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Trials

Protocol for a randomized controlled trial 
comparing a very low‑carbohydrate diet 
or moderate‑carbohydrate plate‑method diet 
for type 2 diabetes: the LEGEND (Lifestyle 
Education about Nutrition for Diabetes) trial
Laura R. Saslow1*   , Adriana Eslamian2, Patricia Moran2, Wendy Hartogensis2, Ashley E. Mason2, Sarah Kim2, 
Douglas C. Bauer2, Dina Hafez Griauzde1, Veronica Goldman2, Vivian Liu2, Pam Stephens1, Kate Raymond1, 
George Yeung2, Cindy Leung3 and Frederick M. Hecht2 

Abstract 

Background  Optimal carbohydrate intake is an important and controversial area in the nutritional management 
of type 2 diabetes. Some evidence indicates that reducing overall carbohydrate intake with a low- or very low-carbo-
hydrate eating plan can improve glycemic control compared to following eating plans that involve greater carbohy-
drate intake. However, critical knowledge gaps currently prevent clear recommendations about carbohydrate intake 
levels.

Methods  The LEGEND (Lifestyle Education about Nutrition for Diabetes) Trial aims to compare a very low-carbohy-
drate diet to a moderate-carbohydrate plate-method diet for glycemic control in adults with type 2 diabetes. This 
two-site trial plans to recruit 180 adults with type 2 diabetes. We will randomize participants to either a 20-session 
group-based diet and lifestyle intervention that teaches either a very low-carbohydrate diet or a moderate-carbohy-
drate plate-method diet. We will assess participants at study entry and 4 and 12 months later. The primary outcome 
is HbA1c, and secondary outcomes include inflammation (high sensitivity C-reactive protein), body weight, changes 
in diabetes medications, lipids (small particle LDL, HDL, triglycerides), skeletal metabolism (bone mineral density 
from dual-energy x-ray absorptiometry and bone turnover markers serum procollagen type I N propeptide and serum 
C-terminal telopeptide of type I collagen), and body composition (percent body fat, percent lean body mass).

Discussion  The LEGEND trial is a randomized controlled trial to assess optimal carbohydrate intake in type 2 diabetes 
by evaluating the effects of a very low-carbohydrate diet vs. a moderate-carbohydrate plate-method diet over a year-
long period. The research addresses important gaps in the evidence base for the nutritional management of type 2 
diabetes by providing data on potential benefits and adverse effects of different levels of carbohydrate intake.

Trial registration  ClinicalTrials.gov NCT05237128. Registered on February 11, 2022
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Introduction
Background and rationale {6a}
Type 2 diabetes is the most expensive chronic disease 
in the USA, with annual costs currently estimated to 
be more than $325 billion [1]. Nutritional management 
of type 2 diabetes holds potential to improve glycemic 
control and clinical outcomes but there is a lack of high-
quality research to inform practice guidelines on how to 
optimize nutritional management of type 2 diabetes [2]. 
In 2019, the American Diabetes Association’s Nutrition 
Review Committee concluded that “Despite widespread 
interest in evidence-based diabetes nutrition therapy 
interventions, large, well-conducted nutrition trials con-
tinue to lag far behind other areas of diabetes research” 
[3].

Optimal carbohydrate intake is an important and con-
troversial area in the nutritional management of type 2 
diabetes. Some evidence indicates that reducing overall 
carbohydrate intake with a low- or very low-carbohydrate 
eating plan can improve glycemic control compared to 
eating plans with greater carbohydrate intake [2]. How-
ever, three critical knowledge gaps currently prevent 
clear recommendations in guidelines for carbohydrate 
intake. First, there is a gap in knowledge about the dura-
bility of gains in glycemic control with low-carbohydrate 
diets [4, 5]. It is currently unclear how much the loss of 
improvements is due to reduced adherence that may be 
readily addressed with appropriate behavioral strategies. 
Second, there are concerns about possible long-term 
adverse effects on lipids [6] and bone mineral density 
[7]. Third, although current recommendations from the 
American Diabetes Association’s Nutrition Review Com-
mittee suggest individualizing recommendations about 
carbohydrate intake, we have almost no knowledge to 
guide such individualization.

Objectives {7}
To address these critical gaps in the evidence base for 
optimal carbohydrate intake recommendations for type 
2 diabetes, we are conducting a two-site, parallel-group, 
randomized (1:1) trial with a 12-month follow-up in 180 
adults with type 2 diabetes, comparing a very low-carbo-
hydrate diet to a moderate-carbohydrate plate-method 
diet. The American Diabetes Association recommends 
both dietary approaches. Both dietary groups will be 
taught previously tested behavioral strategies to maintain 
adherence to nutritional treatment, including relapse-
prevention planning, self-monitoring, and social sup-
port [8]. This trial aims to compare the long-term effects 
of a very low-carbohydrate to a moderate-carbohydrate 
diet on clinical outcomes including glycated hemoglobin 
(HbA1c, primary outcome), weight, body composi-
tion, inflammation (high sensitivity C-reactive protein), 

ability to reduce the use of diabetes medications and 
medication-related costs, and diabetes-related distress 
over 12  months. We hypothesize that the very low-car-
bohydrate diet group (as compared to the moderate-car-
bohydrate diet group) will have improvements in HbA1c 
and other outcomes at 12 months. We will compare the 
adverse effects associated with a very low-carbohydrate 
diet to those associated with a moderate-carbohydrate 
diet. We hypothesize that the two dietary approaches will 
have similar effects on lipids and bone metabolism and 
will be associated with similar side effects (such as con-
stipation and headaches). We will also explore changes in 
vegetable and fruit consumption. Finally, we will assess 
factors that identify individuals who will particularly 
benefit from one or the other dietary approaches. We 
will explore whether baseline characteristics modify the 
benefits of diet group assignment on HbA1c by assessing 
whether there appear to be differences in the magnitude 
of HbA1c changes between diet groups across three pre-
defined sub-groups (levels of insulin resistance, levels of 
obesity, and women versus men).

Trial design {8}
This trial is a two-site, parallel-group, randomized con-
trolled trial comparing two different dietary approaches 
for type 2 diabetes: a very low-carbohydrate diet vs. a 
moderate-carbohydrate plate-method diet. We will ran-
domize a total of 180 adults with type 2 diabetes using 
an allocation ratio of 1:1. This is a superiority trial. 
Assessments occur at baseline and 4 and 12 months after 
baseline.

Methods: participants, interventions, 
and outcomes
Study setting {9}
The trial includes two clinical sites at university medi-
cal center health systems. One site is at the University of 
Michigan, Ann Arbor, MI (L. Saslow, PI), and the other 
site is at the University of California, San Francisco (F. 
Hecht, PI). We will recruit participants from the Univer-
sity of Michigan and University of California, San Fran-
cisco, health systems using outreach email and letters 
to potentially eligible participants identified using elec-
tronic health records at these sites. We will also advertise 
on social media to do outreach to populations living in 
the Ann Arbor, Michigan, and San Francisco, California, 
areas. We aim to enroll a generally nationally representa-
tive sample of persons with type 2 diabetes.

Eligibility criteria {10}
Key inclusion criteria include the following: (1) diagnosis 
of type 2 diabetes, with current HbA1c ≥ 6.5% and <12% 
(measured using a blood sample collected at screening); 
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(2) ability to speak English; (3) age 21 or older; (4) abil-
ity to engage in light physical activity; and (5) willingness 
to be randomized to either type of diet. Exclusion crite-
ria include the following: (1) unable to provide informed 
consent; (2) substance abuse, mental health, cognitive, 
or medical conditions that would, in the opinion of the 
investigators, make it difficult for the individual to take 
part in the intervention, may alter key outcomes, or may 
require important diet modifications and includes condi-
tions such as hypercalcemia or thyroid dysfunction; (3) 
pregnant or planning to become pregnant in the next 
12  months or currently breastfeeding (self-reported; 
pregnancy and breastfeeding require modifications to 
the intervention’s dietary approaches; participants of 
child-bearing potential with a positive urine pregnancy 
test prior to dual x-ray absorptiometry (DXA) scan will 
be ineligible); (4) current use of weight loss medications 
(self-reported) as this is likely to alter weight outcomes 
and may alter other measures; (5) history of weight 
loss (bariatric) surgery or plans for bariatric surgery in 
the next year (self-reported); (6) currently enrolled in a 
weight loss program or have unalterable plans to enroll 
in a diet or weight loss programs in the next year (self-
reported in screening survey); (7) vegan or vegetarian 
(self-reported in screening survey) as this requires addi-
tional modification of the group-based nutrition educa-
tion curriculum; (8) unwilling or unable to participate in 
study measurements and group classes; (9) current use of 
systemic steroids or immunomodulators (self-reported 
in screening survey; oral or IV systemic steroids are 
excluded but local injected steroids may be permitted if 
frequency and timing of injections allows for at least of 
2  weeks of spacing with blood tests; (10) above weight 
limit for DXA scanners (400 pounds); (11) history of mul-
tiple or recent (within the last 4 years) kidney stones; (12) 
currently following a very low-carbohydrate diet; and 
(13) unwilling to stop an SGLT2 inhibitor medication if 
the participant were to be randomized to the very low-
carbohydrate diet.

