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Abstract

Background

Consensus has not been reached on what constitutes an optimal diet in individuals with prediabetes and type 2
diabetes mellitus (T2DM), especially between low-carbohydrate options.

Objectives

We compared 2 low-carbohydrate diets with 3 key similarities (incorporating nonstarchy vegetables and
avoiding added sugars and refined grains) and 3 key differences (incorporating compared with avoiding
legumes, fruits, and whole, intact grains) for their effects on glucose control and cardiometabolic risk factors in
individuals with prediabetes and T2DM.

Methods
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Keto-Med was a randomized, crossover, interventional trial. Forty participants aged ≥18 years with prediabetes
or T2DM followed the well-formulated ketogenic diet (WFKD) and the Mediterranean-plus diet (Med-Plus) for
12 weeks each, in random order. The diets shared the 3 key similarities noted above. The Med-Plus incorporated
legumes, fruits, and whole, intact grains, while the WFKD avoided them. The primary outcome was the
percentage change in glycated hemoglobin (HbA1c) after 12 weeks on each diet. Secondary and exploratory
outcomes included percentage changes in body weight, fasting insulin, glucose, and blood lipids; average
glucose from continuous glucose monitor (CGM), and nutrient intake.

Results

The primary analysis was of 33 participants with complete data. The HbA1c values did not differ between diets
at 12 weeks. Triglycerides decreased more for the WFKD [percentage changes, −16% (SEM, 4%) compared with
−5% (SEM, 6%) for the Med-Plus; P = 0.02] and LDL cholesterol was higher for the WFKD [percentage
changes, +10% (SEM, 4%) compared with −5% (SEM, 5%) for the Med-Plus; P = 0.01]. Weight decreased 8%
(SEM, 1%) compared with 7% (SEM, 1%) and HDL cholesterol increased 11% (SEM, 2%) compared with 7%
(SEM, 3%) for the WFKD compared with the Med-Plus, respectively; however, there was a significant interaction
of diet × order for both. Participants had lower intakes of fiber and 3 nutrients on the WFKD compared with the
Med-Plus. Twelve-week follow-up data suggest the Med-Plus is more sustainable.

Conclusions

HbA1c values were not different between diet phases after 12 weeks, but improved from baseline on both diets,
likely due to several shared dietary aspects. The WFKD led to a greater decrease in triglycerides, but also had
potential untoward risks from elevated LDL cholesterol and lower nutrient intakes from avoiding legumes, fruits,
and whole, intact grains, as well as being less sustainable. This trial was registered at clinicaltrials.gov  as

NCT03810378.
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Introduction

Consensus has not been reached on what constitutes an optimal diet in individuals with prediabetes and type 2
diabetes mellitus (T2DM). In 2018–2019, both Diabetes UK and the American Diabetes Association (ADA)
released nutrition guidelines for preventing and managing diabetes (1, 2), endorsing an individualized approach
and agreeing on several key nutrition recommendations, including: 1) incorporating nonstarchy vegetables; and
2) minimizing added sugars and refined grains. Diabetes UK also emphasized considering food patterns over
macronutrient composition and gave the highest rating for the Mediterranean diet for patients with and at risk
for T2DM. In contrast, the ADA did not recommend a specific, single dietary pattern, but recommended several,
including the Mediterranean diet and low-carbohydrate (low-carb) and very low-carb diets. In addition, for the
first time, the ADA suggested reducing overall carbohydrate intake to decrease blood glucose levels and noted
that in select adults with T2DM, low- or very low-carb eating patterns were viable approaches.
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Despite this guidance, little research exists to make informed decisions on the benefits and risks of low-carb diet
patterns that differ in the level of carbohydrate restriction, particularly in individuals with or at risk for T2DM.
Instead, previous studies have focused on comparing low-carb to low-fat eating patterns (3–10). In addition,
most studies in this area have not prioritized matching the intervention diets on key nutrition recommendations
that are agreed upon by proponents across a wide variety of diet types that emphasize consumption of
nonstarchy vegetables and discourage consumption of added sugars and refined grains (11).

Our study is unique in comparing 2 low-carb diets—the well-formulated ketogenic diet (WFKD) and the
Mediterranean-plus diet (Med-Plus)—that both incorporate 3 key nutrition messages endorsed by diabetes
organizations (1, 2): including nonstarchy vegetables, restricting added sugars, and limiting refined grains. The
main differences between the 2 diets involve legumes, fruits, and whole, intact grains, which are avoided for the
WFKD and included for the Med-Plus. These 3 food groups are consistently recommended by national and
international public health organizations based on extensive evidence of cardiovascular benefits of fiber,
antioxidants, and the vitamins and minerals characteristic of those food groups (2, 12–15). We hypothesized
that after 12 weeks on each diet, glycated hemoglobin (HbA1c) values would not be different, but would be
similarly improved from baseline due to the 3 shared dietary characteristics of including nonstarchy vegetables,
restricting added sugars, and limiting refined grains, but the WFKD would have more adverse health and
cardiometabolic risks due to the avoidance of legumes, fruits, and whole, intact grains.

Methods

Study design

The Keto-Med study was a single-site, randomized, crossover clinical trial comparing 2 metabolically distinct
diets—the WFKD compared with the Med-Plus—among individuals with prediabetes and T2DM. The primary
outcome was the percentage change in HbA1c from baseline after 12 weeks on each diet; secondary outcomes
included fasting insulin and blood lipid values. Exploratory outcomes included 3 continuous glucose monitor
(CGM) metrics (average glucose, time-in-range, and CV), as well as assessing diet quality and adherence
throughout the study and for 12 weeks following the diet intervention. The study design is illustrated in
Figure 1A. Microbiome data generated in this trial are not included here due to complexity of the findings and
space limits; it is anticipated that these findings will be presented in a separate publication.



FIGURE 1.
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(A) Keto-Med randomized trial study design. *CGM worn for a 2-week interval at each time, as
indicated by the square borders. (B) Key similarities and differences for the 2 Keto-Med diet patterns.
Abbreviations: CGM, continuous glucose monitoring; Med-Plus, Mediterranean-plus diet; WFKD, well-
formulated ketogenic diet.
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Procedures for this study were followed in accordance with the ethical standards from the Helsinki Declaration
and were approved by the Stanford University Human Subjects Committee (institutional review board protocol
49218). All study participants provided written informed consent.

