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Abstract
OBJECTIVES: Caloric restriction (CR) has been shown to slow 
the aging processes in a number of preclinical studies and reduces 
expression of aging-associated biomarkers in human trials. We 
hypothesized that CR would lead to increased incidence of ketosis and 
that ketosis in CR individuals would alter the aging-protective effects 
of CR or biomarkers thereof. 
DESIGN/SETTING/PARTICIPANTS: We analyzed data from the 
“Comprehensive Assessment of Long-Term Effects of Reducing Intake 
of Energy (CALERIE, Phase 2)” Public Use Database available at 
calerie.duke.edu. In this study, non-obese adults between the ages of 
21 and 50 were randomized to 25% CR or control (ad lib) diet groups 
and extensively monitored for two years. Given our focus on the effect 
of caloric restriction on ketosis, individuals with detectible ketones 
during the baseline visit (pre-randomization) and those with missing 
data for ketone testing were excluded from the analysis, leaving 71 
control and 117 CR participants. 
MEASUREMENTS: We analyzed the incidence of ketosis as well 
as ketosis free survival in control and CR participants and assessed 
the effect of ketosis on a number of clinical lab values, functional 
assessments, and participant survey data related to aging biology.
RESULTS: We report that CR was associated with modestly increased 
incidence of ketosis (4.4% in CR vs 1.9% in control), though 
CR-associated changes in T3, VO2, SUMPT-WT (weight normalized 
composite strength score - peak torque), physical functioning, and 
general health did not appear to be altered by the presence or absence 
of ketosis.  Additional observations of interest include: 1) striking 
patterns of biomarker expression changes (MCP-1, TNFα, TGF-β1, 
GH) in both the control and CR participants between the baseline 
visit and the 24-month post-randomization visit and 2) pro-growth/
anti-inflammatory baseline (pre-randomization) biomarker  expression 
profile in CR individuals that later test ketone positive relative to other 
CR individuals. 
CONCLUSIONS: CR modestly increases the incidence of ketosis 
in healthy adults, yet the increase in ketosis in CR patients did not 
significantly affect the aging-protective effects of CR. However, 
given the relatively small number of participants who were ketone 
positive, further investigation in larger study cohorts is still required 
for definitive conclusions. 
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Introduction

Aging is associated with a number of pathologic 
morphological and functional changes throughout 
the body. A driving factor in these pathological 

changes is chronic low-grad inflammation that is observed 
systemically with advanced age (1). Caloric restriction 
(CR) has long been known to the slow aging processes in 
model organisms from yeast to rodents, leading to increased 
healthspan and lifespan (2). More recent work in humans 
and non-human primates indicates that CR improves aging-
associated morbidities and biomarkers thereof (3-14). It is 
thought that these benefits of CR are mediated in part, by 
reducing systemic inflammation (14). The ketogenic diet 
(KD) has also been associated with increased healthspan 
and lifespan in model organisms, though the impact of this 
dietary intervention in the human population is not without 
controversy.  The majority of rodent studies indicate that KD 
reduces inflammation (e.g. 15-18), however data in human 
KD subjects is mixed. Several human studies indicate that 
KD causes increased serum concentrations of molecules 
classically associated with activation of inflammation, for 
instance C-reactive protein (19), while many suspect that at 
least in the presence of an acute disturbance, KD leads to anti-
inflammatory effects (e.g. 20-21).  

Multiple molecular species of ketone bodies or ketones are 
generated by the liver when fatty acids are the predominant 
available fuel source. This can occur during periods of fasting 
(requiring mobilization of stored fat), with high fat/low 
carbohydrate diets, or when insulin signaling is impaired and 
intracellular glucose concentrations are low (diabetes). Ketones 
are bioactive molecules that can serve as alternate energy 
substrates and can modulate cellular signaling as receptor 
ligands (Reviewed in 22).  Given that ketones are generated 
when glycogen stores are depleted, we hypothesized that CR 
would lead to increased incidence of ketone detection and 
that biomarker/functional assessments in CR ketone positive 
individuals might be informative regarding ketone risks and 
benefits in humans.  