Who will take informed consent? {26a}
A member of the study team with appropriate ethi-
cal training and institutional review board approval will 
describe the consent forms in a detailed way and clarify 
any questions participants may have. The study team will 
describe that the participation in the study is voluntary.

Additional consent provisions for collection and use 
of participant data and biological specimens {26b}
We will collect blood samples to assess outcomes such as 
HbA1c, high-sensitivity C-reactive protein, lipids, bone 
turnover markers, and insulin resistance. However, there 
will be no storage of biological samples.

Interventions
Explanation for the choice of comparators {6b}
We will compare two eating patterns diabetes; one is 
a very low-carbohydrate diet and the other is a mod-
erate-carbohydrate plate-method diet. Both nutrition 
approaches are recommended by the American Diabetes 
Association, but there is limited rigorous data comparing 
the effects of these two nutrition plans, which primarily 
vary in carbohydrate levels, over a 12-month period.

All participants will receive nutritional instruction and 
training in basic behavioral strategies through live inter-
net video-based sessions, meeting weekly (except if this 
falls on a holiday) to cover the eleven 1-h core sessions in 
diet-specific groups. We aim to include approximately 30 
people in each cohort in order to have about 15 in each 
class. After the first 11 core sessions, participants will 
meet monthly for the remaining nine months of the study 
participation period (nine 1-h maintenance sessions). 
Sessions will be led by teachers experienced in each die-
tary approach, one teacher per group. A member of the 
study team will also be available during class sessions to 
answer logistical questions and provide technological 
support. Participants will receive printed study materials 
in the mail at the start of the intervention, as well as elec-
tronic copies of class materials prior to each class.

During the core phase of the intervention (first 11 
weekly sessions), all participants will be sent brief 
(2–5  min) weekly check-in surveys. These surveys will 
ask participants whether they plan on attending the ses-
sion the following week, if they have experienced any 
health symptoms, and their adherence to the dietary 
approach. Participants on glucose-lowering medications 
will be asked if they have had very high or very low blood 
glucose results and/or symptoms of hypoglycemia; if yes, 
they will be asked to provide their recent results and cur-
rent diabetes medications so that the study team can fol-
low-up with them to adjust medications or troubleshoot 
if needed. During the maintenance phase (remaining nine 
months of study participation), participants will com-
plete a check-in survey monthly, prior to each session.

Intervention description {11a}
Very low‑carbohydrate diet
This dietary approach will encourage a very low-carbo-
hydrate (ketogenic) eating pattern that aims to reduce 
carbohydrate intake to 20–35 non-fiber grams of car-
bohydrates a day. This dietary approach aims to reduce 
carbohydrate intake to a point that induces a low level 
of ketone production. Nutritional ketosis may serve as a 
marker indicating that insulin levels are reduced enough 
to allow the body to begin using fat as a key source of 
energy, reducing inhibition of lipolysis by insulin. When 
this occurs, some fats are turned into ketones, which 
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serve as a readily used fuel. Participants randomized to 
this diet group will be mailed urine ketone strips. They 
will be encouraged to use ketone urine test strips at the 
beginning of their time following this dietary approach to 
help them gauge whether they are achieving nutritional 
ketosis. Most calories are derived from meat, fish, full-fat 
dairy, eggs, fats, nuts, seeds, oils, leafy, or other low-car-
bohydrate vegetables (such as spinach, lettuce, asparagus, 
eggplant, cabbage, kale, Brussels sprouts, green peppers, 
and green beans), and low-carbohydrate fruits (such as 
raspberries and blackberries). Participants will be advised 
to eliminate most starches and sweets such as potatoes, 
rice, pasta, bread, donuts, and sugar-sweetened bever-
ages. Participants will be advised to eat protein with each 
meal and derive their remaining calories from fat.

Plate‑method diet
The “Create Your Plate” meal planning approach has been 
developed by the American Diabetes Association and 
represents a diet currently recommended for type 2 dia-
betes in many settings [9]. The plate is commonly used as 
a tool for teaching people how to reduce starches while 
balancing meals with protein and vegetables. Patients 
are encouraged to keep their starches to ¼ of their plate, 
have protein foods fill another ¼ of the plate, and fill the 
remaining ½ with non-starchy vegetables. This instruc-
tional approach can be useful in working with people with 
low literacy or with various cultural cuisines. The focus of 
the plate is whole foods, rather than processed foods. This 
method also emphasizes getting most nutrition through 
meals, rather than consuming calories from liquids. Eat-
ing food, particularly with fiber, rather than consuming 
calories via liquids, may be a strategy to reduce postpran-
dial blood glucose, and fiber in food may help with sati-
ety between meals. The overall carbohydrate intake in this 
meal planning approach (about 45–48% of calories from 
carbohydrates in many typical meals) [10] is similar to 
that typically consumed by people with type 2 diabetes 
in the USA; one large study found that the average carbo-
hydrate intake by people with type 2 diabetes was 44% of 
calories (about 190–280 g/day) [11].

Physical activity and sleep goals
Both diet groups receive the same advice for physical 
activity and sleep. The physical activity goal for this pro-
gram is a total of 150 min per week of moderate-intensity 
exercise, similar in intensity to brisk walking. This is the 
same target as was used in the Diabetes Prevention Pro-
gram [8]. We also recommend that participants acquire 
adequate sleep, describing that most adults need 7–9 h of 
sleep per night [12].

Behavioral goals
Both diet groups receive the same core cognitive and 
behavioral therapy intervention-based components simi-
lar to those used in the Diabetes Prevention Program [8]. 
Core components that have demonstrated effectiveness 
in changing health behavior in ways that achieve ben-
efits in clinical outcomes include self-monitoring of diet, 
increasing problem-solving skills, and goal setting [13]. 
For example, teachers guide participants through a goal-
setting exercise and introduce self-monitoring. Self-moni-
toring strategies are tailored to each intervention arm. For 
the very low carbohydrate group, self-monitoring focuses 
on using urine-based test strips as feedback to achieve tar-
get carbohydrate restriction levels. For the plate-method 
group, the focus is on adherence to the plate-method 
approach. All topics by session number are in Table 1.

Criteria for discontinuing or modifying allocated 
interventions {11b}
Serious adverse events (other than short-term and cor-
rectable hypoglycemia) as a result of the intervention 
are not expected, but should they occur, participants 
will stop the intervention and be included in the “inten-
tion to treat” analysis for the primary endpoint. Criteria 
for discontinuing or modifying the intervention include 
changes in the therapeutic plan of participants, such 
as the need to initiate a protein-restricted diet. Par-
ticipants will also be informed that they may refuse to 
answer any questions asked as part of outcome meas-
ures by the study team and that they may withdraw 
their consent to participate in the study at any time.

Strategies to improve adherence to interventions {11c}
Both dietary programs include strategies to improve 
participant adherence such as goal setting and prob-
lem-solving. Intervention fidelity measures include 
coded, audiotaped sessions and surveys about each 
group’s teachers. Data from these assessments will be 
discussed as needed with the study team and diet group 
teachers. Additional training for the teachers may occur 
if deemed necessary by the study investigators.

Relevant concomitant care permitted or prohibited 
during the trial {11d}
Participants will be asked to adhere to their assigned 
diet plan but are not restricted from engaging in any 
other treatments.

Provisions for post‑trial care {30}
We will not be providing post-trial care. We do not 
anticipate harm and therefore no compensation for 
harm due to trial participation.
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Outcomes {12}
Primary outcome
HbA1c
HbA1c is the most widely accepted measure of overall 
glycemic control in clinical care of type 2 diabetes and is 
a strong predictor of the risk of microvascular complica-
tions from diabetes [14]. We will measure HbA1c levels 
using standard immunoturbidimetric assay methods 
and quality control measures at a Clinical Laboratory 
Improvement Amendments (CLIA) certified lab (i.e., 
Labcorp). Change in HbA1c over 12  months is our pri-
mary outcome; change in HbA1c from baseline to month 
4 is a secondary outcome.

Secondary outcomes
High sensitivity C‑reactive protein
Increased inflammation is a hallmark of metabolic syn-
drome and is hypothesized to be a factor in the patho-
genesis of macrovascular disease in diabetes. Beta 
hydroxybutyrate, the most abundant ketone body dur-
ing a ketogenic diet, inhibits assembly of the NLRP3 
inflammasome, thus decreasing release of inflammatory 
mediators from macrophages [15, 16]. A ketogenic diet 

also reduces reactive oxygen species, which are linked to 
inflammatory diseases [17]. High sensitivity C-reactive 
protein (hsCRP) is an important acute phase protein 
(inflammation protein). It is associated with increased 
risk of cardiovascular disease [18]. This measure will be 
assessed using standardized methods in a CLIA certified 
laboratory (Labcorp).

Weight
Weight loss, even in modest amounts, predicts improved 
glycemic control in type 2 diabetes [19]. Participants 
will be weighed at their in-person DXA appointments at 
baseline and 12 months. At 0, 4, and 12 months, we will 
collect measurements from their home scale.

