Sleep
Quality Index (PSQI) [55] questionnaires will be admin-
istered to assess sleep quality.

Anthropometry Height (to the nearest centimeter) and
body mass (to the nearest 100 g) will be measured using a
stadiometer (Holtain Ltd., Crymych, UK) and electronic
scale (Dismed, Miami, FL, USA) respectively. Participants
will be measured without shoes and while wearing light
clothing. Biceps, triceps, supra-iliac and sub-scapularis
skinfolds (to the nearest 2 mm) using Holtain skinfold cal-
ipers (Holtain Ltd., Crymych UK), will be used to deter-
mine body fat percentage of each participant [58].

Cognitive function Cognitive function will be assessed
using a battery of computerized cognitive tests (Cogstate
computerized tests (www.cogstate.com)) performed on a
laptop computer with headphones. In order to avoid a
learning effect of performing these cognitive function
tests, participants will be required to perform the battery
of tests and repeat it three times during the habitual diet
screening week. Cognitive tests will include: (1) Groton
Maze learning task (to assess executive function), (2) Iden-
tification test (to assess attention), (3) Psychomotor vigi-
lance task (to assess reaction times), (4) One-card learning
task (to assess visual learning), and (5) Two-back test (to
assess working memory). This battery of tests will be done
during the habitual dietary screening week, as well as be-
fore and after each dietary intervention.

Blood sampling and collection After an overnight fast
(minimum of 10 h) a 10-ml venous blood sample will be
drawn by venous puncture from the brachial vein of the
participant for the assessment of biomarkers of cardiovas-
cular and metabolic health. These biomarkers include
lipid profiles (concentrations of triglycerides, LDL, HDL
and total cholesterol), interleukin-6 (IL-6), interleukin-1
(IL-1), high-sensitivity C-reactive protein (hsCRP), tumor
necrosis factor alpha (TNF-a), ferritin, and serum amyloid
P. The blood sample will also be used to assess thyroid
function by measuring levels of thyroid stimulating hor-
mone (TSH), T3 and T4. Blood samples will be taken
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before and after both dietary interventions. Samples will
be analyzed by a reputable external laboratory (Clinical
Laboratory Service, Johannesburg, South Africa).

Basal metabolic rate Basal metabolic rate will be mea-
sured using respiratory gas analysis via a computerized
metabolic system (Quark ergo, COSMED, Rome, Italy).
Participants will lie supine on a plinth for a period of
15 min with a face mask, covering their mouth and nose,
connected to the metabolic system. Oxygen consump-
tion, carbon dioxide production, ventilation, and respira-
tory rate will be recorded throughout the procedure.
Average energy expenditure (kcal/min/kg) over the last
five of the 15 min will then be recorded as BMR. The
room temperature of the laboratory will be maintained
at 27 °C for all participants.

Outcomes

All outcomes will be measured at baseline, and before
and after 3 weeks of each dietary intervention. The pri-
mary outcome will be diet-induced change in sleep qual-
ity, cognitive function, markers of inflammation and
cardiovascular health status. The secondary outcomes
will be a change in BMR and thyroid function.

Data analysis

Data analysis will be done using IBM SPSS Statistics (ver-
sion 24, IBM Corporation, NY, USA). A two-tailed statis-
tical significance will be accepted at P<0.05. Each
outcome variable assessed will be analyzed according to
diet (KD or HCLF) and time (before and after each diet)
using a repeated-measures two-way analysis of variance
(ANOVA). Where appropriate, a Student-Newman-Keuls
post-hoc test will be used to assess the origin of any sig-
nificant differences detected by the ANOVA models. Vari-
ables will be adjusted for potential confounders which will
be determined using multiple linear regressions. A power
analysis has indicated that total of 20 participants would
provide 85% power to obtain a medium effect size for
BMR (Cohen’s d effect size = 0.3) [54].

