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Abstract

Objective: The aim of this study was to determine whether a Mediterranean-style,
ketogenic diet mobile health application (app) with breath acetone biofeedback is su-
perior to a calorie-restricted, low-fat diet app in promoting weight loss.

Methods: Participants (n = 155) with overweight/obesity (mean [SD]: age 41 [11]
years, BMI = 34 [5] kg/mz, 71% female) were randomized to one of the interventions
delivered entirely via app. Participants received a wireless scale and were instructed
to take daily weight measurements. A third-party laboratory collected blood samples
at baseline and 12 weeks.

Results: Weight loss at 12 weeks was greater in the ketogenic (-5.6 kg; 95% Cl: -6.7
kg to -4.5 kg) compared with the low-fat group (-2.5 kg; 95% Cl: -3.6 kg to -1.4 kg)
(between-group difference: -3.1 kg; 95% Cl: -4.6 kg to -1.5 kg; p < 0.001). Weight
loss at 24 weeks indicated durability of the effect (between-group difference: -5.5
kg; 95% Cl: -8.3 kg to —2.8 kg; p < 0.001). Secondary/exploratory outcomes of hemo-
globin Alc and liver enzymes were improved to a greater extent in the ketogenic diet
group (p < 0.01).

Conclusions: Among adults with overweight/obesity, a ketogenic diet app with breath
acetone biofeedback was superior to a calorie-restricted diet app at promoting weight
loss in a real-world setting.

INTRODUCTION

Low-carbohydrate or ketogenic diets can be effective for promoting
weight loss and improving metabolic health (1). On a ketogenic diet,
when carbohydrate intake is kept very low, increased delivery of
free fatty acids to the liver leads to their conversion to ketone bodies
(B-hydroxybutyrate, acetoacetate, and acetone), which can then be
used as an alternative fuel source for tissues such as brain and heart.

Mobile health (mHealth) applications (apps) now make deliv-
ery of dietary interventions easily accessible and widely scalable
(2,3). However, traditional ketogenic diets require a considerable
amount of knowledge about the macronutrient content of differ-
ent foods and careful self-monitoring of ketosis to be successful
(4,5). It is therefore important to examine whether hands-off
mHealth technology can be used to facilitate a ketogenic diet

intervention to promote weight loss under free-living conditions.
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KETOGENIC DIET APP FOR WEIGHT LOSS

Keyto (Keyto Inc., San Francisco, California) is a scalable,
comprehensive, app-based weight loss program incorporating a
Mediterranean-style ketogenic diet paired with a breath acetone
biofeedback device. The app combines resources (e.g., recipes,
searchable database, meal plans) with self-monitoring in the form
of an accompanying breath acetone sensor to help individuals learn
about how different foods impact their level of ketosis. The program
emphasizes a Mediterranean-style ketogenic diet, encouraging in-
take of low-carbohydrate foods that are high in monounsaturated
and omega-3 polyunsaturated fatty acids without concomitant in-
creases in the intake of foods rich in saturated fatty acids. This was
designed in response to concerns that traditional ketogenic diets
high in saturated fats might have adverse effects on cardiovascular
risk markers (6).

The purpose of this pragmatic randomized trial was to test the
efficacy of the Keyto diet app and breath acetone biofeedback de-
vice compared with the WW diet app (WW, Inc., New York, New
York). The WW app was chosen as an evidence-based weight loss
intervention effective at reducing weight and cardiovascular risk
(7,8), such that the ketogenic diet app and biofeedback device
could be tested against a well-known and well-studied active com-
parator. We hypothesized greater weight loss for individuals ran-
domized to the ketogenic diet app paired with a breath acetone
biofeedback device compared with the calorie-restricted, low-fat
diet app.

METHODS
Design

This study examines the prespecified primary and secondary out-
comes at 12 weeks from baseline using a two-group pragmatic ran-
domized trial. Using a virtual hands-off design, participants were
mailed study materials and they interacted with study staff via email,
text messages, or phone calls only. The study was conducted with
approval from the University of British Columbia’s clinical research
ethics board, and all participants provided written informed con-
sent digitally prior to data collection. The clinical trial was registered
on ClinicalTrials.gov (NCT04165707) and the protocol published
(DERR1-10.2196/19053) (9).