Diabetes medications
We will ask participants about their current diabetes-
related medication regimen using questions we have 
employed in prior studies [20]. We will assess estimated 
costs of diabetes-related medications in each diet group, 
using published cost data and will compare intensity of 
treatment needed in each arm using a medication-effect 
score, which assesses overall intensity of a diabetes 

Table 1  Class schedule for common elements in both intervention arms

Class/session Topics

Core sessions
  #1 Study description, rationale of assigned diet, class expectations, personal goals for joining the study, changing snacks 

and breakfasts, tracking diet, side effect guide

  #2 Changing lunches, reading nutrition labels, calculating net carbs and calories, menu makeover

  #3 Changing dinners, grocery store walkthrough, sugar and artificial sweeteners, meal prepping, food substitutions, tracking 
urinary ketones (for keto group)

  #4 How to plan and eat when dining out or traveling

  #5 Recognizing and changing food cues and habits, binge eating and trigger foods, alcohol

  #6 Physical activity and sleep

  #7 Weight loss plateaus, how to find support and inspiration when dealing with challenges

  #8 Guide for problem solving

  #9 Saturated, unsaturated, and trans fats

  #10 Slip-ups and how to deal with them

  #11 Progress overview and ways to stay motivated

Maintenance sessions
  #1 Self-assessment and adjustments, facing external realities

  #2 Potential causes of stress and how to make a plan for coping with different stresses

  #3 Revisiting recipes and cooking, creative and easy recipe ideas

  #4 Handling holidays, vacations, and special events; responding to questions and social pressure

  #5 The relapse chain and strategies for preventing relapse, inspiration for recommitting to diet, grocery shopping list

  #6 Dealing with social cues and social events, finding support from others

  #7 Overcoming negative thoughts by learning how to talk back to them

  #8 Stress and time management, taking charge of stress response, saving time with physical activity, making time for laughter 
and relaxation

  #9 Ways to counter self-defeating thoughts, working on not giving into excuses and rationalizations, personal goals moving 
forward, sharing progress and success stories
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medication regimen by combining dosage and strength 
of medications [21].

Lipids
Given that the very low-carbohydrate diet involves 
increasing the proportion of calories derived from fat 
compared to a conventional diet for diabetes, there have 
been concerns about the effects of this diet on lipids, 
particularly LDL cholesterol. Studies of very low-car-
bohydrate diets in the general population have found 
modest increases in LDL. Understanding the effects of 
a ketogenic diet on major plasma lipid fractions (HDL, 
LDL, triglycerides) and LDL particle size is important in 
assessing the possible impact of the diet on macrovas-
cular complications in type 2 diabetes. We will measure 
triglycerides and fractionated cholesterol using Labcorp’s 
nuclear magnetic resonance (NMR) LipoProfile [22]. This 
advanced lipid assay provides measures that are more 
tightly tied to elevated cardiovascular risk than conven-
tional lipid assays [23].

Bone mineral density
There is some prior evidence that ketogenic diets may 
have adverse effects on bone mineral density, presum-
ably mediated via changes in bone metabolism, but data 
on this effect in adults are limited. Bone mineral density 
assessed by DXA is the preferred method for measuring 
of bone loss and estimating fracture risk, but treatment 
or environmental effects may not reliably be detected by 
DXA for months to years.

Bone turnover markers
Changes in biochemical markers of bone turnover 
respond to changes in bone metabolism over weeks to 
months and have been extensively used to better under-
stand the causes of bone loss [24]. Two markers are rec-
ommended for clinical practice and skeletal research: 
one for bone formation (serum procollagen type I N 
propetide, s-PINP) and one for bone resorption (serum 
C-terminal telopeptide of type I collagen, s-CTX) [24]. 
DXA scans will be performed following recommended 
best practices for determining bone mineral density [25]. 
Automated assays of s-PINP and s-CTX will be per-
formed using standardized methods in a CLIA certified 
laboratory (Labcorp).

Body composition
Weight loss may involve loss of lean and/or fat body 
mass, which have differing relationships to health; less 

lean body mass has been tied to greater mortality [26]. 
We will measure body composition using DXA scans.

Other assessments
Diabetes‑related distress
In addition to typical stressors, individuals with type 2 
diabetes experience added psychological stress due to 
their diabetes diagnosis and its management. The Dia-
betes Distress Scale [27] is a 17-item scale that meas-
ures distress related to having diabetes.

Health‑related quality of life (HRQoL)
We will use the PROMIS 29 [28], a psychometri-
cally sound, clinically relevant measure [29, 30]. The 
PROMIS 29 assesses seven domains: physical func-
tioning, anxiety, depression, fatigue, sleep disturbance, 
social functioning, and pain.

Sweet food cravings and emotional eating
We will assess food craving and emotional eating with 
the following scales: the craving for sweet subscale of 
the Control of Eating Questionnaire [31] and the cop-
ing subscale of the Palatable Eating Motives Scale [32].

Diet‑related symptoms
It is important to understand whether the study’s die-
tary approaches cause physical health symptoms. We 
will monitor for these symptoms throughout the trial. 
At baseline and 4 and 12  months, participants will 
complete a symptom checklist. Participants report 
how often over the past month (no days, one day, sev-
eral days, more than half the days, and nearly every 
day) they had symptoms such as dizziness, shortness of 
breath, headaches, general aches and pains, heartburn 
or acid reflux, constipation, and diarrhea.

Dietary adherence and changes
A day or two before each of the 20 classes, we ask 
participants “How well have you been following your 
assigned diet plan this week? On a scale of zero to ten, 
with zero being not at all, five being somewhat, and ten 
being following the plan very well, where you would 
place yourself?” In addition, at months 4 and 12, partic-
ipants answer the following question: “How well have 
you been following your assigned way of eating? On a 
scale of zero to ten with zero being not at all, five being 
somewhat, and ten being following the plan very well, 
where would you place yourself?” We will consider a 
participant adherent to their diet plan at month 12 if 
the final four questions about dietary adherence (the 
last 3 questions tied to class attendance as well as the 
month 12 question) average at least a 7. In addition, we 
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will assess dietary changes with one unannounced 24-h 
dietary recall at baseline and 4 and 12  months, which 
allows us to measure the absolute and percent of calo-
ries of each macronutrient.

Fruit and vegetable consumption
Fruit and vegetable consumption, particularly vegeta-
bles, have been linked to improved health outcomes [33]. 
Specifically, we will examine fruit juice (which include 
citrus juice), fruit (which includes citrus, other fruits, 
fried fruits, and fruit-based savory snacks), starchy veg-
etables (which includes potatoes, fried potatoes, legumes, 
fried vegetables, vegetable-based savory snack, and other 
starchy vegetables), avocados, dark-green vegetables, 
and other vegetables (deep-yellow vegetables, tomatoes, 
and other vegetables). The University of Michigan Nutri-
tion Obesity Research Center has a Nutrition Assess-
ment Laboratory, whose staff is available to perform 
gold standard nutrition assessments using 24-h dietary 
recalls utilizing the USDA 5 pass method. Participants 
will complete one 24-h dietary recall at baseline and 4 
and 12 months. All recalls are analyzed using the Nutri-
tion Data System for Research, a well-researched and 
developed program specifically designed for the collec-
tion and analysis of such recalls. Using information from 
the unannounced 24-h dietary recalls, we will explore the 
extent to which fruit and vegetable intake changes in the 
two study arms.

Diabetes remission
We will explore whether participants meet criteria for 
diabetes remission, here defined as a 12-month HbA1c 
level of <6.5% while taking no glucose-lowering medica-
tions for the 3 prior months [34]. We will also explore 
whether participants meet criteria for diabetes reversal, 
here defined as a 12-month HbA1c level of <6.5% while 
taking no glucose-lowering medications or just met-
formin at the 12-month time point [35].

Moderators
Insulin resistance
During insulin resistance, higher insulin levels are 
required to keep glucose at normal levels, and levels of 
insulin resistance vary. Some previous research has found 
that insulin-resistant adults lose more weight when 
assigned to a lower versus higher carbohydrate diet, 
although results are mixed [36–40]. We will use fasting 
insulin and glucose to estimate insulin resistance by cal-
culating Homeostatic Model Assessment-Insulin Resist-
ance (HOMA-IR). HOMA-IR provides a widely used 
method of estimating insulin resistance from a single 
fasting blood draw that has been reported in over 500 

studies and correlates well with results from a hyperinsu-
linemic euglycemic clamp [41].

Body mass index
We will assess participants’ height and weight at baseline, 
to assess baseline body mass index.

Biological sex
In previous research, sex has modified the effect of diet 
type on weight loss such that men lost more weight in a 
low-carbohydrate versus high-carbohydrate diet com-
pared to women [42]. However, the impact of biological 
sex on glucose control has not been previously reported 
to our knowledge. We will assess sex at baseline.

Participant timeline {13}

Screening survey  Participants will be directed via 
recruitment materials to a screening survey online (Qual-
trics), which will briefly describe the trial and ask for lim-
ited consent. All recruitment materials will have study 
staff contact information so that interested participants 
can reach out via phone or email to ask questions about 
the trial. If needed, study staff may follow-up with par-
ticipants to clarify screening survey responses. For exam-
ple, if a participant is near the weight limit, or if a partici-
pant skips answers to one or more questions, study staff 
will reach out to the participant to follow-up. Study staff 
may ask participants who have not had HbA1c tested in 
the past several months to get an HbA1c test from their 
primary care physician (PCP) before proceeding further 
with the screening steps.