Modifications to the study design due to coronavirus disease 2019

A portion of this study was impacted by the coronavirus disease 2019 (COVID-19) shelter-in-place orders
(initiated 16 March 2020). A full description of the study modifications is provided in the Supplemental

Methods. Briefly, participants whose end-of-phase blood draws were scheduled during the initial shelter-in-place
order were asked to extend the duration of their assigned diets until research staff were able to restart in-person
blood draw visits in early June 2020. All data collection that was designed from the onset to be collected
remotely continued without disruption during the shelter-in-place, with data collected according to the original
timeline; this included online surveys, dietary recalls (via phone call), CGMs, and stool kits (mailed directly to
participants). Of all study variables, blood pressure data were the most severely impacted by COVID-19; no
blood pressure results are presented due to a high proportion of missing data.

Participants

The inclusion criteria were adults ≥18 years of age with a diagnosis of prediabetes (HbA1c 5.7–6.4% or fasting
glucose 100–125 mg/dL) (16) or T2DM (HbA1c ≥6.5% or fasting glucose ≥126 mg/dL) (16). Participants
were recruited from the San Francisco Bay area. Recruitment strategies included mass mailings to e-mail lists
(e.g., prior study participants, individuals who expressed an interest in past studies and asked to be added to a
mailing list) and patient referrals from the clinic of coinvestigator Sun H Kim. Participants were required to have
a stable dietary history, defined as neither adding nor eliminating a major food group in their diet for at least the
previous month. Race and ethnicity were self-reported.

The exclusion criteria were weight <110 lbs (50 kg); BMI ≥40 kg/m2; LDL cholesterol >190 mg/dL; systolic
blood pressure >160 mmHg; or diastolic blood pressure >90 mmHg. Participants were also excluded if they
were taking certain antihyperglycemic medications (e.g., insulin, glucagon-like peptide 1 receptor agonists, or
sodium-glucose cotransporter 2 inhibitors) or weight loss medications. A full description of the exclusion criteria
is available at clinicaltrials.gov ; this trial was registered at clinicaltrials.gov as NCT03810378.

Participant and public involvement

The public was not involved in the original design of the study. Once enrolled, participants were encouraged to
act as citizen scientists and provide suggestions and/or feedback as to any modifications that would improve the
conduct of the study. Once the study was completed, the participants were all invited to a group results
presentation and were encouraged to help share and disseminate the research results once published.

Sample size
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http://www.clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT03810378


The sample size was determined by resource availability.

Randomization

Eligible participants were randomly assigned to 1 of 2 diet sequences: the WFKD for 12 weeks (phase 1) and
then the Med-Plus for 12 weeks (phase 2), or the opposite order. Randomization was stratified by prediabetes
compared with T2DM status. Diet randomization was performed using an allocation sequence determined by
computerized, random-number generation in block sizes of 4 by a statistician not involved in the intervention
delivery or data collection. Participants did not learn of their diet sequence until they had completed all baseline
laboratory measures and surveys.

Dietary intervention

The study intervention involved having all participants maintain 2 dietary patterns, the WFKD and Med-Plus, for
12 weeks each. Ad libitum intake was advised, and participants were guided to follow 2 sets of dietary
guidelines that shared 3 important similarities and 3 important differences.

During the WFKD phase, participants were counseled to sustain nutritional ketosis by limiting carbohydrates to
20–50 g/day and keeping proteins to ∼1.5 g/kg ideal body weight/day, with the remaining kcals coming from
fats. This meant they were to exclude legumes, most fruits (limited amounts of some berries were allowed), all
grains, and all sugars. These criteria are based on the recommendations of Volek and Phinney (17). Participants
were also instructed to consume >3 servings/day of nonstarchy vegetables and maintain adequate mineral and
fluid intake for the ketogenic state (sodium, 3–5 g/day; potassium, 3–4 g/day) (18).

During the Med-Plus phase, participants were encouraged to sustain a Mediterranean diet based on
recommendations from the Mediterranean Diet Pyramid (19), with the additional restriction of avoiding added
sugars and refined grains (hence, the referral to this as the Med-Plus). Instructions were to follow a mostly
plant-based diet that included vegetables (including starchy vegetables); legumes; fruits; whole, intact grains;
nuts; and seeds, with fish as the primary animal protein and olive oil as the primary fat.

In both dietary phases, whole foods were promoted and all processed foods and added sugars were strongly
discouraged (Figure 1B). There was no prescribed washout period between intervention phases; therefore,
participants immediately began either the WFKD (if on the Med-Plus first) or the Med-Plus (if on the WFKD first)
for the second 12-week phase.

Participants received weekly, individual nutrition counseling and education sessions by a registered dietitian and
certified diabetes educator via email, phone, or videotelephony (Zoom Video Communications), with phase-
transition meetings occurring face-to-face prior to the COVID-19 pandemic. Participants needing extra support or
expressing greater interest in learning more about their assigned diet were provided with additional sessions as
requested, up to a maximum of 3 times per week.



Food-delivery period

Participants were provided, at no cost, with all meals and snacks for the first 4 weeks of each phase of the study
(i.e., weeks 1–4 and weeks 13–16) by a San Francisco Bay area food-delivery service (Methodology;
https://www.gomethodology.com/ ) (20). Research staff worked closely with the food-delivery company to

develop a set of menu offerings to match a high-quality ketogenic diet and a high-quality Mediterranean diet.
During those 4 weeks, meals were delivered once per week, with 7 days’ worth of menu items per delivery.
Notably, Methodology is a dairy-free and gluten-free operation.