Participants

A total of 155 participants with overweight/obesity (BMI 27 to
43 kg/m?) from the state of California were recruited between
December 1, 2019, and August 11, 2020, and randomized to one
of the interventions. Key exclusion criteria were pregnancy, current
smoker, diabetes diagnosis, history of heart attack, bariatric surgery,

eating disorder, losing or gaining more than 5% body weight in past

Obesity [lo } "NRVIF AR

Study Importance

What is already known?

> Ketogenic diets have been demonstrated to be effective
for weight loss; however, concerns remain regarding po-
tential adverse effects of a ketogenic diet high in (satu-
rated) fat on cardiovascular risk markers.

> Mobile technology now makes delivery of dietary in-
terventions easily accessible and scalable; and breath
acetone has been suggested to be viable biofeed-
back for monitoring fat loss, specifically during a low-
carbohydrate, ketogenic diet.

What does this study add?

> A self-managed, Mediterranean-based ketogenic diet
intervention delivered entirely remotely via an app and
paired with a breath acetone biofeedback device was su-
perior in achieving weight loss at 12 and 24 weeks com-
pared with a low-fat, calorie-restricted comparator arm.
> The ketogenic diet intervention improved hemoglobin
Alc and liver enzymes to a greater extent than the low-
fat, calorie-restricted diet intervention, with no detri-
mental outcomes in other risk factors, including lipids

and lipoproteins.

How might these results change the direction of
research or the focus of clinical practice?

> Our findings highlight the opportunity to successfully
implement a ketogenic diet remotely.

> App-based interventions may help aid implementation
and scalability of ketogenic diets to promote weight loss

and improve metabolic health.

6 months, and currently following a low-carbohydrate or ketogenic
diet (9). The original published protocol aimed to recruit 144 par-
ticipants per the a priori sample size calculation in order to detect a
clinically meaningful 5% difference in weight loss with 80% power
and a = 0.5 with two groups and two time points (baseline and pri-
mary outcome at 12 weeks), assuming a mean body mass of 100
kg with a standard deviation of 15 kg and a correlation among re-
peated measures of r = 0.75 (9). To account for an expected increase
in dropout rate due to the challenges of the COVID-19 pandemic,
the trial steering committee decided to increase enroliment to 155
participants on July 28, 2020. Randomization schedule was main-
tained by a third-party, password-protected website using variable
permuted block sizes and stratified by sex (male, female) and age (18
to 40, 41 to 64 years).
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Interventions

At the start of the study, participants received a phone call to
provide assistance with setting up of study devices and a brief in-
troduction to their respective diet app and eating plan. Following
that, both interventions were delivered entirely via a mobile
app with no in-person meetings or dietary counseling outside
of the app’s framework. The Mediterranean-style ketogenic
diet app, paired with a breath acetone biofeedback device, uses
a traffic light system to recommend consumption of foods (ad
libitum, cautiously, avoid) according to the amount of net car-
bohydrates based on nutritional information gathered from the
United States Department of Agriculture food database. The
app emphasizes avoidance of refined carbohydrates, and prior-
ity is placed on fats from plant- (e.g., olive oil, avocado, nuts)
and fish-based (e.g., salmon) sources that fit the Mediterranean
guidelines (10) and that are indicated with a “Heart First” badge.
Participants in the trial were encouraged to prioritize foods that
fall in this category. The app is paired with a biofeedback de-
vice that measures breath acetone levels as a proxy for level
of nutritional ketosis. The breath acetone device is roughly the
size of a pen, consisting of a gas sensor using a semiconducting
metal oxide core selective for acetone, with each sensor indi-
vidually calibrated with acetone standard gas during the produc-
tion process (11). Participants were instructed to use the device
three times daily, with their level of ketosis provided within the
paired app on a scale of O (lowest) to 6+ (highest). In case of a
lower score (0 to 3), participants were instructed to further re-
strict carbohydrate intake, whereas in case of a higher score (4
or higher), participants were encouraged to continue with their
current dietary habits. The calorie-restricted, low-fat diet app
intervention uses a points-based tracking system and requires
participants to record their food and beverage intake in the app,
which assigns a points value to each item. The points value is
based on caloric content of each food item, with protein content
lowering and saturated fat and sugar increasing the value. Based
on baseline anthropometrics, a daily points value is calculated,
which participants are instructed not to exceed. Furthermore,
the app contains so-called zero-point low-calorie foods that
can be consumed ad libitum and that do not count toward the
daily points allotment (12). Both apps provided similar ancillary
resources, including recipes, a food search option, and a social

support function, as detailed previously (9).

