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ABSTRACT
The Effects of Exercise on the Fasting Ketone Production Curve:
A Randomized Crossover Study
Landon S. Deru
Department of Exercise Sciences, BYU
Master of Sciences
Elevated ketone production and utilization results in a host of health benefits. The aim of
this study was to assess the rate of ketone production during a prolonged fast and to evaluate
how an initial bout of exercise influences this production. Mood and hunger, along with plasma
insulin and glucagon, were also assessed.
In this crossover study, 20 adult subjects (11 Male, 9 Female) completed two 36-hour
fasts, with one protocol requiring the subject to complete an intense treadmill exercise session at
the beginning of the fast. Ketone levels were assessed via blood ketone meter and recorded every
two hours. Subjective mood and hunger ratings were also recorded every two hours.
Venipuncture was performed every 12 hours to assess plasma insulin and glucagon.
The mean area under the ketone production curve for the nonexercise intervention was
19.19 ± 2.59 mmol/L and 27.49 ± 2.59 mmol/L for the exercise intervention, resulting in a
significant 8.30 mmol/L difference between conditions (95% probability interval was 1.94 to
14.82 mmol/L). The mean time to nutritional ketosis was 21.07 ± 2.95 hours with fasting alone,
and 17.5 ± 1.69 hours when combined with exercise (posterior probability = 0.89). There was a
significant decrease in insulin over time (F(3,133) = 61.75, p < 0.0001). There was also a
significant increase in glucagon over time (F(3,133) = 21.10, p < 0.0001). Hunger and stomach
discomfort did not differ between conditions. Anger (F(10,394) = 2.74, p = 0.0028), depression
(F(10,394) = 2.91, p = 0.0016), tension (F(10,394) = 2.29, p = 0.0128), vigor (F(10,394) = 11.65,
p < 0.0001), and fatigue (F(10,394) = 10.60, p = 0.0001) increased over the course of the fast,
but did not differ between conditions.
Completing aerobic exercise at the beginning of a 36-hour fast results in significantly
more ketone production. The impact of exercise on ketone production comes at little or no
impact on hunger, stomach discomfort and negative moods. A difference in time to achieving
nutritional ketosis between conditions may exist, but this was not observed in this study.
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Introduction
Alzheimer’s disease, stroke, heart disease and diabetes all rank among the leading causes
of death in the United States (Centers for Disease Control and Prevention, 2019). Many
behavioral and pharmacological strategies have been employed to combat the accelerated
incidence of these ailments. Increasing evidence indicates that states of elevated plasma ketones,
termed ketosis, may improve prognosis for each of these conditions (Abbasi, 2018; Kashiwaya et
al., 1994; Kashiwaya et al., 2000; Mattson et al., 2018). Ketosis is a therapeutic intervention for
the treatment of multiple conditions, including epilepsy (Kang et al., 2007), obesity (Abbasi,
2018; Naude et al., 2014), psychosomatic diseases (Yamamoto et al., 1979), hypertension
(Goldhamer et al., 2002), heart failure (Wu et al., 2016), and chronic pain (Michalsen et al.,
2006) and it has been used as adjunctive therapy to combat cancer (Winters et al., 2017).
In addition to these benefits Kashiwaya et al. (2000), found that beta-hydroxybutyrate
(BHB), the body’s predominant ketone, protects against neurodegeneration and toxin-induced
nerve damage commonly seen in Parkinson’s and Alzheimer’s diseases. Enhanced synaptic
plasticity and neurogenesis, resistance to neuronal degeneration, and enhanced recovery from
nerve injury, all function as added neurological benefits of nutritional ketosis (Mattson et al.,
2018). Work done by Shimazu et al. (2013) and Haces et al. (2008) found that BHB increases
histone acetylation, which induces the expression of certain genes that reduce oxidative stress
and protects against cellular damage. Additionally, mechanisms have been discovered that
describe the role of ketones in decreasing inflammation (Youm et al., 2015), improving
mitochondrial respiration and ATP production (Maalouf et al., 2007; Tieu et al., 2003), and in
signaling their own negative feedback loop (Ahmed et al., 2009; Taggart et al., 2005).
Consequently, ketones (which until recently were considered “metabolic garbage”; (Harvey et
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al., 2019) have been determined to be fundamental metabolic and signaling mediators, even
when glucose is abundant (Puchalska & Crawford, 2017).
Several studies suggest that many of the benefits described are still achieved even if
ketosis is not maintained for an extended period of time. For example, Anson et al. (2003) found
that alternate-day fasting resulted in beneficial effects that met or exceeded those of caloric
restriction when observing reductions in serum glucose and insulin levels as well as increased
resistance of neurons in the brain to excitotoxic stress. Additionally, recent works by Anton et al.
(2018), Harvie et al. (2013) and Mattson et al. (2017) each describe the “metabolic switch” as a
transition from utilizing glucose as a major fuel source to utilizing fatty acids and ketones. This
switch is uniquely beneficial as the chronically overburdened glucose oxidation pathway
receives respite while the fatty acid and ketone pathways take over, a state known as metabolic
flexibility. The mechanisms explaining how ketones act in benefiting each of these pathways are
still being discovered, but research suggests that some of the benefits of being in nutritional
ketosis results (at least in part) from the actions of the ketones themselves (Puchalska &
Crawford, 2017).