Although weight loss was not discouraged, the study diet design did not include a prescribed energy restriction
and was not intended to be a weight loss study. Participants were told to eat until they were satiated throughout
the study. In collaboration with the Methodology culinary team, it was determined that it would not be possible
to tailor the delivery of different energy intake levels for different participants in different weeks. The decision
was made to estimate a single, total energy level that was likely to satiate the study participants with the
greatest energy needs, so that no one would need to seek any foods outside of those provided. That level was
determined to be 2800 kcal. This meant that all participants received a weekly set of menu items designed to
provide ∼2800 kcal/day to allow for ad libitum intake. It was expected that most participants would not need
or choose to eat 2800 kcal/day to be satiated. They were instead instructed to consume an equal proportion of
each menu item over the course of the week to maintain a similar balance of nutrients, regardless of the total
energy intake (20).

Self-provided period

For each of the 2 diet types and intervention phases, the 4 weeks of food delivery were followed by 8 weeks of
the participants purchasing their own foods (i.e., self-provided). At this point, given that they were no longer
restricted to the food-delivery service being dairy and gluten free, both groups were able to add dairy to their
diets (e.g., dairy cream in coffee for the WFKD and whole-fat yogurt for the Med-Plus), and the Med-Plus group
was able to add whole, intact wheat back into their diet (e.g., farro, wheat berries). Otherwise, all other
guidelines used during the food-delivery weeks were used to guide the participants in this period. A recipe
booklet was provided to all participants for both dietary phases, and suggestions for study-compliant menu items
at local restaurants for both diets were also provided. Additional details of the diets are provided elsewhere
(20).

Follow-up period

For the 12-week follow-up (following completion of the two 12-week diet phases), participants could choose to
follow whatever dietary pattern they preferred (e.g., fully or partially following either the WFKD or Med-Plus, a
combination, or neither).

Collection of dietary intake
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Two types of dietary data were collected. For the primary reporting data, 3 unannounced 24-hour dietary recalls
—a structured interview intended to capture detailed information about food and drink intakes—were
administered within a 1-week window (on 2 weekdays and 1 weekend day) of each major time point via
telephone by a trained nutritionist using Nutrition Data System for Research (NDS-R; Nutrition Coordinating
Center) (21). Second, throughout the study, participants were encouraged to log their food intake using the
Cronometer app (Cronometer Pro, Nutrition Tracking Software for Professionals;
https://cronometer.com/pro ).

Antihyperglycemic medications

To minimize the risk of hypoglycemia, individuals with T2DM were instructed to stop sulfonylurea medications
before starting the WFKD and to reduce the dose by 50% before starting the Med-Plus. Sulfonylurea medications
were restarted or increased for persistent hyperglycemia (>180 mg/dL).

Measures of adherence and satisfaction to the WFKD and Med-Plus

An average of available dietary recalls and records at each time point were used to calculate adherence scores at
6 time points from NDS-R diet data to measure degrees of adherence to the dietary recommendations. A
description of score components is provided in Supplemental Tables 1 and 2. A standardized range of scores
was created for both diets (1–10, with 10 being the highest level of adherence). Adherence scores are reported
as means ± SDs. While participants were completing the WFKD phase of the study, they were provided with
blood ketone monitors and strips (Abbott Precision Xtra Blood Glucose & Ketone Monitoring System) to measure
ketones 3 times per week before breakfast (fasting state). Additionally, participants completed a fasting venous
blood draw at 7 time points throughout the study, and levels of β-hydroxybutyrate were analyzed from plasma
samples. These 2 measures provided feedback on whether participants lowered their carbohydrate intake
enough to be in ketosis and provided an objective, biological measurement of adherence to the WFKD. Data on
ketone blood levels during the WFKD phase are described in detail elsewhere (20). There was no parallel
biochemical parameter for Med-Plus adherence. Data on food and diet satisfaction and alterations to diet and
physical activity due to COVID-19 are described in detail elsewhere (20).

Anthropometric and metabolic data

After an overnight fast of 10–12 hours, all participants visited the Clinical and Translational Research Unit
(CTRU) or Menlo Medical Laboratory (during COVID-19) at 7 time points: prebaseline, baseline, weeks 4 and 12
(phase 1), weeks 16 and 24 (phase 2), and week 36 (follow-up). Height, weight, and blood pressure were
measured at the CTRU. Height was measured at the first visit to the nearest 0.1 cm using a Seca wall-mounted
stadiometer. Body weight was recorded without shoes to the nearest 0.1 kg using a calibrated Scale-tronix
clinical scale. After 5 minutes of sitting and resting, CTRU nurses obtained 3 blood pressure readings on the right
arm 1 minute apart. These were collected automatically using a Welch Allyn, Spot Vital Signs LXi. If a
participant's blood pressure was over 160/90 mmHg, they rested another 5 minutes before taking another
measurement. During COVID-19, participants had blood drawn at the Menlo Medical Laboratory and were asked
to self-report their weight; an alternate approach to collecting blood pressure data was not identified.
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Fasting blood draws were completed at either the CTRU or Menlo Medical Laboratory via venipuncture by
trained nurses or phlebotomists. HbA1c and glucose levels were measured within 2 hours of collection of fresh
blood at the CTRU using the Siemens or DCA 2000+ instrument for HbA1c and the Nova glucose analyzer for
glucose. Alanine aminotransaminase (ALT), red blood cell count, hemoglobin, and hematocrit data were
collected and measured using standard protocols. All measurements were performed on fresh blood within 2
hours of collection.

Insulin and lipid concentrations were analyzed at the Core Laboratory for Clinical Studies (Washington
University) (22–26). Insulin was analyzed by radioimmunoassay. Total cholesterol and triglycerides were
measured by enzymatic method and HDL cholesterol was measured by direct method on the Roche cobas c501
using Roche cobas reagents. LDL cholesterol was calculated using the Friedewald equation (25). If triglycerides
were >400 mg/dL, LDL cholesterol was measured using a direct method on the Roche cobas c501 using Sekisui
reagents.

Participants completed validated questionnaires about their quality of life, perceived cognitive function,
wellness, and gastrointestinal symptoms, including stool types, at baseline, during weeks 4 and 12 of each diet
phase, and at follow-up (27–30).