Orientation video and survey  Participants who appear 
eligible based on the screening survey will receive a 
link to an orientation video. Participants will be asked 
to watch the video, which details study procedures 
(including the randomization process and time require-
ments). Participants will then complete a short survey 
that includes comprehension questions about what they 
learned in the video, as well as the pros and cons of par-
ticipating for them, whether they continue to be inter-
ested in participating in the trial.

Phone screen, consent for further screening, and sec-
ond screening survey  After completing the orienta-
tion video and survey, study staff will contact interested 
participants by phone to answer any questions partici-
pants may have and to confirm participants’ initial eli-
gibility by clarifying answers to the screening survey. 
Study staff will briefly explain the remaining screening 
steps over the phone and email eligible and interested 
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participants a Consent for Further Screening consent 
form via DocuSign (California) or SignNow (Michigan). 
After participants sign the Consent for Further Screen-
ing, they complete a second screening survey (Qualtrics) 
with questions about medical history as well as drug and 
alcohol use.

Screening lab tests  If participants remain eligible 
after completing the second screening survey, they will 
be asked to get blood drawn at a commercial medical 
laboratory (Labcorp) for eligibility blood tests. Partic-
ipants will be instructed to fast for 12  h prior to this 
appointment. Eligibility tests include the following: 
HbA1c (to confirm it is in the type 2 diabetes range), 
thyroid-stimulating hormone (to check for normal thy-
roid function), and a comprehensive metabolic panel 
(to check liver and kidney function). Participants who 
are taking insulin or who answer positively to at least 2 
out of 4 Latent Autoimmune Diabetes in Adults screen-
ing questions [43] will receive an insulin C-peptide test 
during this screening blood draw. To be eligible to con-
tinue, participants must have an HbA1c between 6.5 
and 11.9%, thyroid-stimulating hormone in a normal 
range, and liver and kidney function in a normal range. 
Participants who are taking insulin and/or screened 
positive for Latent Autoimmune Diabetes in Adults and 
who have a C-peptide below 1.0  ng/mL are ineligible. 
If C-peptide is between 1.0 ng/L and 1.5 ng/mL, these 
participants will return to Labcorp for GAD65 testing. 
Positive GAD65 results confer ineligibility given likely 
Latent Autoimmune Diabetes in Adults. The study 
team will inform participants of their eligibility based 
on their lab results. Participants who are eligible based 
on labs will be invited to schedule a virtual visit to sign 
the full-study consent form.

Trial consent visit (virtual) and preparation for rand-
omization  For participants still interested and eligible 
based on the above steps, study staff will set up a vir-
tual study consent visit via video chat. In this interaction 
study staff will review class schedules, the randomization 
process, assessments, and expectations and answer any 
questions. Participants will sign the full study consent 
form via SignNow (University of Michigan) or DocuSign 
(University of California) and will receive a signed copy 
for download to their email. After signing the consent 
form, participants will schedule their in-person DXA 
scan appointment. The study team will use HIPAA-com-
pliant virtual faxing services or direct messages in MiCh-
art (for Michigan Medicine providers) to send PCPs 
notice of their patient’s likely enrollment in the trial with 
a brief explanation of possible medication adjustments 
and the two study diet groups.

After completing the trial consent visit, participants will 
complete the following baseline assessments before being 
randomization to one of two diet groups:

•	 24-h dietary recall: Participants will be contacted by 
phone unannounced for one 24-h dietary recall from 
trained, masked staff, using current Nutrition Data 
System for Research software.

•	 Baseline blood draw: Participants will go to a Lab-
corp blood draw location for a fasting blood draw 
that includes HbA1c, insulin, plasma glucose, high-
sensitivity C-reactive protein (hsCRP), nuclear mag-
netic resonance LipoProfile, blood ketones, serum 
procollagen type I N propetide (s-PINP), and serum 
C-terminal telopeptide of type I collagen (s-CTX).

•	 DXA of the hip and spine, body composition: Partici-
pants of child-bearing potential will complete a urine 
pregnancy test prior to receiving their scan. Only 
participants with negative pregnancy tests will pro-
ceed with enrollment.

•	 Baseline self-report survey: Approximately 2  weeks 
before classes begin, participants will complete a 
baseline self-report survey online via Qualtrics, 
which takes approximately 30 min to complete. This 
includes questions about mood, health history, medi-
cations, diabetes-related distress, health-related qual-
ity of life, food cravings, and emotional eating.

•	 Weight: All participants will have their weight meas-
ured at their DXA appointment. Participants will be 
asked to weigh themselves at home and provide the 
results to the study team. Those who do not have 
access to a scale at home will be mailed one to use 
throughout the trial.

Approximately 1–2 weeks before the class start date, par-
ticipants who have completed all baseline steps will be 
reminded of the dates and time of the study classes, and 
study staff will ask them to confirm their availability and 
interest. They will then be randomized to one of the two 
diet groups and informed of their assignment.

Medication consultations  The study includes steps to 
limit the risk of hypoglycemia if participants substan-
tially reduce their glucose levels due to their assigned 
diet group. Participants who are using glucose-lowering 
medications that have significant risk of hypoglycemia, 
such as insulin or sulfonylureas, will attend a video call 
prior to the start of classes with the study doctors. They 
will be notified that study doctors may advise medica-
tion changes throughout the trial. Study physicians will 
review the signs and symptoms of low blood sugar and 
will provide recommendations for monitoring blood 
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sugar throughout the trial, with an emphasis on the 
importance of monitoring as participants transition to 
their new diet. Participants will also be informed about 
how and when to contact the study team.

Figure  1 shows the SPIRIT figure with the schedule 
of enrolment, interventions, and assessments. Table  2 
shows when participants complete these and other meas-
ures in LEGEND.

Fig. 1  Schedule of enrolment, interventions, and assessments

Table 2  Summary of measures by aim and month

Aim/domain Measures Baseline 4 months 12 months

Aim 1: Health effects
  Physical health Blood tests for HbA1c (primary outcome), inflammation (hsCRP), weight x x x

  Medication-related changes Medication use questionnaire for diabetes medication amounts [21] x x x

  Psychological effects Diabetes-related distress [27], health-related quality of life (PROMIS-29) [28], 
craving for sweet [31], and emotional eating [32]

x x x

Aim 2: Potential adverse effects
  Lipids Nuclear Magnetic Resonance lipid profile (Labcorp LipoProfile) x x x

  Bone density Bone turnover markers (s-PINP and s-CTX) and dual-energy X-ray absorpti-
ometry (DXA)

x x (no DXA) x

  Diet-related symptoms Self-report x x x

  Decreased vegetable consumption Fruit and vegetable consumption by 24-h diet recall. x x x

Aim 3: Assess possible moderators
  Hypothesized moderators Insulin resistance, body mass index, and sex x x x

Other outcomes
  Dietary adherence and changes Self-report and 24-h dietary recall x x x

  Physical activity and sleep Self-report [44, 45] x x x

  Intervention satisfaction Self-report x x
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Sample size {14}
When calculating power for the primary outcome, we 
base all our calculations and overall study enrollment on 
a target sample size of 180. Assuming a 20% attrition rate, 
we would retain 144 participants at 12 months. Although 
we will use mixed effect models and include all follow-up 
data available on the full number participants in primary 
analyses, for sample size calculations, we use somewhat 
simplified analysis approaches, assuming a t-test on 
change in continuous outcome measures and based on 
80% retention. Our primary analysis approach is based 
on mixed effects models and will include data from all 
participants including those who have partial follow-
up data which should result in comparable or increased 
statistical power. Change in HbA1c levels is our primary 
outcome measure. We will have 90% power to detect a 
statistically significant (p < 0.05) difference in the mean 
change in HbA1c levels between intervention groups of 
0.25% or greater.

Recruitment {15}
To reach the target sample size of 180, we plan to recruit 
over 3  years. We will use electronic health records to 
identify potentially eligible participants, who will be sent 
invitations to join the study either by email (e.g., MyChart 
emails) or through physical letters using the University 
of Michigan and University of California, San Francisco, 
health systems. We will also advertise on social media to 
reach community populations living in the Ann Arbor, 
Michigan, and San Francisco, California, areas. At both 
sites we will post flyers in health care and community 
sites.

Assignment of interventions: allocation
Sequence generation {16a}
Eligible participants will be randomized in a 1:1 ratio 
to one of two groups based on a computer-generated 
(Python v3.7) permuted block randomization sequence 
for well-balanced assignments that minimizes the ability 
to anticipate assignment. Randomization is stratified by 
baseline HbA1c level (6.5–7.9%; 8.0–11.9%), to ensure a 
balance of the two interventions within each stratum.

Concealment mechanism {16b}
The allocation sequence is implemented via a Salesforce 
interface that conceals the sequence until the interven-
tions are assigned to a participant.

Implementation {16c}
The study statistician will generate the allocation 
sequence. The allocation sequence will be implemented 
via a database interface (Salesforce) that conceals the 
sequence until an intervention arm is assigned to a 

participant. Study staff will then inform participants of 
the intervention arm assignment.