Weight measurements

Participants received an iHealth Lite Bluetooth scale (Model Lina
H2; iHealth, Mountain View, California) via mail and they were in-
structed to measure their weight daily. Weight measurements were

automatically uploaded to the iHealth cloud where they could be

accessed by the researchers. Weight loss at 12 weeks was the pre-

registered primary outcome.

Secondary and exploratory outcomes

At baseline and at 12 weeks, a fasted blood sample was obtained
by a third-party laboratory (Quest Diagnostics, Secaucus, New
Jersey) for measuring metabolic and cardiovascular risk markers.
Participants completed weekly and monthly survey measures
as manipulation checks of adherence and intervention fidelity.
Surveys were sent via email and they included the Automated
Self-Administered 24-Hour Dietary Recall (13), the Pittsburgh
Sleep Quality Index (14), and questionnaires about food attitude,
diet adherence, physical activity (15), and cravings, mood, and
energy. We also explored the durability of the effect on weight
loss by assessing the change in body mass at 24 weeks using
available data from the Bluetooth- and cloud-connected weigh
scales.

Statistical analysis

The primary objective of this trial was to test the superiority of the
ketogenic diet app with breath acetone biofeedback compared with
the calorie-restricted, low-fat diet app, for promoting weight loss
after 12 weeks. Blinded data were analyzed on an intention-to-treat
basis. We used constrained baseline longitudinal analysis via a linear
mixed model with fixed effects for time point (baseline and postint-
ervention), stratified allocation factors, and the interaction between
time point and dietary intervention group and random effects for par-
ticipants. Effect estimates with 95% Cl for the between-group differ-
ences from the model are reported as the main analyses of interest.
Effect estimates for within-group changes over time are also reported.
Statistical significance was established at an o level of 0.05. Baseline
weight was the weight recorded on the first day of the trial or, if no
weight was logged on that day, the closest weight measurement to
8 AM on the start date of the trial. Postintervention weight was cal-
culated as the average (mean) weight of the final (i.e., 12th) week of
the intervention phase. Sensitivity analysis on the primary outcome
was performed in a similar manner using a linear mixed model with
all available daily weight measures (as opposed to using only base-
line and postintervention weight for the primary analysis). Secondary
end points were analyzed similarly. Bonferroni-adjusted critical a was
used for secondary outcomes to account for multiple comparisons.
No o adjustments were applied to exploratory outcomes. To explore
the impacts of the different diets independent of weight loss, we
reran the linear mixed model on secondary and exploratory outcomes
that were statistically significant with baseline weight and change in
body mass included as additional fixed effects. The statistical analysis

plan is presented in the online Supporting Information.
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[ Enrollment ]

1535 Assessed for eligibility

1380  Excluded

» 1358  Not meeting inclusion criteria
15 Not interested
7 Other reasons

| 155 Randomly assigned |

77 Assigned to Ketogenic Diet
App with Biofeedback

4
1 Ineligible after randomization
1 Did not start

3 Discontinued

10 Lost to follow-up

2 Did not log follow-up weight

A 4

60 Completed 12-week protocol |

y Allocation y

Analysis

78 Assigned to Calorie-Restricted
Low-Fat Diet App

Follow-Up l

Ineligible after randomization

Did not start (2 due to COVID-19)
Discontinued (1 due to COVID-19)
Lost to follow-up

Did not log follow-up weight

— O O —

| 56 Completed 12-week protocol

FIGURE 1 CONSORT flow diagram describing the process of determining participant eligibility, enrollment, random assignment, and data
analysis. CONSORT, Consolidated Standards of Reporting Trials [Color figure can be viewed at wileyonlinelibrary.com]

RESULTS
Participants

Of the 155 randomized participants, 116 (75%) completed the 12-
week intervention; 60 (78%) and 56 (72%) participants were retained
in the Mediterranean-style ketogenic diet app paired with breath ac-
etone biofeedback group and in the calorie-restricted, low-fat diet
app group, respectively (Figure 1). Basic baseline characteristics are
shown in Table 1. Socioeconomic participant characteristics are pre-

sented in Supporting Information Table S1.

