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Abstract
Background: The low-carbohydrate-ketogenic diet, an effective strategy to address metabolic syndrome
(MetS) and obesity has been concerns about high fat consumption on atherogenic lipoproteins. This
study aimed to compare the Asian ketogenic diet (AKD), which incorporates balanced protein and fat
intake from Asian foods, with a balanced low-caloric diet (BLC) in individuals diagnosed with MetS.

Methods: A 52-week randomized clinical trial included three parallel groups: AKD with increased whole
egg intake (Yolk-KD, aged 40.9 ± 1.7, n = 27), yolk-free ketogenic diet with egg white supplementation
(White-KD, aged 41.5 ± 1.3, n = 26), and BLC diet (aged 38.5 ± 1.7, n = 22). Primary outcomes were
anthropometric and metabolic changes.

Results: The AKD groups achieved signi�cant reductions in weight and waist circumference (P < 0.05).
Compared to the BLC group, the AKD groups demonstrated signi�cant improvements in fasting blood
glucose, insulin resistance, and lipid pro�le at weeks 12 and 35 (P < 0.05). All groups experienced
improvements in insulin sensitivity, in�ammation, and appetite-related hormones like leptin and peptide
YY (P < 0.05). From weeks 35 to 52, the AKD consistently maintained reductions in anthropometric
measurements, improved glucose tolerance, enhanced lipid pro�les, and better liver function compared to
the BLC.

Conclusion: The AKD proved safe and effective, yielding various metabolic improvements in individuals
with Mets compared to the BLC. By emphasizing a low-saturated fat diet while disregarding dietary
cholesterol, this approach holds promise for MetS and obesity management. Further studies are
warranted.

Trial registration:ClinicalTrials.gov identi�er: NCT04608136, registered on September 21, 2020.

INTRODUCTION
Obesity and type-2 diabetes (T2DM) are global public health challenges [1, 2], with T2DM affecting 10%
of Southeast Asia adults, often undiagnosed [3]. These conditions are associated with cardiovascular
disease, chronic kidney disease, and reduced quality of life. Amid strategies addressing these, dietary
modi�cation remains a cornerstone for sustainable disease management, focusing on weight loss,
adopting a healthy lifestyle, and physical activity [4–7].

Two commonly practiced dietary approaches are low-fat, low-calorie diets (LFLC) and low-carbohydrate
diets (LC) [6, 8, 9] ketogenic diets (KD) is a more extreme form of LC (typically < 20–50 g of
carbohydrate/day), resulting in an elevation of ketone bodies in the blood or urine [10]. The majority of LC
vs. LFLC studies have demonstrated short-to-intermediate term weight loss, improved lipoproteins, and
glycemic control in overweight and obese individuals. However, long-term weight and metabolic
maintenance differences are minimal [8, 11]. Notably, individual responses exhibited substantial
variations across these studies, suggesting that speci�c strategies may yield better outcomes for
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individuals based on their unique dietary patterns and both genomic and non-genomic responses. This
emphasizes the fact that there is no universally applicable one-size-�ts-all diet [12].

Expert Consensus advises against a very low carbohydrate diet (VLC) due to potential adverse events,
including raised levels of low density lipoprotein [4], as well as long-term cardiovascular risk. Instead, they
recommend tailored macronutrient distribution based on patient preferences and metabolic goals [7, 13].
Various eating patterns, including Mediterranean-style and LC eating plans, may also be appropriate for
patients [5, 14]. Certain individuals may experience greater weight loss when assigned to LFLC diets
compared to LC diets, and vice versa [12].

Insulin dynamics may in�uence success with LC diets, particularly for diabetes therapy and diabetes
remission [4, 15] due to positive responses to a lower dietary carbohydrate amounts, higher protein intake,
improved insulin sensitivity and macronutrient imbalance [16]. However, LC (+/-) high-fat diets (HF)
originated in Western countries, with food recommendation based on Western ketogenic LC diets such as
meats, butter, oils, nuts [9], while Asia has its unique dietary patterns and corresponding health responses.
For instance, Thai cuisine typically includes rice, tropical oils, noodles, grilled meats, and local soups.
Therefore, this study aims to explore whether baseline variations in anthropometries and glucose-insulin-
metabolic homeostasis impact the differential success of individuals with metabolic syndrome (MetS) in
achieving 12-month weight change when following a healthy balanced low-caloric diet (BLC) versus a
healthy Asian ketogenic diet (AKD). We also seek to identify metabolic markers for a positive intervention
response and potential barriers to successful weight loss.

RESEARCH DESIGN AND METHODS
The study protocol was approved by the Institutional Review Board of Siriraj Hospital, Mahidol University
(COA: Si 286/2020). Written informed consent was obtained from all participants. The trial was registered
in the ClinicalTrials.gov (NCT04608136).

Study design
This study utilized a controlled, open-label weight loss program to investigate the effects of different
dietary interventions on individuals with MetS. Participants were randomly assigned to one of three
groups 1) the healthy BLC group, 2) the healthy White-AKD group (egg white Asian ketogenic diet), and 3)
the healthy Yolk-AKD group (egg yolk Asian ketogenic diet). Enrollment occurred between November 2020
to March 2021 with the �nal follow-up in December 2021. The study aimed to evaluate the impact of a
52-week experimental dietary intervention, comparing the BLC and AKD approaches, on metabolic
markers in individuals with MetS. Secondary outcomes included changes in lipid pro�le, glycemic control,
and metabolic hormone levels. The full study protocol was included in Supplementary Fig. 1.

Participants
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Participants were invited to participate in clinical screening session where they provided written informed
consent. In order to meet the inclusion criteria, participants had to be men or women between the aged of
18 and 60 years with body mass index (BMI) ≥ 25 kg/m2, Additionally, participants were required to had
MetS. The MetS and exclusion criteria were as de�ned in Supplementary Method 1.

Healthy weight loss intervention
Participants adhered to a comprehensive one-year food behavior modi�cation program. The control
group adhered to the BLC, a regimen tailored to their basal metabolic rate and the Thai food-based dietary
guidelines [17]. The White-AKD and Yolk-AKD groups strictly adhered to a ketogenic diet, characterized by
a marked reduction in carbohydrate intake to below 50 g/day and an emphasis on a low saturated fat
diet. The Yolk-AKD group consumed a minimum of 3 whole eggs/day (20 g of protein), sourced from S.W.
Food tech., Co., Ltd., Thailand. The White-AKD group, consumed a minimum of 200 g of white eggs/day
(20 g of protein), and abstained from additional dietary cholesterol, sourced by Khaisook., Co., Ltd.,
Thailand. The 12-week intervention ensured single-blinding; data collection and lab staff were blinded to
group assignments. Two staggered cohorts were used to optimize study e�ciency.