Discussion

There is little understanding of how dietary macronutrient
composition affects various physiological measures of
health in a healthy population. Our study aims to investi-
gate the effect of a KD, independent of weight loss, on the
physiological outcomes of sleep, cognitive function, thy-
roid function, metabolic rate, and cardiovascular health,
including inflammatory markers, in a non-overweight/
non-obese population. Due to the confounding effects of
obesity and chronic illness on physiological health, we be-
lieve that negating the effect of weight loss, chronic dis-
ease, and overweight/obesity, we can add valuable insight
into the direct effects of macronutrient composition (diet)


http://www.cogstate.com/

lacovides and Meiring Trials (2018) 19:62

on various aspects of physiological health. The increasing
popularity of a KD in the general population warrants in-
vestigation into the effects of this diet on other physio-
logical aspects of health including sleep, cognitive and
thyroid function, and cardiovascular health. Limitations in
existing study designs include that most studies compare
different groups of individuals on different diets (i.e., not a
cross-over design), participants included in these studies
are those who are obese/overweight who likely also have
underlying chronic illnesses like insulin resistance, meta-
bolic syndrome or dyslipidemia, and importantly, most
studies do not control for calorie-intake (i.e., dietary inter-
ventions are not isocaloric) nor physical activity (calorie
output). The present study design aims to control for all
the above limitations and to determine the effects of diet
on various physiological parameters in the absence of a
variation in calorie input and output, and thus, the ab-
sence of body mass change. Another limitation of studies
is that the level of carbohydrate restriction in the KD
varies from study to study. We chose a level of 15% of cal-
orie derivation from carbohydrates for our KD based on
more recent RCTs that have restricted their diets to 20%
carbohydrates [59, 60].

Weight loss is an outcome measure of most studies;
however, mechanisms to explain potential changes in
weight are poorly explored and the observed weight
loss is often used to explain other effects on physio-
logical health [6—-8]. Despite a large number of studies
investigating the effects of diet on weight loss, the ef-
fect of diet on thyroid function and BMR is poorly
understood. Following short-term and sustained weight
loss, adaptive thermogenesis occurs, where total energy
expenditure, non-resting energy expenditure and rest-
ing energy expenditure, are all significantly reduced
compared with pre-weight-loss measures [52]. Thus,
the decline in overall energy expenditure, favors the re-
gain of the lost weight, and this metabolic compensa-
tion persists well beyond the period of active weight
loss [38]. BMR is the largest contributor of total daily
energy expenditure but is known to be the least modifi-
able component [61]. Exercise-associated thermogen-
esis (EAT), non-exercise-associate thermogenesis
(NEAT), and TEF (the thermic effect of food) constitute
the three components of the more changeable compo-
nents of metabolism, and are known collectively as
NREE (non-resting energy expenditure). Given that
NEAT (i.e., non-structured exercise, including walking,
standing, fidgeting, doing housework, etc.) is the largest
component of the changeable aspects of metabolism,
and given that metabolic compensation following
weight loss largely targets NEAT, but may also modify
your motivation to exercise (EAT), in this study we
wish to reduce these confounders by (1) monitoring
physical activity levels, but also, more importantly, (2)
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implementing a dietary intervention without a calorie
deficit. In particular, each dietary intervention (macro-
nutrient composition) will be designed according to
each participant’s habitual daily calorie consumption.
The purpose is to mitigate a change in body mass and,
therefore, the associated changes in metabolism, in
order to determine whether dietary macronutrient
composition alone (i.e., changes in the relative contri-
bution of each macronutrient consumed daily, without
changing total calorie intake) can affect metabolic rate,
and related thyroid function.

Furthermore, our study aims to investigate inflamma-
tory markers that are risk factors for the development of
CVD. A limited number of studies investigating the ef-
fects of diet on CRP and adipocytokines, such as TNF-a,
have been performed and have produced conflicting re-
sults [15, 62—-64]. It is also important to note that their
results are further confounded by the populations stud-
ied, given that both CRP and adipocytokines are affected
by obesity and weight loss [65, 66]. We therefore believe
that these measurements will add valuable insight to car-
diovascular function and inflammatory markers in a
healthy population.

As the popularity of following a KD increases and as
people begin to question the relevance of the high
carbohydrate diet in contributing positively to the main-
tenance of one’s metabolic and physiological health, the
present study will provide valuable information on the
effects of a KD on various aspects of health without the
influence of obesity and without the confounding effects
of weight loss. In particular, the results of this study will
provide information on short-term dietary effects on
sleep quality, cognitive function and measures of inflam-
mation and cardiovascular health, but also on thyroid
function and associated BMR.

Trial status
Subject recruitment began in May 2017. We anticipate
data collection to be complete by February 2018.