The state of nutritional ketosis is most readily achieved through either carbohydrate
restriction, complete calorie restriction (fasting), or a combination. Fasting has recently gained
popularity as a means for weight loss and other health benefits (Kerndt et al., 1982). While many
studies have used fasting to induce a state of nutritional ketosis (Balasse et al., 1978; Bergqvist,
2005; Browning et al., 2012; Cahill, 1976; Finnell et al., 2018; Longo & Mattson, 2014), the
time course to achieve this state has not been well described (Harvey et al., 2018). An
appreciation of this time course in healthy individuals would provide an essential foundation for
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future research in discovering the physiological pathways and health benefits associated with this
state.
To our knowledge, no other study has objectively measured the time course of ketone
production in a fasted state compared to that of a fasted state with an initial bout of intense
exercise. The aim of this study was to determine the time course of ketone body production
during a prolonged (36-hour) fast and to evaluate how an initial bout of exercise influences this
time course. Anton et al. (2018) recommends that randomized controlled trials should use
biomarkers of the metabolic switch as a measure of compliance and the magnitude of negative
energy balance during the fasting period. BHB, insulin, and glucagon are each biomarkers that
can be used to observe these effects (Muoio & Newgard, 2008). A secondary aim of the study
was to evaluate how mood and hunger changed over the period of the fast, with and without an
initial bout of exercise.
We hypothesized that the area under the ketone production curve would be greater during
the exercise condition compared to the nonexercise condition over the course of a 36-hour fast.
We also postulated that the timeframe for achieving nutritional ketosis would be significantly
less when the fast was combined with an initial bout of exercise compared to fasting alone.
Additionally, we expected plasma insulin to decrease and plasma glucagon to increase more
dramatically when fasting was combined with exercise. When considering hunger, we expected
no difference in perceived hunger between the two fasting protocols (Sumithran et al., 2013).
Finally, we hypothesized moods of tension, depression, anger, fatigue, and confusion to increase
and vigor to decrease throughout the fasts of the exercise day compared to the nonexercise day.
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Materials and Methods
Design
A randomized crossover design with counterbalanced treatment conditions was used
to compare the influence of fasting alone to fasting combined with vigorous exercise on the
ketone production curve. These two conditions included a 36-hour water-only fast beginning at
8:00 pm and ending at 8:00 am, 36 hours later. Multiple studies have demonstrated water-only
fasting up to and exceeding 36 hours to be safe and well tolerated for healthy participants
(Balasse et al., 1978; Browning et al., 2012; Cahill, 2006). Approval from the university’s
Institutional Review Board was obtained prior to initiating any aspect of this study.
Participants completed two treatment conditions, with a minimum six-day washout
between each session. Using randomizer.org, condition order was randomly assigned to
participant numbers prior to the study (Suresh, 2011). The participant numbers were assigned to
participants chronologically from the time they joined the study. Prior to each laboratory session,
participants were screened for contraindications to participation as outlined below. The outcome
variables we measured were body mass index (BMI), percent body fat, fat mass, hunger, thirst,
stomach discomfort, mood, capillary BHB ketone levels, plasma glucagon, and plasma insulin.
Testing Conditions
On the day the fast was initiated, participants were asked to maintain normal eating
behaviors and hydration patterns to avoid excess caloric consumption in preparation for the fast.
Participants arrived at the lab having not eaten for four hours. Only water was allowed leading
up to the visit. After screenings and assessments, a standardized meal was provided and a 36hour fast initiated. This was a water-only fast, meaning no other food or beverages were allowed
during the fasting period. Participants were instructed to stay hydrated throughout the fast.
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Noncaloric, electrolyte and/or caffeinated beverages/additives were not allowed. Gum chewing
was also prohibited.
Based on random assignment, participants either proceeded with a fasting-only regimen
or participated in the exercise regimen 30 minutes following the initiation of the fasting period.
During the testing period, participants were required to complete hunger and mood assessments
and check and record capillary ketone levels every two hours, except during sleeping hours.
Additionally, they returned to the lab for venous blood draws every 12 hours beginning at 8:00
pm following the standardized meal.
Participants
Twenty healthy adults (11 male and 9 female) were recruited through word of mouth,
advertisements, and fliers in the local community. Participants were adults 18 years of age or
older and must have been weight-stable for the past three months. Participants were required to
be capable of participating in vigorous physical activity without restrictions as measured by a
Physical Activity Readiness Questionnaire (PAR-Q). The PAR-Q contains questions regarding
contraindications to physical activity. Any ‘yes’ response on the PAR-Q excluded participants.
Exclusion also occurred if participants did not provide proper written consent or if they met any
of the following exclusion criteria:
1.