Weight loss

There was a decrease in body mass in the ketogenic diet app with
biofeedback group (-5.6 kg; 95% Cl: -6.7 kg to -4.5 kg) and in
the calorie-restricted, low-fat diet app group (-2.5 kg; 95% Cl:
-3.6 kg to -1.4 kg) (Figure 2). The difference in weight change be-
tween groups was statistically significant (-3.1 kg; 95% Cl: -4.6
kg to -1.5 kg; p < 0.001) (Table 2). Sensitivity analysis including
all daily body weight measures during the 12-week intervention
period resulted in a similar between-group treatment effect (-2.8
kg; 95% Cl: -4.2 kg to -1.3 kg; p < 0.001). Based on available data
from 73 participants at 24 weeks (n = 42 in the ketogenic diet
app group, n = 31 in the calorie-restricted, low-fat diet group),
there was a decrease in body mass in the ketogenic diet app with

biofeedback group (-8.4 kg; 95% Cl: -10.2 kg to -6.6 kg) and in
the calorie-restricted, low-fat diet app group (-2.9 kg; 95% Cl:
-5.0 kg to -0.8 kg). This exploratory analysis showed a persis-
tent difference in weight loss between groups (-5.5 kg; 95% Cl:
-8.3 kg to -2.8 kg; p < 0.001) (Table 2), which was confirmed by
sensitivity analysis including all daily body weight measures avail-
able during the 24 weeks (-4.9 kg; 95% Cl: -7.3 kg to -2.6 kg; p <
0.001) (Supporting Information Figure S1).

Dietary intake

There was no significant difference in self-reported energy intake
between intervention groups across the 12 weeks (16 kcal; 95% Cl:
-68 kcal to 101 kcal; P = 0.71). The ketogenic diet app with bio-
feedback group reported consuming significantly less carbohydrates
and significantly more total fat, saturated fat, and monounsaturated
fat compared with the calorie-restricted, low-fat diet app group.
There was no significant difference in self-reported intake of pol-
yunsaturated fat between the intervention groups. Full analyses
of self-reported dietary intake data are presented in Supporting
Information Table S2.

Metabolic and cardiovascular blood markers

There was a significantly greater decrease in hemoglobin Alc
(HbA1c) at 12 weeks in the ketogenic diet app with biofeedback
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TABLE 1 Participant baseline characteristics

Ketogenic diet app with Calorie-restricted,
Total biofeedback low-fat diet app
N 155 77 78
Age, mean (SD), y 41 (11) 42 (11) 41 (11)
Female, n (%) 110 (71) 55(71) 55(71)
Male, n (%) 45 (29) 22 (29) 23 (29)
Weight, mean (SD), kg 94.4 (16.0) 94.7 (17.1) 94.1(14.7)
BMI, mean (SD) 33.5(4.7) 33.5(4.7) 33.6(4.7)
Secondary outcomes?®
HbA1lc (%) 5.4(0.5) 5.4 (0.6) 5.4(0.5)
HbA1c (mmol/mol) 35.6(5.9) 36.0(6.2) 34.2(6.0)
Glucose (mmol/L) 5.4(1.1) 5.4 (1.4) 5.3(0.8)
Insulin (pmol/L) 76 (61) 76 (52) 76 (68)
HOMA-IR (a.u.)® 3.2(3.2) 3.1(2.5) 3.2(3.7)
hs-CRP (mg/L) 4.4(4.2) 4.6 (4.2) 4.2(4.1)
Total cholesterol (mmol/L) 5.2(1.0) 5.1(1.0) 5.3(1.1)
HDL cholesterol (mmol/L) 1.4 (0.3) 1.4 (0.3) 1.4 (0.4)
Cholesterol/HDL ratio 4.0(1.1) 4.0(1.1) 3.9(1.1)
LDL cholesterol (mmol/L)" 3.2(0.8) 3.1(0.8) 3.2(0.9)
Non-HDL cholesterol (mmol/L)¢ 3.8(1.0) 3.8(1.0) 3.9 (1.0)
Triglycerides (mmol/L) 1.7 (1.1) 1.7 (1.0) 1.6 (1.2)
LDL particle number (nmol/L) 1,396 (335) 1,378 (343) 1,413 (327)
Small LDL particles (nmol/L) 258 (138) 258 (132) 258 (125)
Medium LDL particles (nmol/L) 290 (102) 283 (103) 298 (101)
LDL particle size (nm) 21.7(0.7) 21.7(0.7) 21.8(0.6)
Large HDL particles (nmol/L) 5,597 (1,308) 5,460 (1,120) 5,734 (1,467)
Apolipoprotein B (g/L) 1.0(0.2) 1.0(0.2) 1.0(0.2)
Lipoprotein (a) (nmol/L) 53(73) 56 (79) 51 (67)
Exploratory outcomes?®
Albumin (g/L) 44 (3) 43(3) 44 (3)
Globulin (g/L) 27 (3) 26 (3) 28 (3)
Total bilirubin (umol/L) 10.3 (6.8) 10.3 (3.4) 12.0(8.6)
ALP (U/L) 67 (19) 67 (19) 66 (18)
AST (U/L) 22 (19) 22 (23) 22 (15)
ALT (U/L) 25(19) 25(18) 26 (20)