Additional file
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Abbreviations

BMI: Body Mass Index; BMR: Basal metabolic rate; BOHB: -
hydroxybutyrate; CRP: C-reactive protein; CVD: Cardiovascular disease;
EAT: Exercise-associated thermogenesis; GHQ: General Health
Questionnaire; GPAQ: Global Physical Activity Questionnaire; HCLF: High-
carbohydrate, low-fat; HDL: High-density lipoprotein; IL-1: Interleukin-1;
IL-6: Interleukin-6; KD: Ketogenic diet; LDL: Low-density lipoprotein;
NEAT: Non-exercise-associated thermogenesis; NREE: Non-resting energy
expenditure; Pl: Principal investigator; PSQI: Pittsburgh Sleep Quality
Index; RCTs: Randomized controlled trials; T3: Triiodothyronine;

T4: Thyroxine; TEF: Thermic effect of food; TNF-a: Tumor necrosis factor
alpha; TSH: Thyroid stimulating hormone; VAS: Visual Analogue Scale


dx.doi.org/10.1186/s13063-018-2462-5

lacovides and Meiring Trials (2018) 19:62

Acknowledgements
Not applicable.

Funding

The study will be funded by the Faculty of Health Sciences’ Seed Funding
for Research, and by the Movement Physiology Research Laboratory and by
the Brain Function Research Group, University of Witwatersrand, South Africa.

Availability of data and materials
Not applicable.

Authors’ contributions

SI: conceptualization of study, development of study design, writing of drafts,
editing of drafts. RM: development of study design, writing of drafts, editing
of drafts. Both authors read and approved the final manuscript.

Ethics approval and consent to participate

The study has been approved by the University of the Witwatersrand Human
Research Ethics Committee (clearance number: M150849). All participants will
be fully informed of the procedures of the study and will sign an informed
consent form prior to participation in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Brain Function Research Group, School of Physiology, Faculty of Health
Sciences, University of the Witwatersrand, 7 York Rd, Parktown,
Johannesburg, South Africa. Movement Physiology Research Laboratory,
School of Physiology, Faculty of Health Sciences, University of the
Witwatersrand, 7 York Rd, Parktown, Johannesburg, South Africa.

Received: 5 October 2017 Accepted: 14 December 2017
Published online: 23 January 2018

References

1. Dixon JB, Dixon ME, Anderson ML, Schachter L, O'Brien PE. Daytime
sleepiness in the obese: not as simple as obstructive sleep apnea. Obesity.
2007;15(10):2504-11.

2. Dixon JB, Schachter LM, O'Brien PE. Sleep disturbance and obesity: changes
following surgically induced weight loss. Arch Intern Med. 2001;161(1):102-6.

3. Alosco ML, Gunstad J. The negative effects of obesity and poor glycemic
control on cognitive function: a proposed model for possible mechanisms.
Curr Diab Rep. 2014;14(6):495.

4. Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN, Gunderson EP, Yaffe
K. Central obesity and increased risk of dementia more than three decades
later. Neurology. 2008;71(14):1057-64.

5. Kopelman P. Health risks associated with overweight and obesity. Obes Rev.
20078 Suppl 1:13-7.

6.  Strobel RJ, Rosen RC. Obesity and weight loss in obstructive sleep apnea: a
critical review. Sleep. 1996;19(2):104-15.

7. Dixon JB, Schachter LM, O'Brien PE. Polysomnography before and after
weight loss in obese patients with severe sleep apnea. Int J Obes. 2005;
29(9):1048-54.

8. Smith E, Hay P, Campbell L, Trollor JN. A review of the association between
obesity and cognitive function across the lifespan: implications for novel
approaches to prevention and treatment. Obes Rev. 2011;12(9):740-55.

9. Gasior M, Rogawski MA, Hartman AL. Neuroprotective and disease-
modifying effects of the ketogenic diet. Behav Pharmacol. 2006;17(5-6):
431-9.

10.  Freeman JM, Vining EP, Pillas DJ, Pyzik PL, Casey JC, Kelly LM. The efficacy of
the ketogenic diet-1998: a prospective evaluation of intervention in 150
children. Pediatrics. 1998;102(6):1358-63.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

Page 8 of 9

Banting W. Letter on corpulence, addressed to the public. 1869. Obes Res.
1993;1(2):153-63.

Brinkworth GD, Buckley JD, Noakes M, Clifton PM, Wilson CJ. Long-term
effects of a very low-carbohydrate diet and a low-fat diet on mood and
cognitive function. Arch Intern Med. 2009;169(20):1873-80.

Holloway CJ, Cochlin LE, Emmanuel Y, Murray A, Codreanu |, Edwards LM,
Szmigielski C, Tyler DJ, Knight NS, Saxby BK; et al. A high-fat diet impairs
cardiac high-energy phosphate metabolism and cognitive function in
healthy human subjects. Am J Clin Nutr. 2011,93(4):748-55.