Assignment of interventions: masking
Who will be unmasked {17a}
We will not mask participants to treatment arm before 
initiation of intervention. Study physicians will not be 
masked to diet group, as they will know which group a 
participant is in when they make medication adjust-
ments at baseline or during the intervention phase. We 
will not mask study staff to intervention group. Data 
analysis will be performed by the study statistician, who 
will be masked for planned primary and secondary out-
come analyses, then may be unmasked. Laboratory staff 
collecting clinical outcomes (i.e., blood tests at Labcorp, 
DXA scans, and 24-h dietary recalls) will be masked to 
group assignment. Participants will also complete self-
report questionnaires online, and the completion of these 
questionnaires will be monitored by unmasked study 
staff.

Procedure for unmasking if needed {17b}
We do not anticipate a need for unmasking the study 
statistician or above-mentioned individuals, particularly 
as participants are aware of the nutritional intervention 
they are receiving, and we have thus not planned a proce-
dure for unmasking.

Data collection and management
Plans for assessment and collection of outcomes {18a}
Study staff will review all assessment data for accuracy 
and completion, and will monitor loss to follow-up and 
missing and incomplete data.

Plans to promote participant retention and complete 
follow‑up {18b}
Payments will be provided to participants to promote 
retention: $35 at baseline for completing the DXA, $40 at 
4 months for completing all 4-month measurements, $50 
at 12 months for completing the DXA, and $45 for com-
pleting all other measurements. Participants will be paid 
via Amazon gift card or a visa gift card. We will provide 
lab results to participants at each time point via secure 
email.

Data management {19}
Trial data will be collected by trained research assistants 
and study coordinators using questionnaires (online via 
Qualtrics). Laboratory data (Labcorp) will be transferred 
via electronic files and integrated into the study database, 
as will results from DXA scans (UCSF or University of 
Michigan Radiology). Protocol deviations will be cap-
tured by regular review of cases during the enrollment 



Page 11 of 15Saslow et al. Trials          (2023) 24:463 	

process to ensure that eligibility criteria are met before 
randomization. Study data will be stored using a HIPAA-
compliant database (implemented in Salesforce) that uses 
cloud-based storage. The data system allows for specified 
ranges and automatic calculations to reduce entry errors. 
Data will be cleaned by investigators upon completion of 
data collection to ensure high quality.

Confidentiality {27}
All surveys and forms will be deidentified and coded with 
a unique participant number.

Plans for collection, laboratory evaluation, and storage 
of biological specimens for genetic or molecular analysis 
in this trial/future use {33}
Participants will have blood samples drawn at baseline 
and 4 and 12 months later. Blood samples are drawn, ana-
lyzed, and then destroyed by Labcorp.

Statistical methods
Statistical methods for primary and secondary outcomes 
{20a}
Outcome analyses will be performed by a dedicated bio-
statistician. An intention-to-treat analysis will be per-
formed on all randomized patients and a per-protocol 
analysis will be performed on patients who adhered 
to their assigned diet. We define dietary adherence as 
reporting an average score of 7 or higher (scale of 0–10) 
for the level of dietary adherence on the final four surveys 
for which we asked about dietary adherence.

Descriptive statistics will be calculated for all outcome 
measures at each time point. Continuous variables will 
be reported using means, standard deviations, medians, 
and interquartile ranges, depending on the distribution. 
Categorical variables will be described using frequencies 
and percentages.

Our primary outcome is to compare HbA1c levels in 
participants in the two diet groups. Our primary analyses 
for HbA1c and other quantitative outcome measures will 
use random-intercept-random-slope mixed effects mod-
els to estimate differences between study arms in mean 
change in outcomes at 4 and 12 months. We will include 
several pre-specified covariates that we will adjust for to 
address any potential imbalances in randomization: sex, 
age, insulin use at baseline (yes/no), and education (as a 
marker of socio-economic status). When assessing out-
comes such as HbA1c or weight over time, linear models 
that assume a constant association between time and out-
come are unlikely to be appropriate. We anticipate much 
of the benefit to occur in the initial intervention period, 
with lesser benefit or even loss of benefit over time. To 
address this, we will use a linear spline of time, which 
uses knots to allow changes in slopes at key points, in this 

case, the end of the main intervention period. The overall 
issue of whether a very low-carbohydrate diet influences 
HbA1c primarily through weight loss or through other 
mechanisms is not the primary focus of this trial: both 
pathways are likely important, but the clinical result in 
glycemic control at the 12-month timepoint is the main 
focus. To explore the potential associations between 
weight loss and HbA1c; however, we will assess changes 
in HbA1c before and after statistically accounting for 
change in weight to help identify whether diet interven-
tion group is affecting glycemic control via weight loss or 
via other mechanisms.

We will use similar analysis strategies for other contin-
uous outcomes, using linear mixed-effects models with 
adjustments for the covariates noted for the primary out-
come. As weight loss is a well-known predictor of bone 
loss, and one of the diet groups may lose more weight, on 
average, than the other, we will statistically account for 
weight loss in analyses of bone mineral density and bone 
turnover markers to determine if diet group predicts 
changes in these measures independent of weight loss.

We will summarize symptom checklists by present-
ing the number and percent of participants who report 
each symptom more than 1 day in the previous month at 
baseline, 4 months, and 12 months. We will visualize data 
using stacked bar graphs that allow for visual comparison 
of presence and frequency of individual symptoms across 
intervention arms. We will use chi-squared tests to com-
pare the percent of participants achieving diabetes remis-
sion or reversal.

Sensitivity analyses
A set of sensitivity analyses will be conducted with mod-
els adjusting for baseline outcome (using an ANCOVA 
approach) and pre-specified baseline covariates as 
described above (sex, age, insulin use at baseline, and 
education), to evaluate whether baseline differences 
impact estimates of treatment effects. Separate mod-
els will be run for each outcome time (4  month and 
12  month), with baseline outcome measure included as 
a predictor, along with time, diet group, and their inter-
action, and covariates as described. A random intercept 
will be included to account for clustering by intervention 
group. Estimates of change within diet group, and dif-
ferences between diet groups in change, will be derived 
from these models.

Interim analyses {21b}
This trial has no planned interim analyses or stopping 
rules. Although our outcome, HbA1c, indicates long-
term risk of clinical events due to diabetes, it is not an 
outcome that would justify early stopping rules such a 
trial. The data and safety monitoring board will review 
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any intervention-related serious adverse events, to deter-
mine whether the study should be stopped.

Methods for additional analyses (e.g., subgroup analyses) 
{20b}
We will explore whether baseline characteristics mod-
ify the benefits of diet group assignment on HbA1c by 
assessing whether there appear to be differences in the 
magnitude of HbA1c changes between diet interven-
tion groups across three pre-defined sub-groups (levels 
of insulin resistance, levels of obesity, and women ver-
sus men). Linear mixed models similar to those describe 
above will be used, with the addition of candidate moder-
ators (each in separate models), and interactions between 
the moderator, intervention arm, and time. These models 
will be used to estimate change in the outcome within 
subgroups and differences in change between subgroups. 
The focus of these exploratory analyses will be the mag-
nitude and direction of change within and between sub-
groups. We will also report the statistical test on the 
interaction term, which represents an overall test of the 
moderation effect.

Methods in analysis to handle protocol non‑adherence 
and any statistical methods to handle missing data {20c}
We will examine patterns of missing data and propor-
tions and compare baseline characteristics of partici-
pants with and without missing data to evaluate potential 
impact on estimates. In addition, our primary analyses 
for outcomes will use random-intercept-random-slope 
mixed effects models, to estimate differences between 
study arms in mean change in outcomes at 12 (primary) 
and 4 (secondary) months. Mixed effects models using 
maximum likelihood estimation are relatively robust to 
the effects of missing data, and they allow appropriate 
assessment of repeated measures.

Plans to give access to the full protocol, participant 
level‑data {31c}
Upon publication of the trial’s pre-specified outcomes, 
a de-identified dataset will be provided to other inves-
tigators upon reasonable request with the agreement of 
the trial steering committee, providing the request is in 
alignment with institutional review board protocols.

Oversight and monitoring
Composition of the coordinating center and trial steering 
committee {5d}
This is a two-center trial. The primary decision-making 
body of this study is the investigative team comprising 
the principal investigator (PI; Saslow), University of Cali-
fornia PI (Hecht), and the co-investigators. The PI and 
site PI are responsible for the overall management of the 

study. They coordinate the operations of the study, review 
issues that arise in the conduct of the study in between 
investigative team deliberations, and bring issues to the 
investigative team for decision. The PI (Saslow) serves 
as the liaison with the funding body, including submis-
sion of annual reports and providing overall management 
of the fiscal and administrative operations, and is also 
responsible for the study coordination and implementa-
tion at the University of Michigan site. The site PI (Hecht) 
is responsible for the study coordination and implemen-
tation at the University of California site.

The trial steering committee will consist of the princi-
pal investigator (LS), the UCSF site principal investigator 
and trial co-investigator (FH), trial coordinator (PM), and 
study statistician (WH). They will meet weekly with study 
staff to discuss study implementation and adverse events 
and monthly with other study investigators and staff to 
discuss overall study issues and evaluate the progress of 
the trial. There will be ongoing communication by way of 
group email for needs such as enrollment questions and 
addressing issues such as suggesting medication changes 
for participants.