Continuous glucose monitoring

Dexcom G6 CGM devices (Dexcom, Inc.) that provide interstitial glucose concentrations every 5 minutes were
provided for participants at 5 time points to use for 10 days at a time. Average glucose and time-in-range (TIR)
values are considered the most important CGM metrics for clinical decision-making, and CV is the standard
metric for glucose variability (31); these 3 factors are presented as exploratory outcomes. A glucose
management indicator was not calculated, as 14 days of data are generally recommended for this metric and
only 10 days were available. TIR was defined as the percentage of time between 70 and 140 mg/dL for
individuals with prediabetes and between 70 and 180 mg/dL for individuals with T2DM. Participants were not
blinded to these blood glucose readings. Data were securely retrieved using Dexcom's Clarity software for clinics.

Data management

Study data were collected and managed using REDCap (Research Electronic Data Capture) (32, 33). The
Stanford REDCap platform (http://redcap.stanford.edu ) is developed and operated by the Stanford Medicine

Research Informational Technology team.

Statistical analysis

Participant demographics and baseline clinical characteristics are summarized by arm as n (%) and median
(IQR) for categorical and continuous variables, respectively. To assess any differences in each variable between
the 2 arms, the absolute standardized differences (ASDs) are presented, where values of ≤0.2, 0.5, and ≥0.8
correspond to small, medium, and large differences, respectively.
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The primary outcome was the percentage change in HbA1c from baseline after 12 weeks from each diet phase.
To visualize its distribution, we present the median and IQR. We used a 2-sided likelihood ratio test and a linear
mixed model to evaluate the differences between diets (the WFKD compared with the Med-Plus) while adjusting
for the fixed effects of order (e.g., study arm) and prediabetes compared with T2DM status and for a random
effect to account for the correlated observations of each participant. Additionally, we investigated an interaction
term for a differential effect of diet × order from the crossover design to assess interpretability of the main effect
for diet. For each outcome (in absolute values), we present the means and 95% CIs for each phase and changes
from baseline by diet order.

The primary analysis was a complete case analysis and uses participants’ week 12 values in each phase (or last
available lab value). As prespecified in the statistical analysis plan, participants who did not complete both
phases (i.e., crossover) were excluded. We used similar analyses for our secondary outcomes of fasting glucose,
fasting insulin, LDL cholesterol, HDL cholesterol, triglycerides, ALT, and weight and our exploratory outcome of
average glucose from CGM. Quantile-quantile plots were used to assess the normality of model residuals. In a
secondary analysis, we investigated a potential difference in diet effects by diabetes status using an interaction
term. Additionally, we evaluated the means and 95% CIs of the primary outcome for each diet, to assess
improvements from baseline.

Total energy, macronutrient intake, and dietary adherence are presented by arm and diet phase as means (SDs).
Nutrient intakes are presented by arm and diet phase as medians (IQRs). To assess any differences in nutrient
intakes between the 2 arms, ASDs are presented.

For the exploratory CGM analysis, only data from participants who provided data for the 5 primary time points
were considered (weeks 0, 4, 12, 16, and 24), as this allowed for comparisons of glucose responses at baseline
and across the different diet phases. For these participants, we analyzed blood glucose control through the CGM
metrics of average glucose, TIR, and CV. To visualize the distribution of the different metrics, we present medians
and IQRs in violin plots. For our exploratory analysis, we present the means and 95% CIs for each metric by diet,
diabetes status, and delivery method. Individuals with prediabetes were analyzed separately from those with
T2DM, because these groups have different glucose target ranges (31). In addition, the food-delivery and self-
provided periods were also separated in the analysis because of higher adherence to the diets during the food-
delivery period (20). We present bar charts with means and SEs by diet and study phase for the following
exploratory analyses: gastrointestinal symptoms, quality of life, perceived cognitive function, and wellness.

Weight change is known to impact HbA1c values (34). Therefore, in a prespecified sensitivity analysis of the
primary outcome, we adjusted for the baseline weight and percentage weight change from baseline. In a
sensitivity analysis for the potential impact of the COVID-19 pandemic, we compared the 2 diets in the first
phase only. For this analysis, we used a linear regression model and adjusted for the baseline value and diabetes
status; in a separate evaluation, we also adjusted for the percentage weight change from baseline. Because
sulfonylurea medications are known to alter HbA1c values, we carried out a sensitivity analysis to exclude
participants who took different dosages of this class of medication between diets.



All analyses were completed using R version 3.6.2. A significance level of 0.05 was set for all analyses. No
correction was applied for multiple comparisons, and secondary and exploratory analyses should be interpreted
accordingly.

Results

Randomization and demographic characteristics

Participant enrollment began on 5 June 2019 and continued through 21 February 2020. The date of final follow-
up data collection was 4 December 2020. Of the 381 potential participants who completed an initial online
screener, 42 were randomly assigned to the intervention arms (Figure 2). Two of these 42 randomized
participants dropped out before beginning their first dietary phase. Of the remaining 40 participants who
initiated their participation in the study, 4 discontinued due to disruptions related to COVID-19 and 1 participant
discontinued for unknown reasons. Two participants missed the blood draw at the end of the second diet phase
due to COVID-19, but had CGM data available. Baseline sociodemographic, anthropometric, and metabolic
characteristics for the primary analysis population (n = 33) with complete data are shown in Table 1. Slightly
more than half of participants were male (61%), roughly half were non-Hispanic white (45%), and most were
college educated (85%); 61% had prediabetes and 39% had T2DM. Ages ranged from 41 to 77 years (median,
60.5 years) and BMIs ranged from 22.7 to 39.7 kg/m2. Based on ASD values, we did not observe any large
differences between arms.



FIGURE 2.
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Consolidated Standards of Reporting Trials participant flow for the Keto-Med randomized trial.
Abbreviations: CGM, continuous glucose monitoring; COVID-19, coronavirus disease 2019; HbA1c,
glycated hemoglobin; PreD, prediabetes; T2DM, type 2 diabetes mellitus.



TABLE 1.