Participants maintained their usual dietary habits for a four-week run-in period before the study. The 12-
month intervention involved six instructional sessions led by a multidisciplinary team of nutritionists,
doctors, and dietitians, both in-person and online, with each session accommodating 12–15 participants
and led by two dietitians who were blinded to laboratory measures. At week 6, participants discussed
food behavior modi�cation during a meeting. Throughout the intervention, dietitians supported and
motivated participants to adhere to the prescribed diets. After the 12-week intervention, individuals were
encouraged to continue their diet intervention without strict guidance. All were advised to (1) maximize
�ber and vegetable intake; (2) reduce added sugar intake, re�ned carbohydrate, and saturated fat; and (3)
focus on whole and nutrient dense foods. Their dietary behavior was monitored for one year using an
online communication platform. Dietary behavior was monitored for one year using an online platform.
Data collection occurred at week 0, 6, 12, 35, and 52, at Siriraj Institute of Clinical Research and Siriraj
Medical Research Center. Detailed information about the dietary intervention is provided in
Supplementary Method 2.

Anthropometric assessment and blood pressure
Body weight (BW) was measured using a digital weight scale (HD-395, Tanita Corporation, Tokyo, Japan),
height (Ht) was measured using a height measuring stand (The Institute of Nutrition, Mahidol University
(INMU), Nakhon Pathom, Thailand). Waist circumference (WC) was measured at the umbilicus level (Diet
& PA clinic, DPAC, Department of Health, Thailand). Blood pressure (BP) was measured using an
automatic blood pressure monitor (HEM-7322, Omron healthcare Co., Ltd., Kyoto, Japan)

Specimen collection and analysis
Blood samples were collected for analysis, including fasting blood sugar (FBS), insulin, Hemoglobin A1C
(HbA1C), total cholesterol (TC), triglyceride (TG), HDL-cholesterol (HDL-C), LDL-cholesterol (LDL-C), beta-
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hydroxybutyric acid (βHB), aspartate transaminase (AST), alanine aminotransferase (ALT). A 75-gram
oral glucose tolerance test (OGTT) was conducted at 6 time points (0, 30, 60, 90, 120, and 180 minutes)
[18]. The biochemical analysis was performed by the Department of Clinical Pathology at Siriraj Hospital,
Bangkok, Thailand. Insulin resistance was assessed using the homeostatic model assessment for insulin
resistance (HOMA-IR)[19]. Plasma human metabolic hormones, including c-peptide, glucose-dependent
insulinotropic polypeptide (GIP), interleukin-6 (IL-6), leptin, monocyte chemoattractant protein-1 (MCP-1),
peptide YY (PYY), tumor necrosis factor alpha (TNF alpha). were measured using human metabolic
hormone magnetic bead panel assay; HMHMAG-34K (Milliplex® MAP Kit, Millipore, Billerica, MA, USA)
[20].

Food record
Participants submitted 3-day food records covering two weekdays and one weekend day. A total of 30
recalls were used to calculate dietary intake by using INMUCAL–Nutrient Software version 4.0 (INMU,
Nakhon Pathom, Thailand).

PA assessment
PA was analyzed by using the Thai PA questionnaire (Thai-PAQ) [21]. The duration of PA at different
intensities was converted to daily average of metabolic equivalent (MET) and was counted as MET-
min/week. The Thai-PAQ was validated for Thai individuals at risk for T2DM and supported PA
promotion in communities.

Statistical analysis
Data were analyzed using the intention-to-treat principle. Continuous variables were presented as mean ± 
standard deviation (SD), and discrete variables were reported as percentages. Group differences in trial
outcomes were evaluated using one-way ANOVA with Bonferroni's post-test for continuous variables and
the chi-squared test for categorical variables. Repeated measures ANOVA models adjusted for time,
group, sex, age, and time x group interactions were employed to evaluate the effects of each diet program
on trial outcome changes. Glucose and insulin levels were analyzed at 12 and 52 weeks using a linear
mixed model, followed by pairwise comparisons of marginal linear predictions. The area under the curve
(AUC) 0–180 min was calculated and compared between the three groups using one-way ANOVA and
Bonferroni’s post-test. Statistical signi�cance was de�ned as P < 0.05. STATA version 17.0 (Stata
Corporation, College Station, TX, USA) was used for all statistical analyses.

RESULTS

Participants
All eligible participants (n = 75) were randomly assigned into three groups: BLC (n = 22), White-AKD (n = 
26), and Yolk-AKD (n = 27) (Fig. 1). Table 1 presents the demographic characteristics of the included
participants in the three groups at baseline. Out of the total, 64 participants completed the 12-week
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primary endpoints, and 33 participants completed the 52-week secondary endpoints. The mean BW for
the BLC, White-AKD and Yolk-AKD groups were 81.5 ± 2.01, 82.5 ± 2.44, and 83.0 ± 2.56 kg, respectively,
corresponding to a BMI of approximately 32 kg/m2. No signi�cant differences were observed in BW, WC,
comorbidity, lipid pro�le, FBS, insulin, HOMA-IR, and physical activities among the three groups (ns).
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Table 1
Baseline demographics and anthropometric and metabolic variables

  BLC (n = 22) White-AKD (n = 26) Yolk-AKD (n = 27)

Age, years 38.5 ± 1.72 41.5 ± 1.32 40.9 ± 1.72

Comorbidity, (%)      

Diabetes (0) (3.8) (7.4)

Hypertension (4.5) (15.4) (25.9)

Dyslipidemia (0) (3.8) (0)

Fatty liver (4.5) (0) (3.7)

Gout (9.1) (0) (0)