The project coordinators and research assistants are 
responsible for the day-to-day operations of the study, 
including recruitment, data collection processes, and 
intervention process. They also coordinate institutional 
review board revisions and data monitoring reports and 
document completion of the trainings. Staff are responsi-
ble for recruiting and screening the participants, obtain-
ing informed consent with participants, and scheduling 
and conducting follow-up assessments. Interventionists 
are responsible for the treatment implementation. The 
lead project manager supervises the development of the 
study data tracking system and surveys.

Composition of the data monitoring committee, its role, 
and reporting structure {21a}
We have created a 3-person data safety monitoring 
board. We will hold board meetings twice a year via vide-
oconference to review the reports of recruitment, reten-
tion, and safety information.

Adverse event reporting and harms {22}
In the case of a serious adverse event that is likely to be 
related to study participation, we will call for a special 
closed meeting of the data and safety monitoring board to 
review any needed changes or early stopping of the trial. 
Here, an adverse event includes any event that causes or 
increases the risk of harm to the participant or others. 
Serious adverse events include any events that result in 
death, inpatient hospitalization or prolongation of exist-
ing hospitalization, a persistent or significant disability or 
incapacity, or a congenital anomaly or birth defect. The 
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study team reviews all potential adverse events reported 
by study participants and determines their relatedness to 
diet or study intervention, expectedness, and severity.

Either dietary approach in the trial could lower glucose 
levels, which could increase the risk of hypoglycemia 
among individuals using glucose-lowering medications, 
such as sulfonylureas or insulin, unless appropriate medi-
cation adjustments are made. Therefore, one internal 
medicine physician (FH) and one endocrinologist (SK) 
with experience in medication management in people 
with type 2 diabetes who have transitioned to reduced-
carbohydrate diets will serve as study physicians. Initial 
medication consultations will be done via video confer-
ence with a study physician and study staff member prior 
to the start of classes. The participants who will receive 
medication consultations include any participant taking 
glucose-lowering medications such as insulin or sulfo-
nylureas that may put the participant at risk of hypogly-
cemia regardless of which diet intervention they are 
assigned to. During 15-min consultations, participants 
are informed about the possible medication adjustments 
that might be made, the possible symptoms of hypo-
glycemia, and to contact the study team with questions 
about symptoms or medications. These participants also 
receive individually tailored plans to check their blood 
glucose levels, typically at least daily.

During the initial roughly 3  months of the interven-
tion, before each week’s session, participants will receive 
a brief online survey about their blood glucose levels dur-
ing the past week. This includes questions about whether 
they had any values below 80  mg/dL, between 80 and 
110  mg/dL, and/or above 180  mg/dL. Their reported 
blood glucose levels will be reviewed by a study staff 
member as well as by the study physicians to determine 
whether any medication changes are needed. If a plan for 
recommending a medication change is agreed upon, a 
study staff member will relay the recommendation to the 
participant. Significant symptoms or other health issues 
reported by participants, whether related to the study 
intervention or not, will be recorded in the trial database 
and followed up by the study team as needed.

We will provide participants’ PCPs with information 
regarding the study once the participant has initiated 
the process for enrollment. If we recommend medica-
tion reductions, we will ask the participant to inform 
their PCP, and we also notify the PCP if the physician 
requests that we provide updates to them throughout 
their patient’s experience in the trial.

Frequency and plans for auditing trial conduct {23}
Study investigators and the data and safety monitoring 
board will closely monitor the trial, meeting twice a year. 
The study team will provide annual progress reports to 

the institutional review board and to National Institute 
of Diabetes and Digestive and Kidney Diseases (NIDDK), 
the study sponsor.

Plans for communicating important protocol amendments 
to relevant parties (e.g., trial participants, ethical 
committees) {25}
Any trial design changes, such as for trial eligibility, will 
be reviewed by the institutional review board. If the 
changes are approved by the institutional review board, 
they will be updated in ClinicalTrials.gov.

Dissemination plans {31a}
The results of the trial will be presented at conferences, 
uploaded to ClinicalTrials.gov, and published in peer-
reviewed publications. All final peer-reviewed manu-
scripts that arise from this proposal will be submitted to 
the digital archive PubMed Central. Wherever applicable, 
data will be deposited to appropriate public repositories.

Discussion
This paper describes the protocol of the LEGEND trial, 
a randomized, controlled trial comparing two dietary 
approaches with varying carbohydrate intake for the 
nutritional management of type 2 diabetes. These two 
approaches include a very low-carbohydrate diet and 
a moderate-carbohydrate plate-method diet. The trial 
is aimed at addressing important knowledge gaps that 
have been noted by the American Diabetes Associa-
tion and other experts in making clinical guidelines for 
the nutritional management of type 2 diabetes in regard 
to macronutrient content. We aim to address important 
knowledge gaps by conducting trial with a 12-month fol-
low-up to assess effects of two dietary approaches with 
varying carbohydrate intake on clinical in type 2 diabetes; 
this trial will have adequate statistical power to detect 
clinically meaningful differences in HbA1c levels. We 
have included support for ongoing adherence to the two 
dietary approaches to reduce the chance that declines in 
intervention benefit are due to limited support for long-
term adherence. We also include measures to assess 
potential adverse effects of the very low-carbohydrate 
nutritional plan that have not been carefully assessed, 
to our knowledge, in people with type 2 diabetes, such 
as effects on bone mineral density and bone turnover 
markers.

There are several limitations inherent in this trial. We 
are not able to mask study participants or study physi-
cians to diet group allocation. We aim to partially limit 
any effects of lack of masking by having laboratory staff, 
who are masked to the diet allocation group, perform 
assessments (i.e., 24-h diet recalls, blood draws, DXA 
scans) and performing initial study analysis with the 



Page 14 of 15Saslow et al. Trials          (2023) 24:463 

study statistician masked to diet group allocation. We 
aim to address additional biases as much as practically 
possible by randomizing and concealing of allocation 
where possible, employing strategies to minimize and 
manage incomplete outcome data, having appropriate 
duration of follow-up, and making a priori specifications 
of all primary and secondary outcomes as detailed in this 
study protocol and in our clinical trial registration.

To our knowledge, the LEGEND trial is the first, rand-
omized controlled trial of this size to compare the effects 
of a very low-carbohydrate diet to a moderate-carbohy-
drate plate-method diet with a 12  month of follow-up. 
This trial research addresses important gaps in the evi-
dence base for the nutritional management of type 2 
diabetes and holds the potential to strengthen evidence-
based approaches to improve type 2 diabetes outcomes.

Trial status
Protocol version 1.3; December 8, 2022. Recruitment was 
initiated in March 2022, and the approximate date for 
completion is July 2025.

Abbreviations
BMI	� Body mass index
DXA	� Dual-energy X-ray absorptiometry
HbA1c	� Glycosylated hemoglobin
HDL	� High-density lipoprotein
hsCRP	� High-sensitivity C-reactive protein
LEGEND	� Lifestyle Education about Nutrition for Diabetes
LDL	� Low-density lipoprotein
NIH	� National Institutes of Health

Acknowledgements
Not applicable.

Authors’ contributions {31b}
Drs. Saslow and Hecht conceived of and designed the research. Dr. Harto-
gensis led the data analysis plans. Dr. Saslow and Ms. Eslamian drafted the 
manuscript, which was reviewed, edited, and approved by all co-authors. All 
authors made intellectual contributions to the work. The author(s) read and 
approved the final manuscript.

Funding {4}
The trial is funded by the National Institute of Diabetes and Digestive and Kid-
ney Diseases (NIDDK), National Institutes of Health (NIH; healthinfo@niddk.nih.
gov; USA; 1-800-860-8747). This is an investigator-initiated trial; the NIH was 
not involved in planning the trial design and will not be involved in the collec-
tion, management, analysis, and interpretation of data; writing of reports; or 
the decision to submit the report for publication.

Availability of data and materials {29}
The final trial data set required to support the protocol can be provided upon 
request.

Declarations

Ethics approval and consent to participate {24}
This trial uses a single institutional review board, and the main application was 
approved by the University of Michigan Institutional Review Board on January 
6, 2022.

Consent for publication {32}
All participants in the trial provide informed, written consent using institu-
tional review board-approved consent forms.

Competing interests {28}
Dr. Saslow received funding from Sentinel Management, Milken Foundation, 
and the Baszucki Brain Research Fund to support research on the impact of a 
ketogenic diet for severe mental illness. The other authors declare that they 
have no competing interests.

Author details
1 University of Michigan, Ann Arbor, MI, USA. 2 University of California, San 
Francisco, CA, USA. 3 Harvard University, Cambridge, MA, USA. 

Received: 30 May 2023   Accepted: 12 July 2023

References
	1.	 American Diabetes Association. Economic costs of diabetes in the U.S. in 

2017. Diabetes Care. 2018;41(5):917–28. Available from: https://​care.​diabe​
tesjo​urnals.​org/​conte​nt/​early/​2018/​03/​20/​dci18-​0007.