Diagnosed with a chronic disease (i.e., cancer, heart/liver/kidney disease)

2.

Diagnosed with a metabolic disease (i.e., Type I and Type II diabetes)

3.

Diagnosed with orthopedic impairments (i.e., joint replacements or arthritis)

4.

Diagnosed with an eating disorder (i.e., anorexia, bulimia or binge eating disorder)

5.

Taking medications that alter metabolism, appetite or neurological function (i.e., insulin,
metformin, amphetamine-based ADHD medications, depression and anxiety medications
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such as selective serotonin reuptake inhibitors, serotonin and norepinephrine inhibitors and
benzodiazepines; (Verhaegen & Van Gaal, 2017)
6.

Food allergies (i.e., nuts, celiac disease or gluten intolerance or lactose intolerance)

7.

Habitually consume 60 mg or more of caffeine daily (Johnston et al., 2003)

8.

Pregnant or lactating

9.

Postmenopausal (Morrow et al., 1981)

10. Underweight or obese (BMI < 18.5 or > 30 or a body weight of less than 110 lb; (National
Institutes of Health, 2019)
11. Currently participating in ketogenic, carbohydrate or calorie restricted diets
12. Currently fasting more than once per week
13. Irregular sleeping patterns (including graveyard or swing shifts)
Measurements
Anthropometric Measurements
Body weight and height were measured for all participants at the beginning of each
session. Weight was measured using a digital scale (Seca, Hamburg, Germany) accurate to ± 0.1
kg with participants dressed in athletic shorts and a t-shirt with shoes removed. Height was
measured by a stadiometer accurate to ± 0.1 cm (Seca, Hamburg, Germany). Body mass index
(BMI) was calculated as weight (in kilograms) divided by the square of height (in meters). A GE
iDXA (GE, Fairfield, CT) was used to assess fat mass, percent body fat and visceral adipose
tissue (Bailey et al., 2018; Speakman et al., 2001; Tataranni et al., 1996). Visceral fat was
calculated using the CoreScan application of the GE iDXA (Mohammad et al., 2017; Rothney et
al., 2013). Calibration of the DXA scan took place at the beginning of each testing day using a
manufacturer-provided calibration block. Scans were analyzed using Encore software version 17.
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Mood and Hunger Ratings
Participants were asked to rate their mood and energy levels using the Brunel Mood Scale
(BRUMS), every two hours while recording capillary ketone levels. The 24-item BRUMS
measures six identifiable mood states (Tension, Depression, Anger, Vigor, Fatigue, and
Confusion) through a self-report inventory on a 5-point Likert Scale from 0 (not at all) to 4
(extremely) based on current feelings. The BRUMS questionnaire has been validated by Rohlfs
(2005) as a sensitive and trustworthy replacement for the Profile of Mood States (POMS)
questionnaire in detecting mood states for adolescent and adult populations. Hunger, thirst and
discomfort were assessed using a Visual Analog Scale (Stubbs et al., 2000).
Plasma Insulin and Glucagon
Two 4 ml EDTA (with anticoagulant) tubes of blood were taken from each participant at
the median cubital vein within 30 seconds of tourniquet application. Venipuncture took place
every 12 hours (time 0, 12, 24, and 36 hours) in the human performance lab. For processing,
each 4 ml tube was inverted to allow for mixture. Both samples were centrifuged for 15 minutes
at 1500 xg at 3 °C within 10 minutes of collection, after which the plasma was aliquoted and
placed in separate vials. Both plasma samples were stored in a −80 °F freezer until ready for
analysis. Insulin and glucagon levels were quantified using standard 96-well microplate ELISA
kits according to the manufacturer’s instructions.
Capillary Ketone Assessment
Capillary BHB ketone measurements were assessed on the even hours during the fasting
session (with the exception of sleep time) using the Precision Xtra portable ketone meter (Abbott
Laboratories, Abington, NC). Prior to each fasting session, these meters were calibrated using
manufacturer control solutions. A 5‐µl capillary blood sample was applied to an electrochemical
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strip inserted into the sensor. The Precision Xtra portable ketone monitor was demonstrated by
Byrne et al. to be accurate in measuring real-time whole blood capillary BHB compared to
venous whole blood reference samples up to blood levels of 6 mmol/L (Byrne, 2000).
Procedures
Screening
Potential participants for the study were sent an email containing a link to an online
survey. The online questionnaire was used to ensure participants met inclusion criteria.
Candidates must have answered each question properly in order to qualify for the study. As part
of the online survey, participants were asked to report any food allergies, complete a food
preference questionnaire, and the PAR-Q. The food preference questionnaire was used to ensure
that participants would be able to eat the standardized meals. Qualifying candidates were invited
to participate in the study and were instructed to arrive prepared to exercise. They were also
instructed to avoid caffeine consumption and other stimulants on the testing day as well as to
refrain from vigorous physical activity for the 24-hour period prior to testing. Adherence to the
pretest day protocols were assessed at the beginning of each session. If pretest protocols had not
been followed, the participant was rescheduled.
Orientation. Informed consent was given by participants prior to participation in any