Anthropometries      

BW, kg 80.9 ± 0.31 83.3 ± 0.29 85.1 ± 0.28

BMI, kg/m2 31.3 ± 0.12 31.7 ± 0.11 32.3 ± 0.11

WC, cm 97.6 ± 0.66 97.5 ± 0.60 99.7 ± 0.59

Blood pressure      

SBP, mmHg 129.8 ± 2.29 129.8 ± 2.08 131.7 ± 2.04

DBP, mmHg 89.5 ± 1.74 87.1 ± 1.58 89.9 ± 1.55

Biochemistries      

FBS, mg/dL 104.2 ± 1.28 106.1 ± 1.16 101.0 ± 1.13

Fasting insulin, µU/mL 21.1 ± 1.50 18.8 ± 1.36 20.3 ± 1.33

HbA1c, % 5.9 ± 0.05 6.1 ± 0.04 5.8 ± 0.04

HbA1c, mmol/mol 41 ± 2.68 43 ± 2.44 40 ± 2.37

HOMA-IR 5.7 ± 0.88 4.3 ± 0.81 4.7 ± 0.84

TC, mg/dL 194.7 ± 4.68 199.7 ± 4.25 188.2 ± 4.17

TG, mg/dL 157.1 ± 10.37 158.9 ± 9.43 157.7 ± 9.23

HDL-C, mg/dL 44.5 ± 0.83 45.2 ± 0.75 43.6 ± 0.74

LDL-C, mg/dL 142.1 ± 3.30 144.5 ± 3.00 132.8 ± 2.94

Ratio of TC to HDL-C 4.55 ± 0.47 4.65 ± 0.40 4.50 ± 0.43

AST, U/L 28.0 ± 2.67 22.4 ± 2.42 24.0 ± 2.37
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  BLC (n = 22) White-AKD (n = 26) Yolk-AKD (n = 27)

ALT, U/L 25.3 ± 2.53 29.5 ± 2.30 27.7 ± 2.25

Metabolic hormones      

Leptin, mg/dL 20.7 ± 2.16 16.8 ± 1.99 18.5 ± 1.92

Creatinine, mg/dL 0.73 ± 0.01 0.75 ± 0.01 0.82 ± 0.01

Physical activities

(MET-minutes/week)

7178.0 ± 796.5 7246.8 ± 804.6 7145.5 ± 826.5

Data are mean ± SEM. BLC, a healthy balanced low-caloric diet; White-AKD, a healthy egg white Asian
ketogenic diet; Yolk-AKD, a healthy egg yolk Asian ketogenic diet; BW, body weight; WC, waist
circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBS, fasting blood sugar;
HOMA-IR, homeostatic model assessment for insulin resistance; TC, total cholesterol; TG, triglyceride;
HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; AST, aspartate transaminase; ALT, alanine
aminotransferase.

Dietary intake
Participants adhered to the general principles of all diet guidelines at baseline (Supplementary Table 1).
There were no signi�cant differences in average total energy intake between the AKD groups and time
points (ns). The AKD groups met the macronutrient goals with average carbohydrate intake falling below
the threshold of < 50 g/day during the KD experimental condition at 4 to 8 weeks (42.6 ± 8.14 to 49.7 ± 
9.22 g/day; 12.5 to 14.9% of energy). In contrast, the BLC group did not show a signi�cant decrease in
daily caloric intake at all time points, and there were no signi�cant differences in macronutrient intake at
4 to 8 weeks (ns).

Primary outcomes
The effect of time signi�cantly in�uenced changes in BW across all groups, with a maximum weight loss
phase from 1 to 9 months, followed by a subsequent maintenance phase lasting beyond 9 to 12 months.
The AKD groups exhibited faster reductions in BW compared to the BLC group (the diet x time interaction,
P < 0.05). At 12 weeks, weight changes from baseline were − 2.8 kg (95% CI, -7.1 to 2.7 kg) for BLC, -3.9 kg
(95% CI, -5.8 to -1.3 kg) for White-AKD, and − 4.0 kg (95% CI, -7.5 to -0.9 kg) for Yolk-AKD, without
signi�cant differences among the groups (Fig. 2A). However, White-AKD showed a signi�cant reduction in
BW compared to BLC at week 12 (P < 0.05). Figure 2B-D displays the percentages of BW changes over 2%
from baseline and individual BW changes at 12 weeks and 52 weeks.

All groups experienced signi�cant decreases in WC (P < 0.05), without differences among the groups
(Fig. 2E-F). At week 12, WC decreased by a mean of -1.5 cm (95% CI, -2.8 to 4.9 cm) in BLC, -3.3 cm (95%
CI, -4.8 to 0.2 cm) in White-AKD, and − 3.8 cm (95% CI, -4.5 to 0.3) in Yolk-AKD. No signi�cant effects on
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BP changes were found between the groups (P > 0.05) (Table 2). However, a modest decrease in diastolic
blood pressure was observed in all groups at week 12.
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Table 2
Effect of diet programs on cardiometabolic parameters and metabolic hormone levels

Variables Time
(weeks)

BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-
valuea

BW, kg 6 -0.7 (-1.3 to 0.7) -2.1 (-4.8 to -1.2)* -1.9 (-2.3 to 0.6) 0.763

  12 -2.8 (-7.1 to 2.7) -3.9 (-5.8 to
-1.3)*†

-4.0 (-7.5 to -0.9)* 0.021

  35 -1.5 (-4.8 to 2.4) -5.4 (-7.7 to -2.9)* -6.4 (-8.4 to -1.5)* 0.870

  52 + 0.8 (-0.7 to 1.3) -2.0 (-2.6 to -0.9)* -4.0 (-5.4 to -1.6)* 0.826

P-value by timeb 0.534 0.024 0.045  

WC, cm 6 -0.3 (-1.3 to 2.9) -1.6 (-2.9 to 0.8) -3.1 (-5.7 to -2.0)* 0.509

  12 -1.5 (-2.8 to 4.9) -3.3 (-4.8 to 0.2) -3.8 (-4.5 to 0.3) 0.562

  35 -3.2 (-6.2 to -1.0)* -4.8 (-6.7 to -2.9)* -5.8 (-9.0 to -0.4)* 0.826

  52 -2.4 (-7.0 to -0.3)* -3.4 (-6.3 to -0.4)* -4.1 (-6.2 to 0.9) 0.443

P-value by timeb 0.032 0.031 0.028  

SBP, mmHg 6 -5.2 (-10.1 to 0.5) -3.7 (-5.3 to 5.2) -2.4 (-6.4 to 3.3) 0.686

  12 -3.9 (-8.6 to 1.0) -3.7 (-5.0 to 4.3) -8.4 (-11.8 to
-0.4)*

0.340

  35 -1.9 (-8.1 to 4.7) -7.1 (-10.4 to 3.1)* -6.1 (-9.9 to 0.9) 0.271

  52 -1.4 (-6.8 to 4.7) -4.6 (-7.8 to -0.7)* -4.2 (-7.7 to 2.1) 0.536

P-value by timeb 0.439 0.001 0.031  

DBP, mmHg 6 -2.7 (-7.8 to 0.2) -1.5 (-4.7 to 2.4) -2.7 (-4.3 to 2.0) 0.184

  12 -7.0 (-10.2 to 2.8) -4.7 (-8.9 to -2.9)* -7.4 (-8.6 to 0.2) 0.065

  35 -2.2 (-6.2 to 2.0) -4.5 (-6.7 to -0.6)* -4.1 (-6.3 to 0.5) 0.878

  52 -1.4 (-4.3 to 3.4) -2.0 (-6.0 to 0.9) -2.9 (-5.4 to 1.0) 0.272

P-value by timeb 0.575 0.009 0.089  

HbA1c, % 12 + 0.1 (-0.4 to 0.2) -0.1 (-0.3 to 0.1) -0.2 (-0.4 to 0.2)‡§ 0.033

  35 0.0 (-0.2 to 0.1) -0.2 (-0.5 to 0.0) -0.1 (-0.4 to 0.1) 0.492

  52 -0.2 (-0.4 to 0.1) -0.3 (-0.4 to -0.1)* -0.1 (-0.2 to 0.2) 0.978

P-value by timeb 0.245 0.045 0.769  
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Variables Time
(weeks)

BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-
valuea

HbA1c, 12 + 1.0 (-4.2 to 2.1) -1.0 (-3.0 to 1.2) -2.0 (-4.1 to 2.2)‡§ 0.049

mmol/mol 35 0.0 (-2.0 to 1.2) -2.0 (-5.0 to 0.1) -1.0 (-4.0 to 1.2) 0.326

  52 -2.0 (-4.0 to 1.0) -3.0 (-4.0 to -1.1)* -1.0 (-2.1 to 2.1) 0.897

P-value by timeb 0.584 0.039 0.607  

FBS, mg/dl 6 + 4.7 (-1.5 to 1.9) -6.8 (-9.7 to
-4.6)*†

-2.1 (-5.2 to 1.3)‡ 0.032

  12 + 0.1 (-1.6 to 2.2) -4.9 (-9.8 to 2.4) -1.8 (-9.2 to 0.9) 0.453

  35 -4.6 (-9.4 to 1.2)* -9.3 (-14.8 to -5.0* -6.5 (-10.1 to
-1.2)*

0.136

  52 + 2.9 (1.6 to 5.5) + 0.6 (-3.7 to 1.6) + 0.8 (-2.1 to 4.2) 0.789

P-value by timeb 0.044 0.001 0.009  

Fasting
insulin,

6 + 6.1 (-8.8 to
-1.2)*

-2.3 (-3.0 to 2.2)† -2.2 (-4.9 to 1.0)‡ 0.028

µU/ml 12 -2.0 (-4.0 to 2.5) -4.4 (-5.2 to 1.0)† -7.1 (-14.3 to
-1.2)*‡

0.046

  35 -2.2 (-5.2 to 2.4) -2.9 (-3.7 to 2.0)* -4.6 (-5.1 to -1.3)* 0.169

  52 -1.2 (-2.6 to 3.8) -3.8 (-5.0 to 1.7) -2.9 (-4.1 to 2.3) 0.451

P-value by timeb 0.020 0.089 0.001  

HOMA-IR 6 + 0.4 (-0.3 to 3.0) -0.3 (-1.6 to 1.5)† -0.1 (-2.8 to 0.4)§ 0.006

  12 -0.8 (-2.7 to -0.7)* -0.2 (-1.7 to 1.4) -1.6 (-2.3 to -1.2)* 0.089

  35 -0.8 (-2.9 to -0.4)* -0.3 (-2.2 to 0.9) -0.9 (-2.1 to -0.6)* 0.234

  52 -0.9 (-2.0 to -0.4)* -0.8 (-1.5 to -0.3)* -1.1 (-3.4 to -0.8)* 0.170

P-value by timeb 0.005 0.027 0.019  

TC, mg/dl 6 + 0.5 (-2.0 to 1.6) -3.5 (-4.9 to -1.7)* + 1.8 (-8.0 to 6.8) 0.168

  12 + 3.6 (1.3 to 9.3)* + 1.2 (-2.5 to 6.4)† -4.7 (-9.0 to 1.8)‡ 0.002

  35 + 0.9 (0.2 to 6.0) + 0.2 (-3.4 to 1.4) -1.7 (-2.4 to 1.5) 0.121

  52 + 11.3 (5.5 to
26.6)*

+ 14.4 (3.2 to
25.2)*

+ 19.6 (8.8 to
30.0)*

0.317
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Variables Time
(weeks)

BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-
valuea

P-value by timeb 0.037 0.045 0.002  

TG, mg/dl 6 + 1.7 (-2.4 to 4.2) -12.7 (-18.1 to
5.0)

-11.7 (-21.9 to
2.1)

0.234

  12 + 13.5 (-3.6 to
18.5)

-18.1 (-16.6 to
-2.8)*†

-14.9 (-23.8 to
-5.4)*‡

0.001

  35 -0.4 (-5.8 to 4.2) -27.0 (-25.2 to
-9.8)*†

-14.9 (-25.0 to
-7.4)*

0.015

  52 -32.5 (-57.7 to
-6.5)*

-24.3 (-21.1 to − 
5.3)*

-31.8 (-59.5 to
-8.3)*

0.170

P-value by timeb 0.025 0.001 0.001  
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Table 2
Effect of diet programs on cardiometabolic parameters (Count)

Variables Time
(weeks)

BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-
valuea

HDL-C,
mg/dl

6 + 2.1 (-0.6 to 6.1) + 0.1 (-1.9 to 2.6) + 1.0 (-2.2 to 2.6) 0.234

  12 -0.7 (-1.9 to 3.5) -1.1 (-4.0 to 0.9) + 1.4 (-1.9 to 4.0) 0.170

  35 + 2.8 (-6.4 to 0.5) + 4.9 (1.9 to 6.8)* + 3.4 (0.4 to 5.8)* 0.717

  52 + 4.6 (-7.4 to -0.5)* + 5.1 (1.7 to 7.6)* + 5.2 (2.1 to 8.1)* 0.776

P-value by timeb 0.027 0.001 0.001  

LDL-C,
mg/dl

6 + 0.5 (-2.7 to 4.8) + 3.3 (0.9 to 6.7)* + 0.5 (-3.0 to 10.8) 0.644

  12 + 2.4 (-7.1 to 8.8) + 2.1 (-2.9 to 5.7)† -2.6 (-4.8 to 1.0)‡ 0.027

  35 + 8.8 (2.9 to 13.2)* + 13.0 (6.9 to
21.4)*

+ 10.4 (7.5 to
24.6)*

0.204

  52 -4.2 (-15.5 to 6.8) + 0.3 (-2.2 to 3.9) + 1.4 (-4.2 to 13.0) 0.538

P-value by timeb 0.049 0.001 0.035  

Ratio of 6 + 0.12 (0.08 to
0.69)*

-0.01 (-0.31 to
0.18)