	2.	 Parry-Strong A, Wright-McNaughton M, Weatherall M, et al. Very low 
carbohydrate (ketogenic) diets in type 2 diabetes: a systematic review 
and meta-analysis of randomized controlled trials. Diabetes Obes Metab. 
2022;24(12):2431–42. https://​doi.​org/​10.​1111/​dom.​14837.

	3.	 Evert AB, Dennison M, Gardner CD, et al. Nutrition therapy for adults 
with diabetes or prediabetes: a consensus report. Diabetes Care. 
2019;42(5):731–54. https://​doi.​org/​10.​2337/​dci19-​0014.

	4.	 Sainsbury E, Kizirian NV, Partridge SR, Gill T, Colagiuri S, Gibson AA. Effect 
of dietary carbohydrate restriction on glycemic control in adults with 
diabetes: a systematic review and meta-analysis. Diabetes Res Clin Pract. 
2018;139:239–52. https://​doi.​org/​10.​1016/j.​diabr​es.​2018.​02.​026.

	5.	 Rafiullah M, Musambil M, David SK. Effect of a very low-carbohydrate 
ketogenic diet vs recommended diets in patients with type 2 diabetes: 
a meta-analysis. Nutr Rev. 2022;80(3):488–502. https://​doi.​org/​10.​1093/​
nutrit/​nuab0​40.

	6.	 Bhanpuri NH, Hallberg SJ, Williams PT, et al. Cardiovascular disease risk 
factor responses to a type 2 diabetes care model including nutritional 
ketosis induced by sustained carbohydrate restriction at 1 year: an 
open label, non-randomized, controlled study. Cardiovasc Diabetol. 
2018;17(1):56. https://​doi.​org/​10.​1186/​s12933-​018-​0698-8.

	7.	 Bergqvist AG, Schall JI, Stallings VA, Zemel BS. Progressive bone mineral 
content loss in children with intractable epilepsy treated with the 
ketogenic diet. Am J Clin Nutr. 2008;88(6):1678–84. https://​doi.​org/​10.​
3945/​ajcn.​2008.​26099.

	8.	 The Diabetes Prevention Program (DPP): description of lifestyle interven-
tion. Diabetes Care. 2002;25(12):2165–71. https://​doi.​org/​10.​2337/​diaca​re.​
25.​12.​2165.

	9.	 American Diabetes Association. What is the diabetes plate method? 
Arlington: American Diabetes Association (US); 2020. Available from: 
https://​www.​diabe​tesfo​odhub.​org/​artic​les/​what-​is-​the-​diabe​tes-​plate-​
method.​html. Cited 2023 Jun 30.

	10.	 American Diabetes Association. About our meal plans. Arlington: Ameri-
can Diabetes Association (US). Available from: https://​web.​archi​ve.​org/​
web/​20160​62922​5411/​http://​www.​diabe​tes.​org/​mfa-​recip​es/​about-​our-​
meal-​plans.​html. Cited 2016 Feb 14.

	11.	 Vitolins MZ, Anderson AM, Delahanty L, et al. Action for Health in Diabe-
tes (Look AHEAD) trial: baseline evaluation of selected nutrients and food 
group intake. J Am Diet Assoc. 2009;109(8):1367–75. https://​doi.​org/​10.​
1016/j.​jada.​2009.​05.​016.

	12.	 Hirshkowitz M, Whiton K, Albert SM, et al. National Sleep Foundation’s 
sleep time duration recommendations: methodology and results sum-
mary. Sleep Health. 2015;1(1):40–3. https://​doi.​org/​10.​1016/j.​sleh.​2014.​12.​
010.

	13.	 Spahn JM, Reeves RS, Keim KS, et al. State of the evidence regard-
ing behavior change theories and strategies in nutrition counseling 
to facilitate health and food behavior change. J Am Diet Assoc. 
2010;110(6):879–91.

https://care.diabetesjournals.org/content/early/2018/03/20/dci18-0007
https://care.diabetesjournals.org/content/early/2018/03/20/dci18-0007
https://doi.org/10.1111/dom.14837
https://doi.org/10.2337/dci19-0014
https://doi.org/10.1016/j.diabres.2018.02.026
https://doi.org/10.1093/nutrit/nuab040
https://doi.org/10.1093/nutrit/nuab040
https://doi.org/10.1186/s12933-018-0698-8
https://doi.org/10.3945/ajcn.2008.26099
https://doi.org/10.3945/ajcn.2008.26099
https://doi.org/10.2337/diacare.25.12.2165
https://doi.org/10.2337/diacare.25.12.2165
https://www.diabetesfoodhub.org/articles/what-is-the-diabetes-plate-method.html
https://www.diabetesfoodhub.org/articles/what-is-the-diabetes-plate-method.html
https://web.archive.org/web/20160629225411/http://www.diabetes.org/mfa-recipes/about-our-meal-plans.html
https://web.archive.org/web/20160629225411/http://www.diabetes.org/mfa-recipes/about-our-meal-plans.html
https://web.archive.org/web/20160629225411/http://www.diabetes.org/mfa-recipes/about-our-meal-plans.html
https://doi.org/10.1016/j.jada.2009.05.016
https://doi.org/10.1016/j.jada.2009.05.016
https://doi.org/10.1016/j.sleh.2014.12.010
https://doi.org/10.1016/j.sleh.2014.12.010


Page 15 of 15Saslow et al. Trials          (2023) 24:463 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	14.	 Stratton IM, Adler AI, Neil HAW, et al. Association of glycaemia with mac-
rovascular and microvascular complications of type 2 diabetes (UKPDS 
35): prospective observational study. BMJ. 2000;321(7258):405–12.

	15.	 Youm YH, Nguyen KY, Grant RW, et al. The ketone metabolite beta-
hydroxybutyrate blocks NLRP3 inflammasome-mediated inflammatory 
disease. Nat Med. 2015;21(3):263–9. https://​doi.​org/​10.​1038/​nm.​3804.

	16.	 Goldberg EL, Asher JL, Molony RD, et al. Beta-hydroxybutyrate deacti-
vates neutrophil NLRP3 inflammasome to relieve gout flares. Cell Rep. 
2017;18(9):2077–87. https://​doi.​org/​10.​1016/j.​celrep.​2017.​02.​004.

	17.	 Masino SA, Ruskin DN. Ketogenic diets and pain. J Child Neurol. 
2013;28(8):993–1001. https://​doi.​org/​10.​1177/​08830​73813​487595.

	18.	 Lagrand WK, Visser CA, Hermens WT, et al. C-reactive protein as a 
cardiovascular risk factor: more than an epiphenomenon? Circulation. 
1999;100(1):96–102.

	19.	 Wing RR, Koeske R, Epstein LH, Nowalk MP, Gooding W, Becker D. Long-
term effects of modest weight loss in type II diabetic patients. Arch Intern 
Med. 1987;147(10):1749–53.

	20.	 Saslow LR, Kim S, Daubenmier JJ, et al. A randomized pilot trial of a 
moderate carbohydrate diet compared to a very low carbohydrate diet in 
overweight or obese individuals with type 2 diabetes mellitus or predia-
betes. PLoS One. 2014;9(4):e91027. https://​doi.​org/​10.​1371/​journ​al.​pone.​
00910​27.

	21.	 Alexopoulos A, Yancy WS, Edelman D, Coffman CJ, Jeffreys AS, Maciejew-
ski ML, et al. Clinical associations of an updated medication effect score 
for measuring diabetes treatment intensity. Chronic Illn. 2021;17(4):451–
62. https://​doi.​org/​10.​1177/​17423​95319​884096.

	22.	 Jeyarajah EJ, Cromwell WC, Otvos JD. Lipoprotein particle analysis by 
nuclear magnetic resonance spectroscopy. Clin Lab Med. 2006;26(4):847–
70. https://​doi.​org/​10.​1016/j.​cll.​2006.​07.​006.

	23.	 Krauss RM. Lipoprotein subfractions and cardiovascular disease risk. Curr 
Opin Lipidol. 2010;21(4):305–11.

	24.	 Bauer D, Krege J, Lane N, et al. National Bone Health Alliance Bone 
Turnover Marker Project: current practices and the need for US harmoni-
zation, standardization, and common reference ranges. Osteoporos Int. 
2012;23(10):2425–33. https://​doi.​org/​10.​1007/​s00198-​012-​2049-z.

	25.	 Lewiecki EM, Binkley N, Morgan SL, et al. Best practices for dual-energy 
X-ray absorptiometry measurement and reporting: International Society 
for Clinical Densitometry Guidance. J Clin Densitom. 2016;19(2):127–40. 
https://​doi.​org/​10.​1016/j.​jocd.​2016.​03.​003.

	26.	 Brown JC, Harhay MO, Harhay MN. Appendicular lean mass and 
mortality among prefrail and frail older adults. J Nutr Health Aging. 
2017;21(3):342–5.

	27.	 Polonsky WH, Fisher L, Earles J, et al. Assessing psychosocial distress in 
diabetes: development of the diabetes distress scale. Diabetes Care. 
2005;28(3):626–31.

	28.	 Ware JE Jr, Sherbourne CD. The MOS 36-item short-form health 
survey (SF-36). I. Conceptual framework and item selection. Med Care. 
1992;30(6):473–83.