Keto-Med randomized trial participants’ baseline sociodemographic, anthropometric, and metabolic
characteristics1

Characteristics WFKD → Med-
Plus

Med-Plus →
WFKD

Total ASD

(n = 16) (n = 17) (n = 33)

Gender, n (%) — — — 0.17

Male 9 (56.2) 11 (64.7) 20 (60.6) —

Female 7 (43.8) 6 (35.3) 13 (39.4) —

Diagnosis, n (%) — — — 0.17

Prediabetes 9 (56.2) 11 (64.7) 20 (60.6) —

T2DM 7 (43.8) 6 (35.3) 13 (39.4) —

Age, years 55.7 [52.6–67.4] 61.0 [55.1–67.3] 60.5 [52.7–67.3] 0.09

Highest level of education achieved,
n (%)

— — — 0.61

High school graduate 0 (0.0) 2 (11.8) 2 (6.1) —

Some college 2 (12.5) 1 (5.9) 3 (9.1) —

College degree 6 (37.5) 6 (35.3) 12 (36.4) —

Some postgraduate school 1 (6.2) 2 (11.8) 3 (9.1) —

Postgraduate degree 7 (43.8) 6 (35.3) 13 (39.4) —

Race or ethnicity, n (%) — — — 0.62

Non-Hispanic white 9 (56.2) 6 (35.3) 15 (45.5) —

Hispanic or Latinx 2 (12.5) 5 (29.4) 7 (21.2) —

Asian 4 (25.0) 4 (23.5) 8 (24.2) —

Black or African American 0 (0.0) 1 (5.9) 1 (3.0) —

Native Hawaiian or Pacific Islander 1 (6.2) 1 (5.9) 2 (6.1) —

Weight, kg

Both sexes 90.0 [79.8–
101.3]

84.6 [75.9–93.5] 87.5 [75.9–95.8] 0.29

Male 95.0 [ 81.0–
104.0]

81.3 [ 76.0–
93.5]

86.2 [74.3–95.8] —



Characteristics WFKD → Med-
Plus

Med-Plus →
WFKD

Total ASD

Female 85.3 [ 77.4–
93.5]

90.2 [ 75.5–
93.5]

89.1 [76.5–97.3] —

BMI, kg/m2

Both sexes 30.4 [27.6–35.6] 31.0 [27.1–35.2] 30.6 [27.1–34.6] 0.11

Male 35.5 [30.2–36.0] 31.3 [28.4–37.2] 28.1 [24.9–30.6] —

Female 27.4 [24.5–29.4] 29.5 [ 26.4–
33.3]

32.7 [29.6–36.2] —

Blood pressure, mmHg

Systolic 126.5 [113.5–
132.0]

123.5 [113.5–
129.8]

122.0 [113.5–
128.5]

0.27

Diastolic 75.0 [68.3–80.5] 72.8 [68.1–77.9] 74.5 [69.0–79.5] 0.09

HbA1c levels, %

All participants 6.1 [5.9–6.8] 6.0 [5.6–6.6] 6.0 [5.7–6.9] 0.23

Prediabetes 6.0 [5.7–6.0] 5.70 [5.5–6.0] 5.8 [5.7–6.0] —

T2DM 6.9 [6.5–7.2] 6.85 [6.7–7.0] 7.0 [6.0–7.5] —

Fasting glucose, mg/dL

All participants 120.0 [111.8–
134.3]

118.0 [106.0–
134.0]

115 [105–133] 0.01

Prediabetes 114.0 [108.0–
117.0]

106.0 [101.0–
117.5]

110 [100.5–
115.3]

—

T2DM 138.0 [123.5–
142.0]

147.0 [137.0–
161.5]

137 [122–149] —

Fasting insulin, µIU/mL

All participants 14.7 [12.5–22.1] 16.5 [11.5–19.2] 15.4 [12.1–24.3] 0.06

Prediabetes 14.4 [12.0–22.1] 18.0 [13.3–19.4] 16.2 [12.0–23.9] —

T2DM 14.7 [13.7–19.6] 12.4 [7.8–17.9] 14.9 [12.4–25.3] —

Blood lipids, mg/dL

LDL cholesterol 101.0 [78.0–
115.3]

116.0 [93.0–
129.0]

107 [75–132] 0.49

HDL cholesterol 47.0 [41.0–56.0] 46.0 [42.0–56.0] 48 [41–54] 0.09

Triglycerides 99.5 [88.8–
131.0]

108.0 [82.0–
163.0]

105 [88–157] 0.19

Alanine aminotransferase, IU/L 26.5 [20.8–36.5] 25.0 [20.0–34.0] 24 [17–40] 0.06



Characteristics WFKD → Med-
Plus

Med-Plus →
WFKD

Total ASD

Medication, n

Metformin only 4 6 10 —

Metformin + sulfonylurea 5 3 8 —

Other 1 0 1 —

Open in a new tab

1Values are n (%) and median [IQR]. Abbreviations: ASD, absolute standardized difference; HbA1c,
glycated hemoglobin; Med-Plus, Mediterranean-plus diet; T2DM, type 2 diabetes mellitus; WFKD,
well-formulated ketogenic diet.

Dietary adherence

While receiving food deliveries, diet adherence scores (range 1–10, where 10 indicated the highest level of
adherence) were similar for both diets [WFKD, mean ± SD, 7.6 ± 2.1 (range, 1.2–9.7); Med-Plus,
mean ± SD, 7.3 ± 1.5 (range, 3.5–9.6)]. Adherence for both diets was higher in the 4-week food-delivery
period than during the self-provided food period, but the scores were again similar between diets for the self-
provided period [WFKD, mean ± SD, 5.8 ± 2.8 (range, 0.3–9.7); Med-Plus, mean ± SD, 5.5 ± 1.5 (range,
1.7–8.3)]. Within diets, variability was highest when participants were on the WFKD and self-providing foods.
Comparisons of individual adherence during different periods of the study (baseline, food-delivery period, self-
provided period, and 12-week follow-up) for each diet (WFKD and Med-Plus), stratified by participants with
prediabetes and T2DM, are shown in Supplemental Figures 1and2. Also available in graphical and table
displays in Supplemental Figure 3 and Supplemental Tables 3–7 are intake data by diet type and food-delivery
compared with self-provided periods for kcals and macronutrient distribution, types of carbohydrate, whole
compared with refined grains, types of fat, and animal compared with plant protein. A comprehensive
description of dietary adherence is presented elsewhere (20).