+ 0.15 (-0.15 to
0.51)

0.215

TC to HDL-
C

12 -0.05 (-0.42 to
0.29)

+ 0.16 (-0.08 to
0.44)

-0.07 (-0.38 to
0.18)

0.381

  35 + 0.01 (-0.40 to
0.42)

+ 0.09 (-0.32 to
0.50)

+ 0.03 (-0.48 to
0.41)

0.621

  52 + 0.05 (-0.33 to
0.51)

+ 0.18 (-0.38 to
0.31)

+ 0.11 (-0.49 to
0.62)

0.478

P-value by timeb 0.034 0.112 0.068  

Data of cardiometabolic parameters are mean change (95% CI). serum beta hydroxybutyrate (βHB)
and data of metabolic hormone levels are mean ± SEM. aP-values are for time effects and time x
group interactions (i.e., BLC, A healthy balanced low caloric diet; White-AKD, yolk-free ketogenic diet
with egg white supplementation; Yolk-AKD) for all subjects analyzed by repeated measures ANOVA (p-
value < 0.05). bWithin a row, values with different superscript letters are signi�cantly different using
Bonferroni adjusted (p-value < 0.05). *Data were signi�cant differences from baseline. Signi�cant
difference between diet groups: †BLC and White-AKD; ‡BLC and Yolk-AKD; §White-AKD and Yolk-AKD.
BW, body weight; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure;
FBS, fasting blood sugar; HOMA-IR, homeostatic model assessment for insulin resistance; HOMA-B,
HOMA of b cell function; βHB, beta hydroxybutyrate; TC, total cholesterol; TG, triglyceride; HDL-C, high-
density lipoprotein–cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Variables Time
(weeks)

BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-
valuea

AST, U/L 12 -4.0 (-4.4 to 3.5) + 2.9 (-2.9 to 3.4)† -7.2 (-10.6 to
-0.1)*‡

0.049

  35 -7.9 (-8.7 to -0.3)* -1.3 (-3.1 to 1.1) -4.1 (-7.3 to -0.3)* 0.783

  52 -4.9 (-5.3 to 4.0) -2.2 (-5.8 to 1.5) -3.3 (-6.9 to -0.2)* 0.569

P-value by timeb 0.026 0.231 0.002  

ALT, U/L 12 + 3.8 (-0.9 to 6.6) + 1.4 (-4.8 to 5.3) -7.6 (-9.9 to 1.8) 0.059

  35 -4.3 (-8.6 to 4.3) -7.2 (-8.5 to 3.8) -7.2 (-12.5 to
-1.5)*

0.192

  52 -1.0 (-2.7 to 7.7) -7.7 (-9.0 to 2.2) -5.4 (-9.7 to -0.9)* 0.306

P-value by timeb 0.349 0.212 0.011  

Serum βHB, 0 0.13 ± 0.03 0.15 ± 0.21 0.16 ± 0.03 0.869

(mmol/L) 6 0.10 ± 0.03 0.20 ± 0.11*† 0.19 ± 0.01*‡ 0.007

  12 0.12 ± 0.04 0.26 ± 0.05*† 0.22 ± 0.04*‡ 0.013

  35 0.12 ± 0.03 0.17 ± 0.03 0.21 ± 0.03*‡§ 0.011

  52 0.13 ± 0.02 0.16 ± 0.01 0.18 ± 0.01‡ 0.022

P-value by timeb 0.596 0.008 0.001  

Metabolic 12 -55 (-69 to -33)* -65 (-89 to -45)*† -79 (-101 to 60)*‡ 0.004

syndrome,
%

35 -62 (-98 to -45)* -69 (-71 to 40)*† -64 (-34 to 76)* 0.032

  52 -80 (-105 to -67)* -92 (-125 to -57)*† -75 (-95 to -45)*§ 0.048

Data of cardiometabolic parameters are mean change (95% CI). serum beta hydroxybutyrate (βHB)
and data of metabolic hormone levels are mean ± SEM. aP-values are for time effects and time x
group interactions (i.e., BLC, A healthy balanced low caloric diet; White-AKD, yolk-free ketogenic diet
with egg white supplementation; Yolk-AKD) for all subjects analyzed by repeated measures ANOVA (p-
value < 0.05). bWithin a row, values with different superscript letters are signi�cantly different using
Bonferroni adjusted (p-value < 0.05). *Data were signi�cant differences from baseline. Signi�cant
difference between diet groups: †BLC and White-AKD; ‡BLC and Yolk-AKD; §White-AKD and Yolk-AKD.
BW, body weight; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure;
FBS, fasting blood sugar; HOMA-IR, homeostatic model assessment for insulin resistance; HOMA-B,
HOMA of b cell function; βHB, beta hydroxybutyrate; TC, total cholesterol; TG, triglyceride; HDL-C, high-
density lipoprotein–cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Variables Time
(weeks)

BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-
valuea

P-value by timeb 0.001 0.001 0.044  

Data of cardiometabolic parameters are mean change (95% CI). serum beta hydroxybutyrate (βHB)
and data of metabolic hormone levels are mean ± SEM. aP-values are for time effects and time x
group interactions (i.e., BLC, A healthy balanced low caloric diet; White-AKD, yolk-free ketogenic diet
with egg white supplementation; Yolk-AKD) for all subjects analyzed by repeated measures ANOVA (p-
value < 0.05). bWithin a row, values with different superscript letters are signi�cantly different using
Bonferroni adjusted (p-value < 0.05). *Data were signi�cant differences from baseline. Signi�cant
difference between diet groups: †BLC and White-AKD; ‡BLC and Yolk-AKD; §White-AKD and Yolk-AKD.
BW, body weight; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure;
FBS, fasting blood sugar; HOMA-IR, homeostatic model assessment for insulin resistance; HOMA-B,
HOMA of b cell function; βHB, beta hydroxybutyrate; TC, total cholesterol; TG, triglyceride; HDL-C, high-
density lipoprotein–cholesterol; LDL-C, low-density lipoprotein cholesterol.