aspect of this study. Participants reported to the Human Performance Research Lab at the
university for each assessment. Each participant was informed of the main purpose of the study
and familiarized with the testing procedures. Training for proper portable ketone meter use took
place in accordance with manufacturer guidelines, and participants were given a copy of these
testing instructions. Using Qualtrics online survey software (Qualtrics, Provo, UT), participants
logged their own capillary ketone blood levels and filled out the questionnaires relating to mood
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and hunger every two hours. Participants were reminded to take and record these measurements
via automated text messages. Participants were oriented to the Qualtrics software and given login
information during the initial orientation. Participants were asked to go about their normal
activities of daily living during the testing period and to avoid exercise or strenuous activity,
including strength or cardiovascular training, yard work, hiking or other moderate activity.
Participants were also asked to maintain their normal sleeping patterns.
Standardized Meals. Participants were given a standardized meal to initiate each fast.
The energy needs for each participant were estimated using equations validated by Hall et al.
(2011). This equation uses height (cm), weight (kg), age (years) and gender to predict basal
metabolic rates (BMR) and has been validated for accuracy and reliability (Hall et al., 2011). An
activity factor of 1.55 was used to estimate total daily energy requirements (World Health
Organization, 1985). Meals were standardized based on macronutrient content (60% CHO, 25%
fat, 15% protein). Participants were given 25% (BMR x 1.55 x 0.25) of their daily caloric
requirements in the standardized meal. The same foods were given on both test days and
participants were instructed to consume all the food provided for each meal. Meal adherence was
assessed in each session by direct observation by the researchers. Any noncompliance (not eating
all food and/or eating other foods) required participants to redo that particular lab session on a
different day when they had followed food protocols. Meals were designed to represent a
reasonable amount of food to provide participants with adequate food intake (Hoffman & Polich,
1998).
Treatment Sessions. Participants were asked to eat normally leading up to the fast and
abstain from food for four hours prior to the standardized meal and initiation of the fast to
prevent prefast caloric loading and to normalize measured blood markers (Plumelle et al., 2014).
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Consent, orientation, instruction, hunger assessment, anthropometric data, demographic
information, and bloodwork were collected during the initiation of each session. Participants
returned to the lab for anthropometric measurements and bloodwork at 12, 24, and 36 hours of
fasting where they were reminded to stay hydrated according to testing protocols. Testing
procedures and protocols were reviewed with each participant prior to initiation of each fasting
session.
Based on random assignment, participants completed either an exercise condition or a
nonexercise condition first. During the nonexercise condition, after all measurements were taken
(including a DXA scan) and after consuming a standardized meal, participants immediately
proceeded with normal daily activity. During the exercise condition, all measurements were
taken (excluding a DXA scan), followed by an exercise regimen 30 minutes after consuming the
standardized meal.
Exercise Protocol. Participants exercised on a treadmill at a grade and speed that brought
their estimated heart rate reserve (HRR) to 70%. Exercise at this intensity is classified as intense
(Jette et al., 1990) and was used because it has been shown to maximize glucose oxidation during
aerobic exercise as compared to lower-intensity training (Purdom et al., 2018). Participants
exercised in this manner until an equivalent number of calories was expended as given in the
standardized meal. The formula used to calculate the participant’s target heart rate was:
Target HR = [% target intensity x (HRmax − HRrest)] + HRrest (Solheim et al., 2014)) (1)
Maximal HR estimation was calculated using the following formula:
HRmax = 208 − (0.7 • age) (Roy & McCrory, 2015)

(2)

Participants were fitted with a strap-on heart rate monitor (Garmin, Olathe, KS) and instructed to
be seated for 5 minutes to establish resting HR (HRrest). Once HR calculations were complete,
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subjects began the exercise. The research assistants adjusted the speed and grade to meet the
target HR within the first 5 minutes of exercise. Once this speed and grade were set, they were
not adjusted for the remainder of the exercise intervention. If a participant was unable to
maintain the exercise at this intensity, they were allowed to take a 60-second break, after which
the exercise was resumed.
The length of exercise was individualized in order to expend a similar number of calories
as consumed from the standardized meal. This calculation was based on the standard ACSMestablished metabolic calculation converting oxygen to kcal by multiplying liters of oxygen by 5.
The equations that were used are presented below.
ACSM Metabolic Equation:
VO2 ml.kg−1min−1 = (0.2 • S) + (0.9 • S • G) + 3.5

(3)