Sacks FM, Bray GA, Carey VJ, Smith SR, Ryan DH, Anton SD, McManus K,
Champagne CM, Bishop LM, Laranjo N, et al. Comparison of weight-loss
diets with different compositions of fat, protein, and carbohydrates. N Engl
J Med. 2009;360(9):859-73.

Deluis DA, Sagrado MG, Aller R, Izaola O, Conde R. Effects of C358A
missense polymorphism of the degrading enzyme fatty acid amide
hydrolase on weight loss, adipocytokines, and insulin resistance after 2
hypocaloric diets. Metab Clin Exp. 2010;59(9):1387-92.

Robinson AM, Williamson DH. Physiological roles of ketone bodies as
substrates and signals in mammalian tissues. Physiol Rev. 1980,60(1):143-87.
Vigontzas AN, Bixler EO, Tan TL, Kantner D, Martin LF, Kales A. Obesity
without sleep apnea is associated with daytime sleepiness. Arch Intern Med.
1998;158(12):1333-7.

Epstein LJ, Kristo D, Strollo Jr PJ, Friedman N, Malhotra A, Patil SP, Ramar K,
Rogers R, Schwab RJ, Weaver EM, et al. Clinical guideline for the evaluation,
management and long-term care of obstructive sleep apnea in adults. J
Clin Sleep Med. 2009;5(3):263-76.

Willi SM, Oexmann MJ, Wright NM, Collop NA, Key Jr LL. The effects of a
high-protein, low-fat, ketogenic diet on adolescents with morbid obesity:
body composition, blood chemistries, and sleep abnormalities. Pediatrics.
1998;101(1 Pt 1)61-7.

Husain AM, Yancy Jr WS, Carwile ST, Miller PP, Westman EC. Diet therapy for
narcolepsy. Neurology. 2004,62(12):2300-2.

Hallbook T, Lundgren J, Rosen I. Ketogenic diet improves sleep
quality in children with therapy-resistant epilepsy. Epilepsia. 2007;
48(1):59-65.

Afaghi A, O'Connor H, Chow CM. Acute effects of the very low
carbohydrate diet on sleep indices. Nutr Neurosci. 2008;11(4):146-54.
Luchsinger JA, Tang MX, Shea S, Mayeux R. Caloric intake and the risk of
Alzheimer disease. Arch Neurol. 2002;59(8):1258-63.

Kalmijn S, Launer LJ, Ott A, Witteman JC, Hofman A, Breteler MM. Dietary fat
intake and the risk of incident dementia in the Rotterdam Study. Ann
Neurol. 1997;42(5):776-82.

Morris MC, Evans DA, Bienias JL, Tangney CC, Bennett DA, Aggarwal N,
Schneider J, Wilson RS. Dietary fats and the risk of incident Alzheimer
disease. Arch Neurol. 2003;60(2):194-200.

Kalmijn S, Feskens EJ, Launer LJ, Kromhout D. Polyunsaturated fatty acids,
antioxidants, and cognitive function in very old men. Am J Epidemiol. 1997;
145(1)33-41.

Morris MC, Evans DA, Bienias JL, Tangney CC, Wilson RS. Dietary fat intake
and 6-year cognitive change in an older biracial community population.
Neurology. 2004;62(9):1573-9.

Zhang J, McKeown RE, Muldoon MF, Tang S. Cognitive performance is
associated with macronutrient intake in healthy young and middle-aged
adults. Nutr Neurosci. 2006;,9(3-4):179-87.

Ortega RM, Requejo AM, Andres P, Lopez-Sobaler AM, Quintas ME, Redondo
MR, Navia B, Rivas T. Dietary intake and cognitive function in a group of
elderly people. Am J Clin Nutr. 1997,66(4):803-9.

Blackburn GL, Phillips JC, Morreale S. Physician’s guide to popular low-
carbohydrate weight-loss diets. Cleve Clin J Med. 2001;68(9):761. 765-766,
768-769, 773-764.

Connor WE, Connor SL. Should a low-fat, high-carbohydrate diet be
recommended for everyone? The case for a low-fat, high-carbohydrate diet.
N Engl J Med. 1997;337(8):562-3. discussion 566-567.

Katan MB, Grundy SM, Willett WC. Should a low-fat, high-carbohydrate diet
be recommended for everyone? Beyond low-fat diets. N Engl J Med. 1997;
337(8):563-6. discussion 566-567.