Relative to BLC, AKD groups demonstrated modest and sustained reductions in BW, WC, and BP at week
35 (Fig. 2A-B, 2E-F. Table 2). Overall, BW changes at 52 weeks (1 year) were + 0.8 kg (95% CI, -0.7 to
-1.3.kg) for BLC, -2.0 kg (95% CI, -2.6 to -0.9.kg) for White-AKD, and − 4.0 kg (95% CI, -5.4 to -1.6.kg) for
Yolk-AKD. This suggests superior adherence to both AKD interventions over the short-to-long terms as
compared with the conventional BLC. However, there was no signi�cant difference in these
anthropometries among all groups at week 52.

Secondary outcomes
The AKD exerted a favorable impact upon glucose tolerance and metabolic outcomes.

The time to reach maximum glucose concentration (Tmax) during GTT was 60 minutes for the BLC
(black line), White-AKD (blue line), and Yolk-AKD (red line) individuals (Fig. 3A-B). During the 12-week
intervention, participants in the AKD groups showed enhanced glucose tolerance compared to the BLC
groups, as evidenced by decreased in Tmax at 60–90 minutes and lower circulating glucose levels as
well as reduced AUC for glucose and insulin responses (Fig. 3B-D). Speci�cally, the Yolk-AKD group
exhibited 0.4X reduction in AUC compared to the BLC group (p < 0.01), while the White-AKD group
demonstrated a 1.2X decrease in the AUC compared to the BLC group (p < 0.01) (Fig. 3B). At 52 weeks,
Tmax was 60 minutes for the Yolk-AKD group and 90 minutes for the White-AKD and BLC groups
(Fig. 3E). The Yolk-AKD group exhibited remarkable reductions in the AUC differences of insulin response
compared to the other groups, suggesting enhanced insulin responsiveness in the long run (Fig. 3G-H).

Effect of Asian KD on metabolic outcomes
The KD impacts not only upon carbohydrate intake but also upon individual protein and fat intake, thus
potentially affecting circulating glucose and lipid homeostasis. As compared with the BLC, White-AKD,
and Yolk-AKD groups displayed an expected marked decrease in FBS beginning at 6 weeks after the
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intervention (P < 0.05). As shown in Table 2, FBS, insulin, and HOMA-IR in The AKD groups were either
signi�cantly or modestly lower than those in the BLC group, consistent with the results obtained during
GTT (Fig. 3A-H). These improvements were observed from week 6 and continued until 1 year after the
intervention. (Table 2).

Signi�cant changes were observed in the lipid panel (Table 2), indicating improvements in lipid
metabolism after AKD intervention. The lipid panel showed a notable decrease in triglyceride levels in the
AKD groups, while total cholesterol, HDL cholesterol, and LDL cholesterol remained relatively unchanged
(Supplementary Fig. 2). Additionally, there was a trend of decreased levels of AST and ALT, indicating
potential liver function improvement. Fasting blood βHB concentrations averaged 0.26 ± 0.05 mmol/L for
the White-AKD group and 0.22 ± 0.04 mmol/L for the Yolk-AKD group throughout the twelve-week KD
condition. A subset of participants met the nutritional ketosis threshold of βHB > 0.5 mmol/L (11%),
whereas others met borderline criteria (4%) or remained below this level (85%).

At the beginning of the study, all participants had MetS (100%). The AKD groups exhibited a signi�cant
decrease in the prevalence of Mets compared to the BLC group at both the 12-week and 52-week follow-
up assessments (Table 2). After 12 weeks, reductions of 55% (BLC), 65% (White-AKD), and 79% (Yolk-
AKD) were observed. Similarly, after 52 weeks, reductions of 25% (BLC) and 27% (White-AKD), along with
a modest increase of 4% (Yolk-AKD), were noted. Notably, the reduction of MetS was signi�cantly greater
in the White-AKD group compared to both the BLC and Yolk-AKD groups (P < 0.05) (Table 2).

Table 3 presents the changes in metabolic hormones in response to the BLC and AKD diets. Both the BLC
and AKD diets results in signi�cant reductions in plasma levels of C-peptide, insulin, HOMA-IR, leptin, IL-6,
MCP-1 and PYY (P < 0.05). Notably, there were slightly greater reductions in plasma IL-6, insulin, leptin
and PYY in the Yolk-AKD group compared to the other two groups. The Yolk-AKD group also showed a
signi�cant decreases in IL6 levels between baseline and week 35 (P < 0.05).
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Table 3
Effect of diet programs on metabolic hormone levels

Variables Time (weeks) BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-valuea

C-Peptide 12 1.8 ± 0.10 1.8 ± 0.10 1.9 ± 0.09 0.556

(ng/ml) 35 1.3 ± 0.08* 1.4 ± 0.08* 1.4 ± 0.07* 0.857

  52 1.4 ± 0.06* 1.5 ± 0.06* 1.4 ± 0.05* 0.707

P-value by timeb < 0.001 < 0.001 < 0.001  

GIP 12 0.07 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.720

(ng/ml) 35 0.08 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.714

  52 0.09 ± 0.01* 0.08 ± 0.01* 0.08 ± 0.00 0.770

P-value by timeb 0.045 0.032 0.379  

IL-6 12 25.5 ± 9.54 26.0 ± 8.77 39.8 ± 8.45 0.743

(pg/ml) 35 24.2 ± 6.62 14.4 ± 6.09 29.8 ± 5.87 0.701

  52 30.2 ± 7.44 30.7 ± 6.84 22.4 ± 6.59* 0.612

P-value by timeb 0.483 0.096 0.013  

Leptin 12 20.7 ± 2.16 16.8 ± 1.99 18.5 ± 1.92 0.749

(ng/ml) 35 16.0 ± 1.60* 12.1 ± 1.47* 12.6 ± 1.42* 0.249

  52 16.4 ± 1.34* 15.0 ± 1.23 15.3 ± 1.19 0.968

P-value by timeb < 0.001 < 0.001 < 0.001 < 0.001

MCP-1 12 0.10 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.139

(ng/ml) 35 0.11 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.286

  52 0.07 ± 0.01* 0.07 ± 0.01* 0.07 ± 0.01* 0.391

P-value by timeb < 0.001 < 0.001 < 0.001 < 0.001

Data of cardiometabolic parameters are mean ± SEM. aP-values are for time effects and time x group
interactions (i.e., BLC, A healthy balanced low caloric diet; White-AKD, yolk-free ketogenic diet with egg
white supplementation; Yolk-AKD) for all subjects analyzed by repeated measures ANOVA (p-value < 
0.05). bWithin a row, values with different superscript letters are signi�cantly different using
Bonferroni adjusted (p-value < 0.05). *Data were signi�cant differences from baseline. Signi�cant
difference between diet groups: †BLC and White-AKD; ‡BLC and Yolk-AKD; §White-AKD and Yolk-AKD.
GIP, glucose-dependent insulinotropic polypeptide; IL-6, interleukin-6; MCP-1, monocyte
chemoattractant protein-1; PYY, peptide YY; TNF alpha, tumor necrosis factor alpha.
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Variables Time (weeks) BLC