Nutrient intake

Reported energy intake during each of the 2 intervention periods, food-delivery and self-provided, was
approximately 250–300 kcal/day lower compared to baseline, which should be taken into consideration when
interpreting nutrient intake data (Supplemental Table 3).

Food-delivery period

When contrasting changes in nutrient intakes from baseline between the 2 diets at the end of the 4-week food-
delivery periods, when adherence was highest, intake was higher (ASD >0.5) for the WKFD for 3 nutrients

https://pmc.ncbi.nlm.nih.gov/articles/PMC9437985/table/tbl1/


(vitamins B12 and D and selenium) and higher for the Med-Plus for fiber and 7 nutrients (thiamin, iron, folate,
magnesium, and vitamins B6, C, and E; see Supplemental Table 8). On average, participants on the WFKD
increased their nutrient intakes of vitamins B12, C, and E and omega-3 fats and decreased their nutrient intakes
of thiamin, folate, and calcium compared to baseline (see Supplemental Table 9). On average, participants on
the Med-Plus increased their nutrient intakes of folate, omega-3 fats, and vitamins C and E and decreased their
nutrient intakes of vitamin B12 and calcium compared to baseline. The food-delivery company is a dairy-free
(and gluten-free) operation, and this likely explained the decreases in calcium for both diet phases.

Self-provided period

When contrasting changes in nutrient intakes from baseline between the 2 diets at the end of the 8-week self-
provided periods, when adherence was lower than in the food-delivery phase, intake was not higher for the
WFKD for any nutrients, but was higher (ASD >0.5) for the Med-Plus for fiber and 3 nutrients (vitamin C,
folate, and magnesium; see Supplemental Table 10). On average, participants on the WFKD increased their
nutrient intake of vitamin E and decreased their nutrient intakes of thiamin, folate, and iron compared to
baseline (see Supplemental Table 11). On average, participants on the Med-Plus did not increase or decrease
intake of any nutrient during the self-provided period compared to baseline.

Primary and secondary analyses

As shown in Figure 3, HbA1c levels decreased for both diets, but we did not observe a significant difference
between diets [mean percentage changes: WFKD, −9% (95% CI: −11% to −7%) and Med-Plus, −7% (95% CI:
−9% to −5%); P  = 0.11]. We present main effect estimates and SEs for all variables in the primary analysis
model in Supplemental Table 12. For secondary outcomes, the WFKD led to a significantly greater decrease in
triglycerides (P = 0.02) and significantly increased LDL cholesterol concentrations relative to a decrease for the
Med-Plus (P = 0.01). Absolute values of outcome variables are presented for baseline and by diet phase and
order in Supplemental Table 13; changes in outcome variables relative to baseline are presented by diet phase
and order in Supplemental Table 14. We note that better outcomes were observed for those starting with the
WFKD in the first phase. Significant interaction effects of diet × order were detected for weight and HDL
cholesterol percentage change (P = 0.01 and 0.001, respectively; Supplemental Table 14). Given the
interaction effect for weight, we present weight change over time by diet order (i.e., arm) in Figure 4. Here, we
observe a difference between arms at week 12 after phase 1 but not phase 2.



FIGURE 3.

Open in a new tab

Percent change from baseline by diet (n = 33). Presented by diet (the WFKD compared with the
Med-Plus), median (square), and IQR (bars) of percentage changes from baseline in HbA1c, fasting
glucose, fasting insulin, fasting LDL cholesterol, fasting HDL cholesterol, fasting triglycerides, fasting
ALT, and weight (including some self-reported weight changes during COVID-19). Also, P values
(above) from a likelihood ratio test for diet show differences in a linear, mixed-effect model after
adjusting for order, diabetes status, and correlated observations. *Significant interaction effect of diet
× order (P < 0.05). Abbreviations: ALT, alanine aminotransferase; COVID-19, coronavirus disease
2019; HbA1c, glycosylated hemoglobin; Med-Plus, Mediterranean-plus diet; WFKD, well-formulated
ketogenic diet.

🔍
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FIGURE 4.

Open in a new tab

Weight change from baseline by phase and diet order (n = 33). The only time point at which the
weight loss difference was significant was at week 12, at the end of the first diet phase, with a mean
difference of 6.9 kg (SEM, ±0.8 kg) compared with 5.0 kg (SEM, ±0.80 kg) for the WFKD and
Med-Plus, respectively (P = 0.04; paired t-test). Abbreviations: Med-Plus, Mediterranean-plus diet;
WFKD, well-formulated ketogenic diet.

The findings from a secondary analysis to evaluate a significant interaction effect in outcomes’ percentage
changes from baseline for diet × diabetes status are presented in Supplemental Table 15. The only notable
finding was a modestly greater decrease in ALT for the participants with prediabetes on the Med-Plus [mean,
−0.17 (95% CI: −0.29 to −0.05) compared with −0.04 (95% CI: −0.25 to 0.16) for prediabetes compared with
T2DM, respectively] and, alternatively, a modestly greater decrease in ALT for participants with T2DM on the
WFKD [mean, −0.1 (95% CI: −0.21 to 0) compared with −0.14 (95% CI: −0.35 to 0.06) for prediabetes
compared with T2DM, respectively; interaction diet × diabetes status P = 0.04].

Exploratory CGM analysis

https://pmc.ncbi.nlm.nih.gov/articles/PMC9437985/figure/fig4/


Descriptive data from CGM are presented to complement the primary HbA1c outcome data. The exploratory
analysis population had data available for 35 participants (i.e., 2 participants completed the protocol and
provided CGM data, but were unable to attend a clinic visit and provide a blood sample due to COVID-19). To
investigate each metric, we present its mean and 95% CI by diet phase, diabetes status (prediabetes compared
with T2DM), and food-provision period. The decrease in the average glucose value from CGM data was
significantly lower during the WFKD compared with the Med-Plus, based on the linear mixed model (−8%
compared with −2%; P = 0.03). For participants with prediabetes, the effects of the diet on blood glucose were
moderate, as expected, and were greater for the WFKD. Both diets increased the TIR (70–140 mg/dL for
prediabetes), with a greater increase for the WFKD. For the participants with T2DM, both diets decreased
average glucose levels and increased TIR (70–180 mg/dL for T2DM), with the WFKD having a greater absolute
effect (Supplemental Figure 4; Supplemental Table 16). Both in participants with prediabetes and participants
with T2DM, both diets decreased the CV. Again, the WFKD had a greater effect in both populations.