	29.	 Selewski DT, Collier DN, MacHardy J, et al. Promising insights into the 
health related quality of life for children with severe obesity. Health Qual 
Life Outcomes. 2013;11(1):29.

	30.	 Hinchcliff M, Beaumont JL, Thavarajah K, et al. Validity of two new patient-
reported outcome measures in systemic sclerosis: patient-reported 
outcomes measurement information system 29-item health profile and 
functional assessment of chronic illness therapy–dyspnea short form. 
Arthritis Care Res. 2011;63(11):1620–8.

	31.	 Dalton M, Finlayson G, Hill A, Blundell J. Preliminary validation and princi-
pal components analysis of the Control of Eating Questionnaire (CoEQ) 
for the experience of food craving. Eur J Clin Nutr. 2015;69(12):1313–7. 
https://​doi.​org/​10.​1038/​ejcn.​2015.​57.

	32.	 Burgess EE, Turan B, Lokken KL, Morse A, Boggiano MM. Profiling motives 
behind hedonic eating. Preliminary validation of the Palatable Eating 
Motives Scale. Appetite. 2014;72:66–72. https://​doi.​org/​10.​1016/j.​appet.​
2013.​09.​016.

	33.	 Angelino D, Godos J, Ghelfi F, et al. Fruit and vegetable consumption and 
health outcomes: an umbrella review of observational studies. Int J Food 
Sci Nutr. 2019;70(6):652–67.

	34.	 Riddle MC, Cefalu WT, Evans PH, et al. Consensus Report: definition 
and interpretation of remission in type 2 diabetes. Diabetes Care. 
2021;44(10):2438–44. https://​doi.​org/​10.​2337/​dci21-​0034.

	35.	 Athinarayanan SJ, Adams RN, Hallberg SJ, et al. Long-term effects of a 
novel continuous remote care intervention including nutritional ketosis 
for the management of type 2 diabetes: a 2-year non-randomized clinical 
trial. Front Endocrinol (Lausanne). 2019;10:348. https://​doi.​org/​10.​3389/​
fendo.​2019.​00348.

	36.	 Cornier MA, Donahoo WT, Pereira R, et al. Insulin sensitivity determines 
the effectiveness of dietary macronutrient composition on weight loss in 
obese women. Obes Res. 2005;13(4):703–9. https://​doi.​org/​10.​1038/​oby.​
2005.​79.

	37.	 McClain AD, Otten JJ, Hekler EB, Gardner CD. Adherence to a low-fat 
vs. low-carbohydrate diet differs by insulin resistance status. Diabetes 
Obes Metab. 2013;15(1):87–90. https://​doi.​org/​10.​1111/j.​1463-​1326.​2012.​
01668.x.

	38.	 Hjorth MF, Ritz C, Blaak EE, Saris WH, Langin D, Poulsen SK, et al. Pre-
treatment fasting plasma glucose and insulin modify dietary weight 
loss success: results from 3 randomized clinical trials. Am J Clin Nutr. 
2017;106(2):499–505.

	39.	 Hjorth MF, Astrup A, Zohar Y, Urban LE, Sayer RD, Patterson BW, et al. Per-
sonalized nutrition: pretreatment glucose metabolism determines indi-
vidual long-term weight loss responsiveness in individuals with obesity 
on low-carbohydrate versus low-fat diet. Int J Obes. 2019;43(10):2037–44.

	40.	 Gardner CD, Offringa LC, Hartle JC, Kapphahn K, Cherin R. Weight loss 
on low-fat vs. low-carbohydrate diets by insulin resistance status among 
overweight adults and adults with obesity: a randomized pilot trial. 
Obesity. 2016;24(1):79–86.

	41.	 Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. 
Diabetes Care. 2004;27(6):1487–95.

	42.	 Brinkworth GD, Noakes M, Clifton PM, Buckley JD. Effects of a low car-
bohydrate weight loss diet on exercise capacity and tolerance in obese 
subjects. Obesity. 2009;17(10):1916–23.

	43.	 Fourlanos S, Perry C, Stein MS, Stankovich J, Harrison LC, Colman PG. A 
clinical screening tool identifies autoimmune diabetes in adults. Diabetes 
Care. 2006;29(5):970–5. https://​doi.​org/​10.​2337/​diaca​re.​295970.

	44.	 Craig CL, Marshall AL, Sjöström M, et al. International physical activity 
questionnaire: 12-country reliability and validity. Med Sci Sports Exerc. 
2003;35(8):1381–95. https://​doi.​org/​10.​1249/​01.​Mss.​00000​78924.​61453.​
Fb.

	45.	 Yu L, Buysse DJ, Germain A, et al. Development of short forms from the 
PROMIS™ sleep disturbance and Sleep-Related Impairment item banks. 
Behav Sleep Med. 2011;10(1):6–24. https://​doi.​org/​10.​1080/​15402​002.​
2012.​636266.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/nm.3804
https://doi.org/10.1016/j.celrep.2017.02.004
https://doi.org/10.1177/0883073813487595
https://doi.org/10.1371/journal.pone.0091027
https://doi.org/10.1371/journal.pone.0091027
https://doi.org/10.1177/1742395319884096
https://doi.org/10.1016/j.cll.2006.07.006
https://doi.org/10.1007/s00198-012-2049-z
https://doi.org/10.1016/j.jocd.2016.03.003
https://doi.org/10.1038/ejcn.2015.57
https://doi.org/10.1016/j.appet.2013.09.016
https://doi.org/10.1016/j.appet.2013.09.016
https://doi.org/10.2337/dci21-0034
https://doi.org/10.3389/fendo.2019.00348
https://doi.org/10.3389/fendo.2019.00348
https://doi.org/10.1038/oby.2005.79
https://doi.org/10.1038/oby.2005.79
https://doi.org/10.1111/j.1463-1326.2012.01668.x
https://doi.org/10.1111/j.1463-1326.2012.01668.x
https://doi.org/10.2337/diacare.295970
https://doi.org/10.1249/01.Mss.0000078924.61453.Fb
https://doi.org/10.1249/01.Mss.0000078924.61453.Fb
https://doi.org/10.1080/15402002.2012.636266
https://doi.org/10.1080/15402002.2012.636266

	Protocol for a randomized controlled trial comparing a very low-carbohydrate diet or moderate-carbohydrate plate-method diet for type 2 diabetes: the LEGEND (Lifestyle Education about Nutrition for Diabetes) trial
	Abstract 
	Background 
	Methods 
	Discussion 
	Trial registration 

	Introduction
	Background and rationale {6a}
	Objectives {7}
	Trial design {8}

	Methods: participants, interventions, and outcomes
	Study setting {9}
	Eligibility criteria {10}
	Who will take informed consent? {26a}
	Additional consent provisions for collection and use of participant data and biological specimens {26b}

	Interventions
	Explanation for the choice of comparators {6b}

	Intervention description {11a}
	Very low-carbohydrate diet
	Plate-method diet
	Physical activity and sleep goals
	Behavioral goals
	Criteria for discontinuing or modifying allocated interventions {11b}
	Strategies to improve adherence to interventions {11c}
	Relevant concomitant care permitted or prohibited during the trial {11d}
	Provisions for post-trial care {30}

	Outcomes {12}
	Primary outcome
	HbA1c

	Secondary outcomes
	High sensitivity C-reactive protein
	Weight
	Diabetes medications
	Lipids
	Bone mineral density
	Bone turnover markers
	Body composition

	Other assessments
	Diabetes-related distress
	Health-related quality of life (HRQoL)
	Sweet food cravings and emotional eating
	Diet-related symptoms
	Dietary adherence and changes
	Fruit and vegetable consumption

	Diabetes remission
	Moderators
	Insulin resistance
	Body mass index
	Biological sex
	Participant timeline {13}

	Sample size {14}
	Recruitment {15}

	Assignment of interventions: allocation
	Sequence generation {16a}
	Concealment mechanism {16b}
	Implementation {16c}

	Assignment of interventions: masking
	Who will be unmasked {17a}
	Procedure for unmasking if needed {17b}

	Data collection and management
	Plans for assessment and collection of outcomes {18a}
	Plans to promote participant retention and complete follow-up {18b}
	Data management {19}
	Confidentiality {27}
	Plans for collection, laboratory evaluation, and storage of biological specimens for genetic or molecular analysis in this trialfuture use {33}

	Statistical methods
	Statistical methods for primary and secondary outcomes {20a}
	Sensitivity analyses
	Interim analyses {21b}
	Methods for additional analyses (e.g., subgroup analyses) {20b}
	Methods in analysis to handle protocol non-adherence and any statistical methods to handle missing data {20c}
	Plans to give access to the full protocol, participant level-data {31c}

	Oversight and monitoring
	Composition of the coordinating center and trial steering committee {5d}
	Composition of the data monitoring committee, its role, and reporting structure {21a}
	Adverse event reporting and harms {22}
	Frequency and plans for auditing trial conduct {23}
	Plans for communicating important protocol amendments to relevant parties (e.g., trial participants, ethical committees) {25}
	Dissemination plans {31a}

	Discussion
	Trial status
	Acknowledgements
	References