(n = 22)

White-AKD

(n = 26)

Yolk-AKD

(n = 27)

P-valuea

PYY 12 73.1 ± 15.01 59.5 ± 13.81 63.3 ± 13.31 0.580

(pg/ml) 35 62.1 ± 11.50 56.8 ± 10.58 51.4 ± 10.20 0.420

  52 34.7 ± 6.68* 36.6 ± 6.14 25.4 ± 5.92* 0.605

P-value by timeb < 0.001 < 0.001 < 0.001  

TNF alpha 12 3.9 ± 0.27 3.7 ± 0.24 3.6 ± 0.24 0.468

(pg/ml) 35 3.4 ± 0.22* 3.4 ± 0.20 3.5 ± 0.20 0.699

  52 3.9 ± 0.18 3.6 ± 0.16 3.5 ± 0.16 0.917

P-value by timeb < 0.001 0.459 0.986  

Data of cardiometabolic parameters are mean ± SEM. aP-values are for time effects and time x group
interactions (i.e., BLC, A healthy balanced low caloric diet; White-AKD, yolk-free ketogenic diet with egg
white supplementation; Yolk-AKD) for all subjects analyzed by repeated measures ANOVA (p-value < 
0.05). bWithin a row, values with different superscript letters are signi�cantly different using
Bonferroni adjusted (p-value < 0.05). *Data were signi�cant differences from baseline. Signi�cant
difference between diet groups: †BLC and White-AKD; ‡BLC and Yolk-AKD; §White-AKD and Yolk-AKD.
GIP, glucose-dependent insulinotropic polypeptide; IL-6, interleukin-6; MCP-1, monocyte
chemoattractant protein-1; PYY, peptide YY; TNF alpha, tumor necrosis factor alpha.

DISCUSSION
In this randomized clinical trial, a dietary intervention focused on a healthy low-carbohydrate, balanced
protein, and fat, utilizing locally available Asian foods, yielded signi�cant improvements in
anthropometric and metabolic outcomes. The intervention successfully maintained weight loss for up to
9 months and improved glucose-insulin homeostasis for at least 12 months, despite participants
consuming an average carbohydrate intake of 12–14% and a relatively higher fat intake of 45–59%
(Supplementary Table 1). The AKD groups demonstrated better insulin responsiveness, although the
mean reduction in HbA1c between groups was modest. Furthermore, at 12-month follow up, the AKD
group exhibited a comparatively lower increase in BW and WC than the BLC group, indicating superior
adherence to the AKD intervention. This �ndings align with meta-analyses [4, 22] which underscore the
potential of the AKD intervention in ameliorating MetS and improving body weight, glucose tolerance, and
lipid pro�le, surpassing other dietary approaches [5, 9]. This study also identi�ed changes in
macronutrient proportions within the AKD groups, but no signi�cant difference in energy intake were
observed. These �nding suggest that bene�cial outcomes are associated with modi�cation in
macronutrient composition rather than a reduction in energy intake. However, due to the study design, the
effects of reducing carbohydrate intake independently of caloric restriction and weight loss on metabolic
outcomes could not be determined.
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In contrast to prior work [4, 5] on LCD interventions and HbA1c, a majority of participants in the current
study (81%) was in an unaware prediabetes categories [HbA1c < 6.5% (48 mmol/mol)], Therefore, the
marked improvement in HbA1c in all groups was not clearly observed. However, in individuals with
diabetes, a LCD intervention led to improvements BW, resulting in improved glycemia and HbA1c [5].
Recently studies have shown that very-low-carbohydrate diet was associated with reductions of visceral
fat and liver fat [23, 24]. Notably, the average difference in weight loss between low-carb and low-fat diets
at 3–9 months from this trial (-4.9 to -3.9 kg; Table 2) were substantially better than other LCD trials at 3–
6 months from the meta-analysis (-1.7 kg; 95% CI -3.85 to 0.92; 13 studies) [4]. The BW changes were
maximized at 35 weeks in the AKD groups but not the BLC groups (P < 0.05). In line with a prior work, The
AKD groups also showed lower fasting blood sugar, reduced glucose levels during glucose tolerance
testing, and a shortened time to reach the maximum glucose level, indicating positive effects on glucose
control [5, 25]. Additionally, Yolk-AKD group exhibited lower AUC differences in insulin response compared
to the other two groups. Previous studies comparing the KD to the low-fat and energy-controlled diets
have reported similar outcomes across different age groups, including children, teenagers, and adults [5,
26–28]. However, due to the more detailed control required in the BLC group and its slower rate of weight
loss compared to the AKD groups, it may be a challenge for participants in this group to control their food
intake. These results suggest that adherence to the AKD interventions led to superior short-to-long-term
weight loss and glucose-insulin homeostasis outcomes compared to the conventional BLC.

The term “VLCD or “KD” generally refers to a diet that is very low in carbohydrates, modest in protein, and
high in fat, including saturated fat. However, our preliminary data and several of reports [4, 29, 30]
showed that this variant of KD was associated with increased LDL-C compared with individuals on a low-
fat diet, suggesting a possible long-term risk for cardiovascular disease. A previous study by Dorans et al
[5] used a healthy LCD with low in saturated fats and foods high in unsaturated fats and oils which
resulted in stable lipoprotein pro�les and reduced 10-year atherosclerotic risk score. Therefore, our study
adopted this food pattern and modi�ed into our Asian eating pattern. At 35 week, we noted an increase in
LDL-C and HDL-C in all groups, but no changes were seen in the ratio of TC to LDL-C. This difference was
no longer signi�cant at 12 months. Recently research suggested that the association of LDL-C to
cardiovascular risk varies based on particle size, and LCD and KD tend to increase LDL-C particle size [31,
32], indicating that the increase in LDL-C alone may not be accompanied by an increased cardiovascular
risk [25]. In addition, no participants experienced severe ketosis symptoms, a condition that can be
harmful when ketone production is unregulated. This suggests that weight loss can be effectively
achieved while nutritional ketosis were unnecessary, and ketosis was unlikely to account for the �ndings
[33].