Bisschop PH, de Metz J, Ackermans MT, Endert E, Pijl H, Kuipers F, Meijer AJ,
Sauerwein HP, Romijn JA. Dietary fat content alters insulin-mediated
glucose metabolism in healthy men. Am J Clin Nutr. 2001;73(3):554-9.

Keys A. Effects of different dietary fats on plasma-lipid levels. Lancet. 1965;
1(7380):318-9.



lacovides and Meiring Trials (2018) 19:62

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

Steer P, Sarabi DM, Karlstrom B, Basu S, Berne C, Vessby B, Lind L. The effect
of a mixed meal on endothelium-dependent vasodilation is dependent on
fat content in healthy humans. Clin Sci. 2003;105(1):81-7.

Boden G, Chen X, Ruiz J, White JV, Rossetti L. Mechanisms of fatty acid-
induced inhibition of glucose uptake. J Clin Invest. 1994,93(6):2438-46.
Fock KM, Khoo J. Diet and exercise in management of obesity and
overweight. J Gastroenterol Hepatol. 2013;28 Suppl 4:59-63.

Washburn RA, Szabo AN, Lambourne K, Willis EA, Ptomey LT, Honas JJ, Herrmann
SD, Donnelly JE. Does the method of weight loss effect long-term changes in
weight, body composition or chronic disease risk factors in overweight or obese
adults? A systematic review. PLoS One. 2014;9(10):2109849.

Santos FL, Esteves SS, da Costa PA, Yancy Jr WS, Nunes JP. Systematic
review and meta-analysis of clinical trials of the effects of low carbohydrate
diets on cardiovascular risk factors. Obes Rev. 2012;13(11):1048-66.

Sondike SB, Copperman N, Jacobson MS. Effects of a low-carbohydrate diet
on weight loss and cardiovascular risk factor in overweight adolescents. J
Pediatr. 2003;142(3):253-8.

Volek JS, Sharman MJ, Love DM, Avery NG, Gomez AL, Scheett TP, Kraemer
WJ. Body composition and hormonal responses to a carbohydrate-restricted
diet. Metab Clin Exp. 2002,51(7):864-70.

Yancy Jr WS, Olsen MK, Guyton JR, Bakst RP, Westman EC. A low-carbohydrate,
ketogenic diet versus a low-fat diet to treat obesity and hyperlipidemia: a
randomized, controlled trial. Ann Intern Med. 2004;140(10):769-77.

Mathieson RA, Walberg JL, Gwazdauskas FC, Hinkle DE, Gregg JM. The effect
of varying carbohydrate content of a very-low-caloric diet on resting
metabolic rate and thyroid hormones. Metab Clin Exp. 1986;35(5):394-8.
Westman EC, Yancy Jr WS, Mavropoulos JC, Marquart M, McDuffie JR. The
effect of a low-carbohydrate, ketogenic diet versus a low-glycemic index
diet on glycemic control in type 2 diabetes mellitus. Nutr Metab. 2008;5:36.
Volek JS, Phinney SD, Forsythe CE, Quann EE, Wood RJ, Puglisi MJ, Kraemer
WJ, Bibus DM, Fernandez ML, Feinman RD. Carbohydrate restriction has a
more favorable impact on the metabolic syndrome than a low fat diet.
Lipids. 2009;44(4):297-309.

Johnston CS, Tjonn SL, Swan PD. High-protein, low-fat diets are effective for
weight loss and favorably alter biomarkers in healthy adults. J Nutr. 2004;
134(3):586-91.

Westerterp-Plantenga MS, Lejeune MP, Nijs |, van Ooijen M, Kovacs EM. High
protein intake sustains weight maintenance after body weight loss in
humans. Int J Obes Relat Metab Disord. 2004;28(1):57-64.

Volek JS, Gomez AL, Kraemer WJ. Fasting lipoprotein and postprandial
triacylglycerol responses to a low-carbohydrate diet supplemented with n-3
fatty acids. J Am Coll Nutr. 2000;19(3):383-91.

Nickols-Richardson SM, Coleman MD, Volpe JJ, Hosig KW. Perceived hunger
is lower and weight loss is greater in overweight premenopausal women
consuming a low-carbohydrate/high-protein vs high-carbohydrate/low-fat
diet. J Am Diet Assoc. 2005;105(9):1433-7.