The CALERIE Phase II trial randomized human participants 
to ad libitum (control) or 25% CR groups and closely 
monitored these participants over two years with diet/exercise 
logs and quarterly clinical visits. These visits included a variety 
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of lab tests, functional tests and a battery of patient surveys. 
The effects of CR in this patient population have been widely 
published. Notable prior findings include significant weight 
loss (23, 24), decreased cardiometabolic risk factors (25), 
improved weight normalized cardiovascular fitness (VO2max/
BW) and weight normalized muscle strength (26), and reduced 
abundance of inflammation biomarkers (14) in the CR group 
relative to controls. We took advantage of the Public Use 
Database for this trial to determine if CR was associated with 
increased ketosis, as measured by standard urinalysis, and if 
attaining ketosis with CR modified any CR-dependent effects.

Methods

Clinical lab data: To compare incidence of ketosis and ketone 
free survival in the CR and control groups, individuals with 
ketosis detected at baseline and with missing values were 
removed (leaving N=71 control and N=117 CR). Then the 
log-rank (Mantel-Cox) test was employed to compare survival 
curves and chi-square and Fisher’s exact tests were used to 
compare overall incidence. For other analyses, individuals 
with missing ketone tests were not excluded, though these 
individuals also tended to have other missing values (i.e. 
were likely re-excluded because they didn’t have data for the 
measurement of interest). The change of lab values between 
the end of study and the baseline was defined as the difference 
between two time points. Levene’s test for homogeneity of 
variance across groups was calculated. The Shapiro-Wilk test 
of normality was performed to test the normality of the change 
of lab variables. Non-parametric methods were applied since 
the lab data didn’t pass the normality check. Wilcoxon test 
was used in testing the effect of ketosis on lab value changes. 
A non-parametric two-way ANOVA, Scheirer–Ray–Hare test, 
was performed to test the effects of ketosis status, treatment, 
and their interaction on lab value changes. A p value of less 
than 0.05 is considered statistically significant. Functional and 
survey response data were processed similar to lab variables, 
where homogeneity of variance, normality and outliers were 
examined. Wilcoxon test was used in testing the effect of 
treatment on functional value changes. For visualization, data 
were loaded into GraphPad Prism and some figures contain 
more straightforward post-hoc statistical analyses (e.g. t test) 
when of comparative value and are disclosed as such in the 
figure legend. 

Analyses were conducted on Ketone, GH (growth hormone), 
TGF-β1 (transforming growth factor beta 1), MCP-1 (monocyte 
chemoattractant protein 1), Norepi (Norepinephrine), T3 
(triiodothyronine/thyroid hormone), TNFα (tumor necrosis 
factor alpha), and TSH (thyroid stimulating hormone) lab 
values. Analyzed functional and survey results included mean 
VO2, mean VE (ventilatory equivalents), weight normalized 
composite strength score-peak torque, peak force –dominant, 
perceived stress score, and additional measurements from the 
SF-36 survey (pfscore, rlphscore, flephscore, efscore, ewbscore, 
sfscore, pain score, ghscore). Results for analyses not included 
in the main text can be found in Supplemental Table 1. 

Research Subjects: The CALERIE Phase II trial was carried 
out using an established protocol (available at calerie.duke.

edu/files/phase2_protocol.pdf) approved and monitored by an 
NIA appointed Data and Safety Monitoring Board and multiple 
institutional review boards. Relevant participant confidentiality, 
HIPAA considerations, and Informed consent procedures were 
specifically addressed in the protocol. De-identified data was 
accessed from calerie.duke.edu following site registration.   

Analysis of ketone free survival in the CALERIE Phase II trial was suggestive of increased 
ketosis in CR participants (A). Contingency analysis of quarterly ketone urinalysis tests 
indicated that there was an increased incidence of ketosis in the CR participants (2-sided 
Fisher’s exact test, Relative Risk =2.262, 95% CI 1.188-4.323, B). These analyses were 
conducted with data from 71 control diet and 117 CR subjects that were not ketone positive 
at the baseline visit (pre-randomization) and had no missing data for ketone testing.

Results

Ketosis free survival and incidence of ketosis in CR. Based 
on our initial hypothesis, we conducted an analysis of ketosis 
free survival in control vs CR participants in the CALERIE 
Phase II trial (Figure 1). Though not statistically significant 
(p=0.065), the ketosis free survival analysis suggested a strong 
trend toward increased ketosis in the CR participants (11 of 
71 control and 32 of 117 CR participants had at least one 
non-baseline visit ketone positive test). We then conducted a 
contingency analysis by adding all ketosis positive tests relative 
to total tests for each group. This showed that CR resulted 
in increased incidence of ketosis relative to controls (4.4% 
incidence in CR vs 1.9% incidence in controls, p=0.0128).