Equations to Estimate Time on Treadmill:
min = (E/5 • 1000)/(kg((0.2 • S) + (0.9 • S • G) + 3.5))
E = calculate energy based on standardized meal in kcal
kg = weight of the participant in kilograms
S = speed of the treadmill in meters per minute
G = grade of the treadmill
min = time on treadmill
All calculations were performed in a preset, protected spreadsheet to ensure accuracy. Energy
expenditure was verified using indirect calorimetry (COSMED, Rome, Italy).
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(4)

Statistical Analysis
Participant data are reported as means and standard deviations. Condition and gender
were the primary factors in the models. The two conditions being considered were fasting
without exercise and fasting with exercise.
Area Under the Beta-Hydroxybutyrate Curve Analysis
Using “R” version 4.0.1 (Vienna, Austria) and JAGS version 4.3.0 statistical software,
the area under the treatment curves was analyzed by using the trapezoidal area under each curve
with one observation per subject by treatment. The Bayesian paradigm was used as the basis for
the analyses. Posterior probability densities for the parameters of interest were generated using
Markov chain Monte Carlo methods. These posterior probability densities could then be used to
make appropriate inferential statements. Posterior probabilities exceeding 0.95 were taken to be
statistically significant. All chains from the posterior densities were evaluated to determine if
convergence was achieved.
Timeframe to Achieve Nutritional Ketosis Analysis
Using the standard 0.5 mmol/L (Gibson et al., 2015; Guerci et al., 2003), the timeframe
to achieve nutritional ketosis for both males and females under the two treatment conditions was
also evaluated using the Bayesian paradigm. To evaluate this timeframe, an estimate of the curve
was needed. After considering a number of possible curves, a cubic curve was found to fit best.
The coefficients of the curve were estimated using a Bayesian hierarchical model. The best-fit
model had hierarchical parameters (meaning the coefficients for each subject were treated as a
draw from the population of possible coefficients) for the intercept, linear, and quadratic
coefficients. A hierarchical paradigm was not used on the cubic coefficients.
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Plasma Insulin and Glucagon Analysis
In order to determine the impact of exercise and fasting on insulin and glucagon levels,
linear mixed models were fit in PC-SAS version 9.4 (Cary, NC). Condition (exercise and
nonexercise), order of condition (exercise first and exercise second), and visit number were
the fixed effects used in these models. Participant was used as a random effect. The interaction
between condition, order, and visit number were evaluated for all models. The LS
Means procedure was used to evaluate significant main and interactive affects. To evaluate any
potential moderating effect of gender, the mixed models were repeated but this time included
gender and evaluated the two-way interactions of gender and condition, gender and order, and
gender and visit. Alpha was set to 0.05.
Hunger, Thirst, Stomach Discomfort, and Mood Analyses
Hunger, thirst, stomach discomfort, and mood data were analyzed using PC-SAS (v. 9.4)
statistical software. The mean and standard deviation of all responses were calculated, and the
scores were graphed over the time of the fast. The two conditions (exercise and nonexercise)
were compared for each response across the span of the 36-hour fasting period. Responses from
the visual analog scales for hunger, thirst and stomach discomfort were evaluated independently.
All responses of the 24-item BRUMS mood questionnaire were divided into the six mood factors
assessed (anger, depression, tension, vigor, fatigue, and confusion). Once sorted, each mood
factor score was summed for a score between zero and sixteen. Linear mixed models were fit
to determine the impact of exercise and fasting on mood over the 36-hour fast. Condition
(exercise and nonexercise), order of condition (exercise first and exercise second), and visit
number were the fixed effects used in these models. Participant was used as a random effect. The
interaction between condition, order, and visit number were evaluated for all models. The LS
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Means procedure was used to evaluate significant main and interactive effects. Alpha was set to
0.05. To evaluate any potential moderating effect of gender, the mixed models were repeated but
and it was found that gender did not predict any outcomes.
Results
We screened 31 individuals for eligibility. Of those screened, 11 were disqualified for
reasons outlined in Figure 1. The remaining 20 participants were randomly allocated to condition
order. Eleven men and nine women were recruited and all participants completed all aspects of
the study. The demographic characteristics of the participants are outlined in Table 1. The
standardized meal fed to participants prior to each fast was 614.84 ± 85.18 kcal. Measured
energy expenditure during the exercise bout on the fast and exercise day was 587.55 ± 120.13
kcal. The average METs during the prescribed exercise was 9.14 ± 1.37. The average respiratory
quotient (R) throughout the prescribed exercise was 0.95, indicating that the major fuel source
for the exercise was glucose (Muoio, 2014).
Area Under the Beta-Hydroxybutyrate Curve
Area under the curve for plasma BHB was calculated for each participant. The 95%
posterior probability interval for the interaction between condition and gender was −6.62 to
18.94 mmol/L. Because this interval included zero, we concluded there was no interaction.