Several studies have found that the KD could reduce TG and increase HDL-C [4, 5, 25]. Our study showed
similar results, with a greater decrease in TG and increase in HDL-C in the AKD groups than the BLC
group. Interestingly, the Yolk-AKD group, which consumed more than 3 eggs/day, showed a tendency for
increased HDL-C without affecting TC levels. This is consistent with a previous study in adults who
supplemented with 1 egg/ day for 12 weeks [34] and in school-age children who supplemented with 3
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eggs/day for 35 weeks [35]. It implies that egg can be a part of healthy KD as long as the diet contains is
low in saturated fat and follow a good overall dietary pattern in addition to egg intake [36].

The changes in metabolic hormone levels among the different groups were relatively similar, and no
signi�cant differences were observed between the groups. Leptin and PYY are relevant to satiety [33].
Leptin acts as a measure of energy reserves, guiding the regulation of energy homeostasis,
neuroendocrine processes, and metabolism [37]. Some studies have found that macronutrient
composition does not affect the secretion of appetite-related hormones, but changes in weight and body
composition do impact the levels of these hormones [33, 38]. Both the AKD and BLC groups reduced
leptin and PYY signi�cantly. This study con�rm previous studies [39] that after weight loss from KD
decreased leptin and PYY levels in long-term following various KD regiments. While our study did not
identify differences in change in self-reported appetite between the diet groups, we con�rmed that AKD
did reduce overall body weight more than a BLC. Notably, most dietary effects on peptide YY are
explained by differences in the macronutrient content of the diet, not weight loss [33]. Furthermore, it has
been found that each group exhibited improvements in hormones associated with in�ammation. The
study identi�ed a decreasing trend in IL-6, MCP-1, and TNF-alpha, which are associated with
in�ammatory cytokines. A study of a scoping review of neurological and in�ammatory outcomes in
humans reported that KD reduces in�ammatory loading [40].

This study has notable strengths. It comprehensively examines multiple metabolic outcomes, including
body weight, waist circumference, glucose tolerance, lipid pro�le, metabolic hormone levels, and the
prevalence of MetS. This comprehensive assessment enhances our understanding of the dietary
intervention's effects. Another strength is the emphasis on utilizing locally available foods, allowing
individuals to make informed choices with guidance from nutritional doctors and dietitians. The study's
meticulous reporting of adherence and monitoring of dietary intake and macronutrient composition
strengthen the validity of the �ndings. However, there are limitations to consider. The study focuses on a
speci�c group with MetS, limiting generalizability. Further research with diverse populations is needed.
Additionally, due to the inherent nature of the dietary interventions, blinding of participants was not
possible, introducing potential bias. The study did not investigate certain aspects such as body
composition and LDL-C particle size, which could provide additional insights.

CONCLUSION
This study presents compelling evidence regarding the e�cacy of the AKD as we classi�ed as VLC,
balanced protein, and low in saturated fat, in ameliorating various metabolic outcomes in individuals with
MetS. The AKD, which prioritizes a low-saturated fat diet while disregarding dietary cholesterol,
demonstrates its effectiveness in improving atherogenic lipoproteins. Notably, the AKD leads to modest
and sustained reductions in body weight and waist circumference, enhances glucose tolerance, improves
lipid pro�le and liver function, and diminishes the prevalence of MetS. These �ndings underscore the
potential of the AKD as a valuable dietary intervention for individuals with MetS who aspire to optimize
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their metabolic well-being. However, further research is imperative to elucidate the long-term implications,
underlying mechanisms, and viability of the AKD as a sustainable lifestyle intervention.
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Figure 1

The �ow of participants throughout the trial

OGTT, oral glucose tolerance test; BLC, a healthy balanced low-caloric diet; White-AKD, a healthy egg
white Asian ketogenic diet; Yolk-AKD, a healthy egg yolk Asian ketogenic diet; wk, week.
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Figure 2

Changes in body weight (BW) and waist circumference (WC) over 1 year across different diet groups.

Panel A and B present the mean changes in BW and a bar chart of the percentages of participants in each
trial group who achieved a total weight loss at least 2% of the initial BW from baseline to the end of the
trial (week 52). Panel C and D present the mean changes in BW of observed data from the in-trial period,
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involving individuals who underwent randomization and completed a 52-week assessment. Panel E and F
present the mean changes in WC and a bar chart of the percentages of participants in each trial group
who achieved a total WC loss at least 2% of the initial WC from baseline to the end of the trial (week 52).
All the means were estimated from a repeated measures ANOVA model and signi�cantly different using
Bonferroni adjusted with time, group, sex, age, and a time x group interactions as explanatory variables in
the intention-to-treat population. Asterisks indicate a signi�cant difference (*p < 0.05; ** p < 0.01; *** p <
0.001) between the groups. BLC, a healthy balanced low-caloric diet; White-AKD, a healthy egg white
Asian ketogenic diet; Yolk-AKD, a healthy egg yolk Asian ketogenic diet.
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Figure 3

Changes from baseline in glucose and insulin levels over 1 year across different diet groups.

Glucose and insulin levels were monitored at 12- and 52- weeks in a healthy balanced low-caloric diet
(BLC), a healthy egg white Asian ketogenic diet (White-AKD), and a healthy egg yolk Asian ketogenic diet
(Yolk-AKD) using a linear mixed model, followed by pairwise comparisons of marginal linear predictions.
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Comparisons were made between Yolk-AKD and BLC, White-AKD and BLC, as well as Yolk-AKD and White-
AKD. Signi�cance levels were indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001 in the time course of
blood glucose (A) and insulin (C) at 12-week, and the time course of blood glucose (E) and insulin (G) at
52-week, adjusted for multiple comparisons. The area under the curve (AUC) for the 0-180 min was
calculated and compared among the three groups using one-way ANOVA followed by Bonferroni’s post-
test. Differences in AUC were evaluated for glucose (B) and insulin (D) at unit/12 weeks, as well as for
glucose (F) and insulin (H) at unit/52 weeks.
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