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HbAlc, hemoglobin Alc; HDL
cholesterol, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive
protein; LDL cholesterol, low-density lipoprotein cholesterol.

2All markers assessed in a fasted state. Data presented as mean (SD).

bCalculated as: fasting insulin (ulU/mL) * fasting glucose (mmol/L) / 22.5.

Calculated with Martin-Hopkins Formula (28).

dCalculated as: total cholesterol - HDL cholesterol.

group as compared with the calorie-restricted, low-fat diet app 0.001) at 12 weeks. These between-group differences remained
group (-0.2%; 95% Cl: -0.3 % to -0.1%; p < 0.001). Similarly, significant in exploratory analyses controlling for baseline weight
there was a significant difference in change in alanine ami- and change in weight in the model as presented in Supporting
notransferase (-21%; 95% Cl: -33% to -6%; p = 0.009), alkaline Information Table S3. There were no other differences between
phosphatase (-7.0 U/L; 95% CI: -10.0 U/L to -4.0 U/L; p < 0.001), groups in assessed blood markers of cardiometabolic risk at 12
and globulin (-0.2 g/dL; 95% CI: -0.2 g/dL to -0.1 g/dL; p = weeks (Table 2).
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Rese
B Weight Loss in the Ketogenic Diet with Biofeedback Group

Percentage Weight Change

individual Participants

Weight Loss in the Calorie-Restricted Low-Fat Diet Group

Percentage Weight Change

40
Time (in Days) Since Start of the Study

aTPartic
P indwidual Participants

FIGURE 2 Weight change at 12 weeks in ketogenic diet app with biofeedback and calorie-restricted, low-fat diet app groups including
individual participant data points. (A) Individual change in body weight (calculated as daily percent change from baseline based on
measurements recorded from an at-home Bluetooth scale) are shown for each participant over time throughout the duration of the study.
Daily mean values over time for each group are represented in solid lines (orange, ketogenic diet app with biofeedback; blue, calorie-
restricted, low-fat diet app). (B) Waterfall plots showing percent weight change from baseline for each participant in the ketogenic diet app
with biofeedback group (top) and calorie-restricted, low-fat diet app group (bottom) [Color figure can be viewed at wileyonlinelibrary.com]

Manipulation checks

When considering participants who completed the 12-week pro-
tocol, compliance with daily weight measurements was ~68% (~5
d/wk) in the ketogenic diet app with biofeedback group and ~60%
(~4 d/wk) in the calorie-restricted, low-fat diet app group, with
no difference between groups (p = 0.17). Average self-reported
dietary adherence (indicated on a 5-point Likert scale measured
weekly) was moderate in both groups; Mann-Whitney U test re-
vealed significantly higher adherence in the ketogenic diet app
with biofeedback group (2.6 [0.8]) than in the calorie-restricted,
low-fat diet app group (2.1 [0.8]). All survey measures are pre-
sented in Supporting Information Table S4.