Similarly, the 95% posterior probability interval for the effect of gender was −7.53 to 8.27

mmol/L. Because this interval included zero, we again concluded no gender effect. Because no
differences in gender were observed, men and women were analyzed together.
The mean area under the curve for the nonexercise intervention was 19.19 ± 2.59
mmol/L, while the mean area under the curve for the exercise condition was 27.49 ± 2.59
mmol/L. The 95% posterior probability interval for the treatment effect (difference in area under
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the curve between conditions) was 1.94 to 14.82 mmol/L. Because the posterior probability
distribution interval of the treatment differences did not include zero, we concluded that the
exercise treatment had a significantly larger area under the curve than the nonexercise treatment
at the 0.95 level.
Time to Achieve Nutritional Ketosis
The hierarchical model was used to estimate the time to nutritional ketosis for each
condition. The posterior estimate of the mean time to nutritional ketosis was 21.07 ± 2.95 hours
with fasting alone, and 17.5 ± 1.69 hours when fasting was combined with exercise (see Figure
2). This represents a 3.43-hour reduction in time to nutritional ketosis when the fast was started
with exercise. The posterior probability that the time to nutritional ketosis was different between
conditions was 0.89. Because we had previously determined a posterior probability exceeding
0.95 was need to achieve significance, this difference was not determined to be statistically
significant.
Plasma Insulin and Glucagon
For insulin, there was a significant main effect of time (F(3,133) = 61.75, p < 0.0001)
showing a decrease in insulin over time, but no significant effect for condition (F(1,133) = 0.11,
p = 0.7430) nor an interaction between condition and time (F(3,133) = 2.08, p = 0.1055). For
glucagon, there was a significant main effect for time (F(3,133) = 21.10, p < 0.0001) showing an
increase in glucagon over time. There was also a significant effect of condition on glucagon
(F(1,133) = 37.93, p < 0.0001) showing a higher glucagon level on the exercise day compared to
the nonexercise day, but no interaction between condition and time (F(3,133) = 2.56, p =
0.0576). There was a significant main effect for both time (F(3,133) = 10.29, p < 0.0001) and
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condition (F(1,133) = 14.67, p = 0.0002) for the insulin:glucagon ratio, but no interaction of
condition-by-time (F(3,133) = 1.31, p = 0.2731 (see Figure 3).
Hunger, Thirst and Stomach Discomfort
There was a significant main effect for hunger and time (F(10,394) = 41.60, p < 0.0001)
showing that hunger increased significantly from baseline at hours 12–36 (p < 0.01), but no
significant interaction between condition-by-time (F(10,394) = 0.33, p = 0.9735). There was a
significant main effect for the interaction of time and thirst (F(10,394) = 1.96, p = 0.0364), and a
significant interaction between condition and time (F(10,394) = 1.98, p = 0.0339) showing that
participants were significantly more thirsty immediately after their exercise bout, but there was
no difference between conditions after that. There was a significant main effect for stomach
discomfort and time (F(10,394) = 7.11, p < 0.0001) suggesting that stomach discomfort
increased significantly from baseline at hours 12–36, but no significant effect of condition-bytime (F(10,394) = 0.48, p = 0.9047) (Figure 4).
Mood
There was a significant main effect for time for the following moods: anger (F(10,394) =
2.74, p = 0.0028), depression (F(10,394) = 2.91, p = 0.0016), tension (F(10,394) = 2.29, p =
0.0128), vigor (F(10,394) = 11.65, p < 0.0001), and fatigue (F(10,394) = 10.60, p = 0.0001)
showing that negative moods increased from baseline, while vigor decreased from baseline over
the course of the fast. There was a significant main effect of condition for confusion (F(10,394) =
4.63, p = 0.0320) showing more confusion on the nonexercise day compared to the day with
exercise (see Figure 5). No other significant main effects of condition were observed.
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Discussion
The main purpose of the study was to evaluate how an initial bout of exercise impacts
BHB ketone production over a 36-hour fast. We found that completing a bout of vigorous
aerobic exercise at the beginning of the 36-hour fast increased the production of BHB by 43.3%,
compared to fasting alone, an effect that was independent of gender (see Figure 5). The average
3.5-hour difference in time to ketosis observed is this study was not statistically significant.
These findings help to address the paucity of research on the moderators of ketone production
during a water-only fast.
Understanding the time course to nutritional ketosis and the impact of fasting and
exercise on ketone production are particularly meaningful when considering the potential health
benefits of BHB that have been highlighted in a number of recent studies. For example, ketones
have shown promising cardiovascular results through the reduction of blood pressure in those
with hypertension (Goldhamer et al., 2002), and reduction of total cholesterol, triglycerides, LDL
cholesterol, and atherosclerotic plaque formation (Malinowski et al., 2019). Ketones have also
been linked to a reduction in HbA1C (Gibas & Gibas, 2017), enhanced insulin sensitivity (Sutton
et al., 2018), and weight loss in diabetics (Grajower & Horne, 2019). Both Mattson et al.
(Mattson et al., 2017) and Harvie et al. (Harvie et al., 2013) suggest that these benefits are
achieved even with intermittent exposure to BHB.
There are very few studies that have evaluated the time course of ketone production
during a prolonged fast. These studies have a number of limitations that make it difficult to
generalize their results. For example, Haymond et al. (1982) measured BHB every four hours
over the course of an 86-hour fast in ten healthy men and ten healthy women. While mean BHB