Sensitivity analyses

Sensitivity analyses were conducted to examine whether the primary HbA1c outcome might have been affected
by other variables that displayed significant changes during the course of the study. However, these analyses had
low power due to the small sample size, and their results should be interpreted with caution. We did not observe
a significant difference in HbA1c values between diets when adjusting for baseline weight and percentage weight
change (P = 0.45), nor when adjusting for percentage weight change alone (P = 0.45).

In an effort to address possible COVID-19-related changes in the study protocol, data were analyzed for phase 1
only. Our analysis population includes 36 participants that completed phase 1 before the COVID-19 shelter-in-
place orders disrupted the study (we note 3 of these participants were not able to contribute blood samples in
phase 2). Participants on the WFKD observed a significantly better percentage change from baseline for HbA1c
values compared to those on the Med-Plus when adjusting for diabetes status (P = 0.03; 5%; 95% CI: 1%–
10%). In a separate evaluation adjusting for the percentage weight change from baseline in the model, we did
not observe a significant difference between diets (P = 0.16; Supplemental Table 17). After phase 1,
participants on the WFKD had a slightly greater decrease in weight compared to those on the Med-Plus
[−6.9 kg (95% CI: −8.4 to −5.5) compared with −4.9 kg (95% CI: −6.4 to −3.4), respectively].

We performed a sensitivity analysis for differential usage of sulfonylurea medication. Out of 7 participants taking
sulfonylureas at baseline, 3 used the same dosage for both diets and 4 used different dosages between diets.
When excluding these 4 participants, we observed significant differences for both HbA1c and HDL cholesterol
values between diets, favoring the WFKD (Supplemental Table 18).

Follow-up data

Diet data

The follow-up average scores were intermediate between the baseline and self-provided scores for both the
WKFD and Med-Plus (Supplemental Figure 2). Also, at follow-up, the diet adherence scores were higher for the



Med-Plus than for the WKFD (i.e., the follow-up diet of the primary analysis population was more similar to the
Med-Plus than to the WKFD). On average, the participants reported consuming fewer calories, an increased
percentage of total energy from fat, and a lower intake from carbohydrates relative to baseline. Participants were
consuming similar distributions of types of fat (saturated compared with unsaturated) and protein (animal
compared with plant) compared to baseline amounts. Although added sugar intake decreased and fiber intake
(insoluble and soluble) increased during the intervention phases, participants were consuming similar levels at
follow-up compared to baseline. Intake of grains dropped during the intervention and remained lower than
baseline levels at follow-up. Participants were consuming fewer refined grains but also fewer whole grains at
follow-up relative to baseline (Supplemental Figure 3; Supplemental Tables 3–7).

Clinical data

Twelve weeks after completing both diet phases, relative to baseline, on average, the participants maintained
decreased HbA1c values, fasting glucose levels, and weight (CGM data were not collected at follow-up). HDL
cholesterol levels were higher at follow-up than at baseline. Fasting insulin, triglyceride, and ALT data were
similar at follow-up compared to baseline. The only factor that was observed to be more adverse at follow-up
was an elevated LDL cholesterol concentration (Supplemental Table 19).

Quality of life

Participants were surveyed at 6 time points to capture any changes in their quality of life, perceived cognitive
function, wellness, and gastrointestinal symptoms, including stool types. There were no observable differences in
the distributions for any of the measures, either across time points or between the diets (Supplemental Table

20, gastrointestinal habits; Supplemental Figure 5, gastrointestinal symptoms; Supplemental Figure 6, Bristol
stool scale; Supplemental Figure 7, quality of overall health, life, and cognitive abilities; and Supplemental
Figure 8, pain).

Adverse events

During the trial, there were 4 adverse events reviewed by the study physician (SHK). One was an elevated ALT
level likely related to the study (the participant was on the WFKD during the time of the event). Two of the 4
adverse events that were possibly but probably not related to the study were a kidney infection and exacerbation
of eczema (the participants were on the WFKD during the time of their event). The fourth was a transient
ischemic attack that occurred during the study follow-up, and was probably not related to the study (the
participant was on the Med-Plus during the time of the event).

Discussion

In this randomized, crossover intervention trial among adults with prediabetes or T2DM, the 12-week
percentage change in HbA1c, the primary study outcome, improved significantly for participants on both diets,
but was not significantly different between the WFKD and Med-Plus phases. Significant differences in 2 of the



clinical values were mixed: triglyceride changes favored the WFKD, while LDL cholesterol changes favored the
Med-Plus. There was a general trend towards improvements for both diet phases for most of the secondary
outcomes, but no significant differences between diets in the primary analysis for fasting glucose, insulin, HDL
cholesterol, and ALT data. Average glucose as determined by CGM, an exploratory outcome, decreased more for
participants on the WFKD compared with those on the Med-Plus. In sensitivity analyses addressing changes in
medications or looking at only the first phase of the crossover, differences between diets for HbA1c and HDL
cholesterol values shifted to statistical significance, favoring the WFKD. The dietary adherence assessment
indicated similar levels of average adherence between the 2 diets during both the food-delivery period and self-
provided period. Differences in nutrient intakes during the intervention favored the Med-Plus. At the 12-weeks
follow-up, the participants’ dietary patterns were more similar to the Med-Plus, suggesting a potential for greater
sustainability of the Med-Plus in the long term.