DISCUSSION

The Mediterranean-style ketogenic diet app paired with a breath
acetone biofeedback device was found to result in superior weight
loss than the calorie-restricted, low-fat diet app, with secondary
outcomes revealing greater improvements in important markers
of cardiometabolic health. Although ketogenic diets have gained
widespread popularity because of perceived efficacy for weight
loss and glucose control, potential concerns regarding negative ef-
fects on blood lipid profiles need to be weighed against benefits
(16). Furthermore, there is inconclusive evidence about the real-
world effectiveness of such diets, particularly when implemented
via apps, in free-living conditions and without significant human
intervention (17).

Our findings in this pragmatic, virtual, app-based trial provide
evidence to address these concerns. Consistent with our primary
hypothesis, those randomized to the ketogenic diet app and bio-
feedback group had significantly greater weight loss when com-
pared with those in the calorie-restricted, low-fat diet app group
at 12 weeks. Additionally, the ketogenic diet intervention group
showed greater improvements in markers of glycemic control
(HbA1c) and an important marker of hepatocyte damage associ-
ated with nonalcoholic steatohepatitis (alanine aminotransferase)
at 12 weeks. These effects remained statistically significant after
accounting for differences in change in body mass, suggesting that
the Mediterranean-based ketogenic diet app intervention may im-
prove select metabolic markers independent of weight loss. There
was also higher reported dietary adherence, and there were no
differences observed between groups in blood lipids, lipoprotein
fractions (including low-density lipoprotein cholesterol [LDL] par-
ticle number or size), or self-reported energy intake. Therefore, an
app-based ketogenic diet intervention with biofeedback based on
breath acetone monitoring of ketosis appears to be effective for
weight loss and improving metabolic health (potentially indepen-
dent of weight loss) over the course of 12 weeks in a real-world
setting.

The mechanisms leading to greater weight loss in the ketogenic
diet app group despite no significant difference in self-reported
energy intake between groups are unclear. Previous research sug-
gests that energy intake may be overreported on low-carbohydrate
diets during the initial months of the dietary intervention (18) or
that diets lower in carbohydrates may increase total energy ex-
penditure (19). However, estimation of energy intake in our study



KETOGENIC DIET APP FOR WEIGHT LOSS

1612 H
LLSRWIEaE Obesity o

TABLE 2 Effect estimates for 12-week changes in body mass (primar

Ketogenic diet app with
Marker® biofeedback (n = 77)

Primary outcome
Body mass at 12 weeks (kg) -5.6 (-6.7 to -4.5)

Secondary outcomes

y outcome) and blood markers (secondary/exploratory outcomes)

Calorie-restricted, low-fat diet Difference between
app (n = 78) groups p value®

Body mass at 24 weeks (kg)
HbA1c (%)

HbA1c (mmol/mol)

Glucose (mmol/L)

Insulin (% change)®

HOMA-IR (% change)“*
hs-CRP (% change)©

Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
Cholesterol/HDL ratio

LDL cholesterol (mmol/L)¢
Non-HDL cholesterol (mmol/L)f
Triglycerides (% change)®

LDL particle number (nmol/L)
Small LDL particles (% change)®
Medium LDL particles (nmol/L)
LDL particle size (nm)

Large HDL particles (hmol/L)
Apolipoprotein B (g/L)
Lipoprotein (a) (% change)®

Exploratory outcomes

Albumin (g/L)

Globulin (g/L)

Total bilirubin (% change)®
ALP (U/L)

AST (% change)®

ALT (% change)®

-8.4(-10.2 to -6.6)
-0.2(-0.3to -0.1)
-2.2(-3.0to -1.4)
-0.1(-0.3t0 0.1)
-23 (-36 to -8)
-25(-38to -9)
-5(-21to 15)
0.1(-0.1t0 0.2)
0.0(-0.1to0 0.0)
0.2 (0.0 to 0.4)

0.1 (0.0to0 0.3)
0.1(-0.1t0 0.2)
-15(-25to 5)

62 (-18 to 142)
-1(-10to 9)