Impact of ketosis on CR-associated changes. The endpoints 
analyzed here fall into three categories; standard clinical 
laboratory test, measured function, and survey response. Of 
the clinical labs analyzed, only serum triiodothyronine (T3) 
level was effected by CR (Figure 2A). There was no significant 
effect of ketosis or interaction between treatment and ketosis. 
For measured function, CR (treatment) was associated with 
decreased V02 and increased composite strength score-peak 
torque when normalized to weight (Figure 2B, 2C). Again, 
there was no significant effect of ketosis or interaction 

Figure 1. Caloric restriction (CR) modestly increases the 
incidence of ketosis
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between treatment and ketosis. In terms of survey response 
generated metrics, CR was associated with improved Physical 
Functioning and General Health scores (Figure 2D, 2E), with no 
effect of ketosis or ketosis x CR interaction. The only identified 
significant interaction between Ketosis and treatment (CR) was 
for TSH. Increased TSH in a limited number of ketone positive 
control participants drove this result, however no post-hoc tests 
differentiated this group from any other (Figure 2F).

Changes found in both control and CR groups. An initial 
analysis comparing only CR ketone positive subject baseline 

values vs 24 month diet modification values drove significant 
excitement within the group as it appeared these participants 
had dramatic reductions in a number of classically pro-
inflammatory and pro-fibrotic molecules (not shown). However, 
subsequent broader statistical analyses showed these changes 
were not different from similar reductions seen in the control 
group. This was the pattern seen for MCP-1, TGF-β1, and TNF-
α, where CR and CR ketotic individuals were not different from 
controls, yet baseline vs 24 month values were significantly 
reduced across the board (Figure 3). Similarly, growth hormone 

Figure 2. No evidence that ketosis impacts the beneficial effects of caloric restriction

Caloric restriction significantly impacted values for serum T3 (A), mean VO2 (B), Composite Strength:Body Weight (C), Physical Functioning (D) and General Health (E) (24 month 
post-randomization value minus baseline visit value, significant treatment effect from Scheirer-Ray-Hare test). However, there was no effect of ketosis. TSH showed a significant interaction 
between ketosis and treatment (F) largely driven by control ketone positive participants, though no posthoc tests could differentiate this group from any others.  Number of subjects in each 
group is depicted within the bars of the bar graph.
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(GH) concentrations were higher at 24 months vs baseline when 
considering all groups (Figure 3).

Can we differentiate participants who will and will not 
become ketone positive? Plotting of baseline lab values 
by group showed a clear pattern where ketone positive 

CR participants trended toward having decreased baseline 
expression of pro-inflammatory and stress-associated markers 
and increased expression of pro-growth markers (not shown). 
However, no individual marker was on its own, a significant 
predictor of ketosis. We then created a composite value 

Figure 3. Participation in the CALERIE Phase II trial broadly altered biomarker expression profiles in an anti-aging-like pattern

CALERIE Phase II participants randomized to both control diet and CR groups entered a rigorous study with participant education, daily diet and exercise logs, and quarterly clinical 
appointments. Though no significant treatment effects, ketosis effects or treatment x ketosis interactions were noted for MCP1, TGF-β1, TNFα, or growth hormone concentrations, a clear 
pattern was seen between baseline and 24-month post randomization values (A, C, E, G). All subjects included in the analysis were analyzed as one group comparing baseline and 24-month 
post-randomization values by paired two-tailed t test. MCP1, TGF-β1, and TNFα were significantly reduced after 24 months while growth hormone was increased (B, D, F, H, # indicates 
p<0.002).
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where the growth marker, TSH was divided by the product of 
stress/inflammation markers TNFα, Norepi, and MCP1. This 
composite value was almost twice as large in individuals later 
found to be ketone positive relative to other CR individuals 
(Figure 4). Of note, Growth Hormone (GH) showed a similar 
trend to TSH (higher in CR individuals later to be ketone 
positive) however, the standard deviation of GH concentration 
was very large. When GH concentration was added to the 
numerator of the composite score, it introduced sufficient 
variability to negate statistical significance. 

Baseline (pre-randomization) lab values were shown to have predictive potential in 
informing which CR participants would later be ketone positive. A composite score of 
pro-growth biomarker expression to pro-inflammation/stress biomarker expression was 
calculated by dividing TSH concentration by the product of TNFα, Norepinephrine, and 
MCP1 concentration. This score was significantly higher in CR individuals who would 
later test ketone positive than in CR individuals that were never ketone positive (unpaired, 
two-tailed t-test).