Our findings corroborate previous evidence indicating that HbA1c levels can be significantly reduced on both a
ketogenic diet (35–38) and a Mediterranean diet (39–44), especially if the diet is restricted in added sugars and
refined carbohydrates (2). The primary question of our study sets it apart from previous studies: do people with
an impaired glucose metabolism experience greater metabolic benefits or harms when restricting legumes, fruits,
and whole, intact grains in addition to avoiding added sugars and refined grains? For this reason, we designed
the WFKD and Med-Plus to be matched on 3 specific dietary factors (including nonstarchy vegetables and
avoiding added sugars and refined grains) and mismatched on 3 specific dietary factors (the WFKD avoids and
the Med-Plus includes legumes, fruits, and whole grains).

While both dietary patterns produced several health benefits, including a greater decrease in triglyceride
concentrations for the WFKD, the WFKD also induced a few changes of potential concern. First, the WFKD
significantly increased LDL cholesterol. Increases in LDL cholesterol and decreases in triglycerides are common
effects of low-carb diets, and have been linked with a shift in the LDL cholesterol particle size that is associated
with a decreased cardiovascular risk (45–48). However, since we did not fractionate LDL by size, we cannot
dismiss the potential harms of the observed LDL cholesterol increase on the WFKD. Second, the WFKD also
induced a decrease in fiber intake, which increased on the Med-Plus. However, through the production of beta-
hydroxybutyrate, the WFKD has been suggested to reduce some of the requirement for butyrate, which is likely
responsible for some of the of the benefits of dietary fiber (49). Finally, in addition to fiber, participants had
greater decreases in essential nutrients on the WFKD (folate, vitamin C, and magnesium) than on the Med-Plus.
Collectively, these potential harms likely relate to avoiding legumes, fruits, and whole, intact grains on the
WFKD, and temper enthusiasm for avoiding these food groups, which is consistently recommended by national
and international public health organizations (2, 12–15).

Several aspects of the design and implementation were strengths of our study. First, the crossover design allowed
participants to serve as their own controls. Second, the initial 4-week period of food delivery facilitated high
adherence, while the latter 8 weeks of self-provided foods in the 12-week diet phases increased generalizability.
Third, the 12-week follow-up after completion of the 2 intervention phases provided insights regarding the
poststudy stability of diet behaviors. Fourth, we chose a well-established clinical value as the primary outcome:
HbA1c. Fifth, we assessed an extensive set of well-studied secondary clinical outcomes to evaluate overall
cardiometabolic health. Sixth, it proved valuable to include and collect CGM data, particularly because the
COVID-19 shelter-in-place disruption did not impact home collection of CGM data as much as it did HbA1c data



obtained from blood samples drawn in research clinics. Seventh, extensive diet data collection using state-of-the-
art NDS-R allowed us to assess adherence—an important metric in free-living trials (50)—and to compare
nutrient intakes. Finally, we believe an important design strength was emphasizing high-quality dietary choices
for both diet phases (50), as exemplified by using the WFKD for the ketogenic diet phase and by an emphasis on
avoiding refined grains and added sugars for the Mediterranean diet phase.

Our study had several limitations. First, the conduct of the study was disrupted in several ways by COVID-19.
Access to our primary clinical research facility was disrupted, resulting in some participants extending their time
on the diet phase they were on when the shelter-in-place orders began. Fortunately, most participants that faced
this disruption agreed to simply continue with their assigned diet phase until we were able to collect an end-
phase blood sample; for some, this meant staying on that particular diet phase for up to 24 weeks, rather than
12. To address this, we collected whatever data we could at the original 12-week time point (e.g., survey data,
stool samples, CGM), and then collected additional data when blood-drawing facilities became available again.
In addition, the study health educator maintained frequent contact with and support of participants during these
delays. Unfortunately, concerns about the pandemic and the extended delays led to 4 participants dropping out
who might have otherwise completed the study. Also, the pandemic was a problem for the collaborating partner
that provided food to study participants, and 12 of the participants did not receive delivered food for the first 4
weeks of their second phase of the crossover. Fortunately, adherence among those participants was determined
to be similarly high compared to adherence among those who did receive food delivery during that study phase.
In addition, during the pandemic, while we were able to manage blood collections through an alternative site,
weight or blood pressure data were not able to be measured. To continue collecting participants’ weight data, we
accepted self-reported home weighing from those participants. We were not able to find an alternate approach to
measure blood pressure; thus, blood pressure data are not presented. A second limitation was the relatively
small sample size, although the crossover design was helpful in maximizing the control of many potentially
confounding variables. A third limitation was the increased risk of making a type 1 error that resulted from
testing several secondary outcomes and using post hoc comparisons for outcomes in which a significant
interaction was observed. Finally, the lack of a washout period may be considered a limitation; yet, we believe
the 12-week diet phase durations were likely sufficient to eliminate or minimize any carryover effects.

Although reducing carbohydrate intake is often recommended as a strategy to control blood glucose in patients
with prediabetes and T2DM, the metabolic benefits and risks of extreme versus moderate carbohydrate
restriction are unclear. We found that both the WFKD and Med-Plus were associated with improved blood
glucose and reduced body weight, both of which occurred without guidance on caloric restriction and may relate
to the similarities in the 2 diet patterns, which limited added sugars and refined sugars. Although the WFKD was
associated with improved glucose control on several CGM metrics, the differences in HbA1c values were modest
despite 50% lower carbohydrate intake on the WFKD compared with the Med-Plus (<20% compared with
<40% of total calories from carbohydrates, respectively). In addition, the rise in LDL cholesterol, decrease in
fiber intake, and greater potential for nutrient deficiencies on the WFKD may be concerning; longer-term studies
will be needed to understand these associations with clinical outcomes. Collectively, these comparative outcomes
do not support a benefit sufficient to justify avoiding legumes, whole fruits, and whole, intact grains to achieve
the metabolic state of ketosis. In a clinical setting, patients should be supported in choosing a dietary pattern
that fits their needs and preferences. There should be less focus on promoting 1 particular diet approach as best;
rather, clinicians should allow patients to make an informed choice to help them establish which approach is



most suitable for them. Finally, regardless of benefits, diets need to be sustainable, and our study suggests it was
difficult for participants to maintain the WFKD, as well as to achieve and maintain the similarities in the 2 diets
in terms of restricting added sugars and refined grains.
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