Arase K, Fisler JS, Shargill NS, York DA, Bray GA. Intracerebroventricular
infusions of 3-OHB and insulin in a rat model of dietary obesity. Am J Phys.
1988;255(6 Pt 2):R974-81.

Fothergill E, Guo J, Howard L, Kerns JC, Knuth ND, Brychta R, Chen KY,
Skarulis MC, Walter M, Walter PJ, et al. Persistent metabolic adaptation

6 years after “The Biggest Loser” competition. Obesity. 2016,24(8):1612-9.
Rosenbaum M, Hirsch J, Gallagher DA, Leibel RL. Long-term persistence of
adaptive thermogenesis in subjects who have maintained a reduced body
weight. Am J Clin Nutr. 2008;88(4):906-12.

Chan AW, Tetzlaff JM, Altman DG, Laupacis A, Gotzsche PC, Krleza-Jeric K,
Hrobjartsson A, Mann H, Dickersin K, Berlin JA, et al. SPIRIT 2013 statement:
defining standard protocol items for clinical trials. Ann Intern Med. 2013;
158(3):200-7.

Cohen J. A power primer. Psychol Bull. 1992;112(1):155-9.

Buysse DJ, Reynolds 3rd CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh
Sleep Quality Index: a new instrument for psychiatric practice and research.
Psychiatry Res. 1989;28(2):193-213.

Goldberg DP, Rickels K, Downing R, Hesbacher P. A comparison of two
psychiatric screening tests. Br J Psychiatry. 1976;129:61-7.

Bull FC, Maslin TS, Armstrong T. Global Physical Activity Questionnaire
(GPAQ): nine country reliability and validity study. J Phys Act Health. 2009;
6(6):790-804.

Durnin JV, Womersley J. Body fat assessed from total body density and its
estimation from skinfold thickness: measurements on 481 men and women
aged from 16 to 72 years. Br J Nutr. 1974;32(1):77-97.

59.

60.

62.

63.

64.

65.

66.

Page 9 of 9

Jonasson L, Guldbrand H, Lundberg AK, Nystrom FH. Advice to follow a
low-carbohydrate diet has a favourable impact on low-grade inflammation
in type 2 diabetes compared with advice to follow a low-fat diet. Ann Med.
2014;46(3):182-7.

Guldbrand H, Dizdar B, Bunjaku B, Lindstrom T, Bachrach-Lindstrom M,
Fredrikson M, Ostgren CJ, Nystrom FH. In type 2 diabetes, randomisation to
advice to follow a low-carbohydrate diet transiently improves glycaemic
control compared with advice to follow a low-fat diet producing a similar
weight loss. Diabetologia. 2012;55(8):2118-27.

Trexler ET, Smith-Ryan AE, Norton LE. Metabolic adaptation to weight loss:
implications for the athlete. J Int Soc Sports Nutr. 2014;11(1):7.

Seshadri P, Igbal N, Stern L, Williams M, Chicano KL, Daily DA, McGrory J,
Gracely EJ, Rader DJ, Samaha FF. A randomized study comparing the effects
of a low-carbohydrate diet and a conventional diet on lipoprotein
subfractions and C-reactive protein levels in patients with severe obesity.
Am J Med. 2004;117(6):398-405.

Cardillo S, Seshadri P, Igbal N. The effects of a low-carbohydrate versus low-
fat diet on adipocytokines in severely obese adults: three-year follow-up of
a randomized trial. Eur Rev Med Pharmacol Sci. 2006;10(3):99-106.

Forsythe CE, Phinney SD, Fernandez ML, Quann EE, Wood RJ, Bibus DM,
Kraemer WJ, Feinman RD, Volek JS. Comparison of low fat and low
carbohydrate diets on circulating fatty acid composition and markers of
inflammation. Lipids. 2008:43(1):65-77.

Kopp HP, Kopp CW, Festa A, Krzyzanowska K, Kriwanek S, Minar E, Roka R,
Schernthaner G. Impact of weight loss on inflammatory proteins and their
association with the insulin resistance syndrome in morbidly obese patients.
Arterioscler Thromb Vasc Biol. 2003;23(6):1042-7.

Leal Vde O, Mafra D. Adipokines in obesity. Clin Chim Acta Int J Clin Chem.
2013;419:87-94.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Discussion
	Trial registration

	Background
	Methods
	Study design
	Participants
	Dietary intervention
	Dietary monitoring
	Assessments
	Home assessments
	Laboratory assessments

	Outcomes
	Data analysis

	Discussion
	Trial status

	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