levels were not reported at each measurement time, the graph provided suggests that adults
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achieved nutritional ketosis between 16–18 hours. Our fasting-only group hit nutritional ketosis
after 21.07 ± 2.95 hours, which is several hours slower. Browning et al. (2012) measured BHB
every four hours over the course of a 48-hour fast in nine healthy men and nine healthy women.
While mean BHB levels were not reported at each measurement time, the graphs provided
suggest that adults achieve nutritional ketosis within 24–26 hours, which is several hours longer
than observed in the fasting-only group in our study (Browning et al., 2012). Neither of these
studies controlled any aspect of diet coming into the fast which may directly alter the time course
to ketosis, especially if the participants prepared for the fast by consuming more food. The
difference of time course in the Browning study may also be explained by the fact that the
population included only overweight and obese adults (Browning et al., 2012).
One factor thought to alter the time course of ketone production is gender. It has been
suggested that women tend to enter nutritional ketosis faster than men. This gender difference
was observed in a study by Haymond et al. (1982). However, we did not observe this gender
difference in our study under either condition. In fact, gender did not alter any of the
relationships observed in this study. Our results are supported by Browning et al. (2012) who
also found no such difference between genders in fasted conditions.
We hypothesized that exercise would result in more BHB production and a shorter time
to ketosis. While increased BHB production was observed in this study in the area under the
curve analysis, the study was likely not powered sufficiently to observe a difference in time to
ketosis. The basis for this hypothesis was related to reducing both muscle and liver glycogen,
which would facilitate the switching of metabolic fuels from glucose to fat. Schranner et al.
(2020) concluded that an acute bout of endurance exercise raises ketone levels significantly a
few hours after the exercise, but has little effect immediately after the exercise. The exercise
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prescribed in the study was calculated to closely match the calories of the standardized meal
given to the participants at the beginning of the fast and the intensity was chosen to target
glucose utilization specifically. Affectively, the exercise bout in our study allowed earlier
consumption of stored glycogen, and subsequent use of fatty acids and ketones for metabolic
fuel. Further exploration of this relationship is warranted to determine if time to ketosis was
reduced with exercise. The results of this study did not reach significance, but suggest that this is
likely the case.
While understanding ketone production trends was the main focus of this study, we also
assessed insulin and glucagon levels, as these two hormones both exert strong influences on
lipolysis and ketone production (Muoio & Newgard, 2008). As seen in Figure 2, insulin and the
insulin:glucagon ratio experience the most dramatic changes within the first 12 hours of fasting,
after which they seem to level off. The reduction in plasma insulin seen in this study is supported
by the work of Sutton et al. (2018) and supports the notion that fasting does not have to extend
beyond 12 hours to appreciate the majority of the reduction in plasma insulin. The marked
reduction in the insulin:glucagon ratio indicates that hydrolysis of adipose tissue and
triacylglycerol was taking place (Capozzi et al., 2020). Interestingly, glucagon inclined steadily
in both conditions over the duration of both fasts with the exercise condition remaining markedly
higher. While these trends are interesting and follow the established counter-regulatory roles of
insulin and glucagon on each other to protect against hypoglycemia, insulin seems to play a
larger role in the ketogenic process than glucagon and strongly inhibits ketosis (McGarry &
Foster, 1977). In fact, Capozzi et al. (2020) demonstrated that glucagon is not necessary to
facilitate an increase in ketone production in response to a fast.
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A secondary question that was addressed in this study was how fasting altered feelings of
hunger, thirst, stomach discomfort and affect and how the perceptions differed with or without
exercise. This purpose was added to the study in order to examine the utility of adding exercise
at the beginning of a fast. Regardless of the potential benefits of combining fasting with exercise,
compliance would be difficult to maintain if it presented unpleasant side effects. Wegman et al.
(2015) and Heilbronn et al. (2005) both found a significant increase in hunger and stomach
discomfort over the duration of intermittent fasting. Our results confirm these findings, and also
show that while both hunger and stomach discomfort increased throughout each fast, ratings did
not change with the addition of exercise. Thus, combining exercise with fasting increases ketone
production without increasing subjective ratings of hunger or fasting discomfort.
In addition to hunger and stomach discomfort, we also evaluated subjective feelings of
mood. We found that anger, depression, tension and fatigue increased over time throughout the
fast, while vigor decreased. These results are consistent with Appleton and Baker (2015) who
found that fasting was associated with negative affect. However, in our study, the changes in
mood were not different between conditions. To our knowledge, this is the first study that has
observed the influence on mood of combining exercise with fasting. Because feelings of anger,
confusion, depression, fatigue, tension and vigor are not swayed by exercise, adding exercise to a
fast would increase the potential benefits of fasting without perpetuating a negative mood.
The enhanced production of BHB observed when combining exercise with fasting can