10 (-16 to 35)
0.2(0.1to 0.4)
296 (-13 to 606)
0.0(0.0t0 0.1)

3 (-7 to 15)

0(-1to0)
-1(-2to 0)
-5.6(-13.2t0 2.7)
-6 (-8to -4)

-6 (-14 to 2)
-15(-25 to -4)

-2.5(-3.6to -1.4) -3.1(-4.6 to -1.5) <0.001
-2.9 (-5.0to -0.8) -5.5(-8.3 to -2.8) <0.001
0.0(-0.1to0 0.1) -0.2(-0.3to -0.1) <0.001
0.0 (-0.9 to 0.9) -2.2(-3.4to -1.0) <0.001
0.0(-0.2t0 0.2) -0.1(-0.3t00.2) 0.69
-16 (-31to 2) -9 (-29 to 17) 0.48
-17 (-32to 3) -10 (-31 to 18) 0.44
1(-18 to 25) -6 (-29 to 24) 0.66
-0.1(-0.3t0 0.1) 0.2 (-0.1t0 0.4) 0.13
0.0(-0.1to0 0.0) 0.0(-0.1t0 0.1) 0.96
0.0(-0.2t0 0.2) 0.2 (-0.1t0 0.5) 0.18
0.0(-0.2t0 0.1) 0.1(-0.1to0 0.4) 0.19
-0.1(-0.3t0 0.1) 0.2 (-0.1t0 0.4) 0.18
-13(-23 to -1) -3 (-18 to 15) 0.75
60 (=27 to 146) 3(-110to 115) 0.96
1(-9to 12) -2 (-15to0 12) 0.74
6 (-21 to 34) 4 (-32to 39) 0.84
0.1(-0.1t0 0.2) 0.2 (0.0 to 0.3) 0.07
24 (-311 to 358) 272 (-162 to 707) 0.22
0.0 (0.0 to 0.0) 0.0(0.0t0 0.1) 0.33
7 (-5 to 21) -4 (-18 to 13) 0.64
-1(-1to 0) 0(0to1) 0.24
1(0to1) -2(-2to -1) 0.001
3.3(-5.7t0 13.3) -8.6(-19.1to0 3.1) 0.14
1(-2to 3) -7 (-10 to -4) <0.001
4 (-5to 15) -10(-21to 2) 0.1

7 (-6 to 22) -21(-33to -6) 0.009

All data are presented as (within-group or between-group) effect estimates (
included all participants that had a baseline or a follow-up value (n = 146 for
o of 0.003 is used for secondary outcomes.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AS

95% Cl). Effect estimates are based on intention-to-treat analyses and
body mass and n = 151 for blood analyses). Bonferroni-adjusted critical

T, aspartate aminotransferase; HbAlc, hemoglobin Alc; HDL

cholesterol, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; HOMA-IR, homeostasis model assessment of insulin

resistance; LDL cholesterol, low-density lipoprotein cholesterol.
2All markers were assessed in a fasted state.

PData analyzed via constrained longitudinal data analysis (cCLDA) using a linear mixed model.

“Variable was log-transformed; interpret effect estimates as percent change.
dCalculated as: fasting insulin (ulU/mL) * fasting glucose (mmol/L) / 22.5.
€Calculated with Martin-Hopkins Formula (28).

fCalculated as: total cholesterol - HDL cholesterol.

was based on self-report, and future research is needed to under-
stand these findings. Additionally, our trial was unable to separate
the effects of individual app components (e.g., recipes, group sup-
port, breath acetone biofeedback device) on outcomes, and fu-
ture research aiming to identify the relation between the different

intervention components could help clarify which are the most
important contributors to weight loss and improvements of car-
diometabolic health.