Discussion
 

Increased ketone body concentrations in CR participants 
from this study have been recently reported (27). Detailed 
nuclear magnetic resonance (NMR) based investigation of 
specific ketones from overnight fasted participant’s blood 
showed significant between group differences for ketones 
β-OHB and acetone at either the 24-month or the 12-month 
post-randomization time points respectively (27). Consistent 
with this report, our analysis indicates that an increased 
incidence of ketosis with CR can be found using a standard 
non-invasive lab urinalysis. The ability to reach statistical 
significance in the ketosis incidence analysis but not in the 
ketone free survival analysis indicates that CR individuals 
testing ketone positive at multiple time points strengthen this 
difference. These individuals represent a population of interest 
for further investigation regarding physiological and behavioral 
determinants of CR leading to ketosis. 

We did not observe significant reductions in clinical lab 
values previously reported to be decreased with CR relative 
to controls, for instance, TNFα (14). We attribute this to lost 
statistical power when removing individuals with baseline visit 

ketone detection and spreading variation across 4 groups as 
opposed to only two. Another potential interpretation, however, 
could be that the individuals removed due to baseline ketone 
detection (potentially indicative of undiagnosed metabolic 
dysfunction or diabetes) were the strongest responders to CR. 
Regardless, ketosis does not appear to worsen inflammation in 
this population.

The significant increase in GH and reductions in MCP-1, 
TGF-β1, and TNFα in participants, regardless of treatment or 
control group, is noteworthy for at least two reasons. First, it 
indicates that participation in a rigorous lifestyle modification 
clinical trial, even as a control participant can result in a 
biomarker expression profile consistent with improved 
health. This is clearly the case with reduced MCP-1, TGF-β1, 
and TNFα expression, which are pro-inflammatory (28) or 
pro-fibrotic (29) molecules. Interpretation of increased GH 
as potentially beneficial is more controversial. Long-term 
reduction in GH can result in increased healthspan/lifespan in 
pre-clinical models, though some aging associated pathologies 
are at least partially attributed to waning GH concentration 
with advanced age (30).  Second, this finding highlights the 
need for inclusion of robust control groups in clinical trials 
assessing the effects of lifestyle modifications, and we applaud 
the CALERIE team for doing so.  As average annual health 
care expenses are over $12,000 per person in the United States 
(https://www.cms.gov/Research-Statistics-Data-and-Systems/
Statistics-Trends-and-Reports/NationalHealthExpendData/
NationalHealthAccountsHistorical), these results suggest a 
potentially attractive cost/benefit analysis for enrolling 
and reimbursing every American as a control participant in 
lifestyle modification clinical trials. An alternate interpretation, 
however, could be that these all-group findings are reflective 
of reduced “white-coat-syndrome” responses through training/
habituation (31). Additional investigation is required to test 
these possibilities. 

Control diet participants who were ketone positive were 
an interesting, though very small cohort in the study. Albeit 
hampered by insufficient power (only 11 subjects), this 
cohort appears to be very different from the others in terms of 
growth signaling. These participants showed increased TSH 
concentrations (Figure 2) and decreased growth hormone 
concentrations at the 24 month visit (Figure 3), while all other 
groups showed the opposite response to study participation. 

Limitations: While our data demonstrate that ketosis 
linked to CR did not result in any negative impacts on human 
health, we note the limitations within our study. First, this 
study was a post hoc analysis and not a prospective trial. 
Second, participants were not blinded to whether or not they 
were calorie restricted, leading to potential bias in survey 
reporting as well as improvements in their overall diet that 
could impact functional and molecular parameters. Third, our 
analysis did not take into account individual calorie intake 
or energy expenditure, nor did our analysis of VO2 take into 
account participant body mass. This is important, as others have 
reported that absolute VO2 decreased in CR participants, while 
relative VO2 (i.e. normalized to body mass) actually increased 
(26), however fat mass has been shown not to significantly 
impact VO2. Lastly, we were unable to consider sex as a 

Figure 4. Predicting which CR participants will become 
ketone positive
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variable due to our reduced statistical power. However, others 
have reported that the beneficial effects of CR are stronger in 
men than women (27), suggesting that further investigation 
into how sex differences could drive functional and molecular 
changes between CR and CR with ketosis patients is still 
needed.  
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