benefit individuals participating in a variety of dietary practices designed to optimize ketone
body production. While various fasting protocols such as time-restricted eating, alternate-day
fasting and prolonged fasting are currently popular, some fasting styles may be more beneficial
for the building of BHB than others. For example, someone practicing a 16-hour fast, followed
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by an 8-hour eating window would likely not reach nutritional ketosis, even when beginning the
fast with exercise. Even an 18- or 20-hour fast would likely be inadequate to reach nutritional
ketosis without exercise. Most people would likely be in nutritional ketosis if they fasted 24
hours or more. However, we also recognize that there may be benefits from achieving BHB
levels below those of 0.5 mmol/L, and that a shorter fasting period may be more tolerable and
improve compliance. However, literature is lacking in evidence to support specific claims
relating to benefits of lower BHB levels.
Strengths, Limitations, and Future Research
Strengths
Several strengths should be taken into account when considering the results of this study,
including that this was a randomized controlled trial with human subjects. While there are
randomized controlled trials evaluating BHB and fasting, much of this literature is from the early
to mid-1900s with methods and outcomes that are not well described. Additional strength comes
from providing the standardized meals to initiate each fast. Doing so allowed us to ensure that
differences were a result of test conditions rather than calorie differences. To that end, energy
expenditure for exercise was estimated through the formulas outlined, but also verified by
indirect calorimetry. Finally, the frequency at which ketone readings were obtained gave a more
stable curve while minimally impacting sleep and life patterns.
Limitations
There are a few limitations that should be considered when interpreting the results of this
study. First, while each participant abstained from food for four hours prior to presenting at the
lab and were fed a standardized meal at the beginning of each fast, we did not control the food
intake of the participants that took place early in the day. The amount and type of food and drink
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consumed prior to the fast and standardized meal may have affected the metabolic state,
especially when the participant is anticipating a subsequent 36-hour fast. However, we did ask
participants to follow normal dietary patterns and to not overconsume at these meals. In addition,
neither plasma insulin nor glucagon differed between conditions at baseline, suggesting that the
participant entered the conditions in a similar metabolic state on both days.
Second, hydration was encouraged, but not directly monitored in this study and
hydrations seems to have an impact on ketone production (Johnson, 1959). However, we did
measure thirst and the only difference between conditions was immediately after exercise. In
addition, overall thirst scores were very low.
Third, while the study was sufficiently powered to observe a significant difference in area
under the BHB curve, we may have been underpowered to evaluate the difference in time to
ketosis between conditions and between genders in each condition. This lack of significance was
largely driven by one participant whose results were opposite that of the other participants,
reaching nutritional ketosis more quickly on the nonexercise day compared to the exercise day.
This difference in results may be explained, in part, by the fact that this subject had the highest
BMI of all participants and was the only participant classified as obese. Obesity has an impact on
ketone production and may explain the divergent observation (McGarry & Foster, 1977).
Finally, the exercise prescribed in this study was intense and for a relatively long
duration. It may be difficult for many people to complete this type of exercise protocol.
However, the results do suggest that exercise does have an impact on ketone production and it is
likely that other exercise protocols that are less intense or of shorter duration may still influence
this relationship but to a lesser extent.
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Conclusions/Future Research
Being in nutritional ketosis, even irregularly, has been linked to a number of positive
health outcomes. The findings of our study suggest that combining a fast with exercise increases
BHB production but does not significantly decrease the time to nutritional ketosis. Consequently,
combining a fast with exercise results in higher concentrations of BHB in roughly the same
period of time compared to fasting. Future research might explore the effects of incorporating
exercise at various times throughout a fast. Additionally, future studies should also evaluate how
lower intensity exercise or high intensity interval training alter the production of BHB during a
fast.
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Table 1. Demographic characteristics of participants

Age (years)
BMI (kg/m2)
BF %
Visceral Adipose (g)
Ethnicity
Asian
Caucasian
Hawaiian/Pacific Islander

Male
(n = 11)
Mean
SD
26.5
7.1
24.7
3.1
18.8
6.3
443.6
275.5
n
1
8
2

%
9
73
18
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Female
(n = 9)
Mean
SD
25.8
4.3
22.7
3.6
27.8
4.5
133.5
116.6
n
2
7
0

%
22
78
0

Cumulative
(n = 20)
Mean
SD
26.2
5.8
23.8
3.4
22.9
7.1
304.0
265.9
n
3
15
2

%
15
75
10

Figure 1. Participant Flow Diagram
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Figure 2. Area Under the Beta-Hydroxybutyrate Curve
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Figure 3. Plasma Insulin and Glucagon Trends
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Figure 4. Hunger, Thirst and Stomach Discomfort Trends
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Figure 5. Mood Trends
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