There is mixed evidence regarding the relative effectiveness of
low-carbohydrate diets compared with those restricted in fat and/
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or calories in promoting weight loss. In a recent umbrella review,
Churuangsuk et al. showed a superior effect of low-carbohydrate
diets compared with control interventions in lower quality meta-
analyses, whereas the authors found no difference between dietary
interventions in high-quality meta-analyses (20). Critically, and in
contrast to many of the studies in the literature employing a more
structured, high-contact design, our trial examined the real-world
application of two hands-off mHealth applications that promote
weight loss via two different types of diet. Even though our fully
remote app-based study design involved no on-site visits or in-
person counseling, we observed comparable weight loss with other
high-contact ketogenic/low-carbohydrate diet studies that include
in-person center visits, group counseling, and/or individualized nu-
trition support (8,21,22). Conversely, the calorie-restricted, low-fat
diet group in our study achieved slightly less weight loss than ob-
served in previous, more structured, hands-on trials (~3.5 to 5 kg
(8,21,23) vs. ~2.5 kg in our trial) that involved in-person group meet-
ings and/or nutritional counseling. Overall, the app-based ketogenic
diet program with a breath acetone biofeedback device was superior
to the calorie-restricted, low-fat diet program in promoting weight
loss, providing evidence for the efficacy of this app-based ketogenic
diet intervention in a hands-off, real-world setting that was compa-
rable with more intensive in-person studies.

In contrast to many studies reporting on low-carbohydrate keto-
genic diet interventions (24), we did not detect an increase in total or LDL
cholesterol when compared with the comparator group. Likewise, we
did not observe a difference between groups in number of LDL particles
or the important cardiovascular risk marker, apolipoprotein B. These re-
sults are supported by the findings of Fuehrlein et al., who showed that
a ketogenic diet high in polyunsaturated fatty acids (as compared with
saturated fatty acids) did not adversely affect levels of total and LDL
cholesterol (25). Meta-analytic evidence presented by Mensink et al.
reported that an isoenergetic substitution of saturated and trans mono-
unsaturated fatty acids for carbohydrates raises, whereas an exchange
of carbohydrates with cis poly- or monounsaturated fatty acids lowers
LDL cholesterol (26). Our data extend these previous findings by pro-
viding evidence that an app promoting a Mediterranean-style ketogenic
diet emphasizing monounsaturated and polyunsaturated fatty acids
over saturated fatty acids may be a viable option to provide metabolic
and weight loss benefits without potential negative effects on blood
lipids and associated cardiovascular risk.

Although a strength of the study includes its real-world, hands-
off intervention, the weight measurements were self-administered
on an at-home wireless scale, which may not have been as accurate
as if they were obtained through clinician-assessment. Similarly, the
dietary intake data were limited by relying on self-report at discrete
time points, which can introduce bias (27) and limit accuracy (18).

It is likely that not every participant in the ketogenic diet with
biofeedback group achieved and maintained nutritional ketosis. As
such, weight loss findings should be interpreted as being the result
of an app and biofeedback-based app that promotes the ketogenic
diet under free-living conditions rather than the effects of a strict
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ketogenic diet per se. Despite this inevitable consequence of the
pragmatic study design, robust weight loss differences were ob-
served. Furthermore, the primary end-phase of this study was at
12 weeks. Exploratory analysis of change in body mass at 24 weeks
suggests the durability of the effect, but findings should not be
generalized beyond that point until planned longer-term secondary
analyses can be performed. Similarly, findings should not be gener-
alized beyond the current study population, which was composed of
generally healthy adults with overweight and obesity.

Although our virtual trial was designed prior to the COVID-19
outbreak, most of this study occurred during the pandemic. To ac-
count for an expected increase in dropout, we decided to increase
target enrollment as specified in the statistical analysis plan (see
online Supporting Information). Participants generally reported
minor negative impacts of the pandemic on their ability to stick with
their program (Supporting Information Table S4) and were mostly
able to complete the study despite any challenges posed.

CONCLUSION

In this 12-week randomized clinical trial, dietary advice to fol-
low an app-based Mediterranean-style ketogenic diet resulted in
greater weight loss compared with the advice to follow an app-
based, standard calorie-restricted, low-fat diet. We found se-
lect biomarkers of glycemic control and hepatic function to be
improved in the ketogenic diet group; however, there were no
significant differences between groups for the majority of car-
diometabolic health markers assessed. This suggests that an app-
based ketogenic diet with breath acetone biofeedback is superior
to a calorie-restricted, low-fat diet app intervention to achieve
weight loss and improve metabolic health in a real-world setting.
Future studies should aim to evaluate the long-term effective-
ness of such an intervention and its potential role in treatment of
obesity-related diseases.O
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