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1. SYNOPSIS 

Study Title Revealing true interindividual heterogeneity of CVD risk factors in response to 
low-carbohydrate diets using a replicate crossover randomised controlled trial. 

Short Title Low-carbohydrate diet and LDL-c interindividual variability 

Trial Design Replicate Randomised Controlled, Crossover Trial in men and women. 

Trial Participants Men and women older than 18 years old, with BMI 18.5-30 kg/m2, LDL-c <4.9 
mmol/L, non-fasting triglyceride <2.3 mmol/L, and free from atherosclerotic 
cardiovascular disease or diabetes mellitus. 

Intervention Thrice 24 hours of each of the following diets:  
Typical UK diet: 50% carbohydrate, 35% fat (14% saturated), 15% protein 
(Control) 
Low-carbohydrate diet: 8% carbohydrate, 77% fat (31% saturated), 15% 
protein (Intervention) 
Food will be provided by research team 

Planned Sample 
Size 

20 (men and women) 

Primary Objective To quantify between-person variation in LDL-C responses to a low-
carbohydrate diet, against the random within-person variation in LDL-C 
responses- revealing a path to precision use of low-carbohydrate diets. 

Secondary 
Objectives 

To quantify between-person variation in other cardiometabolic health 
responses to a low-carbohydrate diet, against the random within-person 
variation in responses of these outcomes. 
To characterise the atherogenicity of the responses to a low-carbohydrate diet 
between individuals, over and above LDL-C concentrations alone (lipoprotein 
particle size, number and composition, markers of insulin resistance and 
inflammation). 
To explore whether LDL-C responses are predicted by genotype, baseline 
biomarkers, age, physiological characteristics, and metabolic rate. 

Primary 
Outcomes 

Fasted LDL-c to establish whether there is true inter-individual heterogeneity in 
response to 24 hours of a low-carbohydrate diet. 
 

Secondary 
Outcomes 

Fasted glucose to establish whether there is true inter-individual heterogeneity 
in response to 24 hours of a low-carbohydrate diet. 
 

Tertiary 
Outcomes 

Other fasted metabolic health markers (low-carbohydrate vs control) helping 
elucidate primary outcome and potentially predictors of heterogeneity: 

• NMR fatty acid profile (i.e., mono and polyunsaturated, and saturated) 

• NMR Amino Acids (i.e., branched-chain amino acids and tyrosine) 

• NMR Ketone Bodies (i.e., beta-hydroxybutyrate, acetoacetate, acetone) 

• Plasma beta-hydroxybutyrate concentration 

• Urine acetoacetate 

• Plasma Lactate concentration 

• Plasma triglycerides concentration 

• Plasma glycerol concentration 

• Plasma NEFAs concentration 

• Plasma insulin concentration 

• Plasma C-reactive protein 

Potential atherogenicity of responses to a low-carbohydrate diet (low-

carbohydrate vs control): 
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2. BACKGROUND AND RATIONALE 
 

2.1. Executive Summary 
Ketogenic diets are very low-carbohydrate diets that increase hepatic production of ketone bodies, 
which have several effects as substrates and signals1,2. Ketogenic diets are used to manage some 
conditions (e.g., drug-resistant epilepsy), and their potential for managing many other conditions 
(e.g., cancer) is being actively explored. Indeed, the British Dietetic Association acknowledge the 
potential for ketogenic diets to improve glycaemic control to a greater extent than some other diets 
in people with type 2 diabetes. A lower fasting glucose is also relevant to future mortality in people 
without diabetes3. Ketogenic diets are popular in the general population, with up to 15% of the UK 
following a low-carbohydrate diet (https://www.statista.com/forecasts/997894/diets-and-nutrition-in-
the-uk). There is, therefore, great interest in ketogenic diets amongst people with and without health 
conditions. 
 
While the potential for ketogenic diets to lower glycaemia is promising4, there are possible risks for 
other aspects of cardiometabolic health. Specifically, these diets often result in large increases in 
concentrations of atherogenic lipoproteins. Data from a meta-analysis of randomised controlled 
trials (RCTs) indicated that a ketogenic diet can increase low-density lipoprotein cholesterol (LDL-
C) concentrations by 1.08 mmol/L (95%CI: 0.37-1.79 mmol/L)5. Cumulative lifetime exposure to high 
LDL-C concentrations increases atherosclerotic cardiovascular disease risk. Conversely, a lifetime 
with 0.35 mmol/L lower LDL-C concentration (based on genetic variants in LDL-C) results in a lower 

• Plasma lipoprotein subclass profiling with lipid concentrations within 14 

subclasses 

• Plasma sphingomyelin- and ceramide-rich particles 

Baseline potential predictor markers of LDL-c responses 

• Age 

• Weight 

• Body Mass Index (BMI) 

• Waist circumference 

• Hip circumference 

• Waist-to-hip ratio (WHR) 

• Body composition (e.g., fat mass, fat free mass) 

• Resting Metabolic Rate (RMR) 

• Concentrations of biomarkers of cholesterol synthesis  

• Concentrations of biomarkers of cholesterol absorption 

• 12 common LDL-c raising single nucleotide polymorphisms in 11 genes 

• LDL receptor mRNA content in PBMCs 

• LDL receptor protein content in PBMCs 

Sponsor The University of Bath 

Principal 
Investigator 

Bruno Spellanzon 

Chief Investigator Professor Javier Gonzalez 
Centre for Nutrition, Exercise and Metabolism 
Department of Health 
University of Bath, Bath 
BA2 7AY 
j.t.gonzalez@bath.ac.uk 
+44 (0) 1225 385518 
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risk (odds ratio: 0.79, 95%CI: 0.76-0.81) of experiencing cardiovascular events6. Therefore, whilst 
there are some potential health benefits to a ketogenic diet, there are also some potential health 
risks. This heterogeneity in response to diets could justify personalisation and ensure the use of 
ketogenic diets for only individuals who can be confidently predicted to respond more favourably. 
 
 

2.2 Relevant Literature and Pilot Data 
 
Low-carbohydrate diets are popular but may have risks for some people 
The most common motivation for individuals to follow a low-carbohydrate diet is weight loss, and 
with other potential benefits including avoiding hyperglycaemia4,7. However, these benefits could 
come with insidious risks, as such as increased atherogenic lipoprotein concentrations, although 
this risk seems to differ between people. Specifically, low-carbohydrate diets often increase low-
density lipoprotein cholesterol (LDL-C) concentrations, with meta-analyses quantifying this at a 
clinically relevant mean increase of 1.08 mmol/L (95%CI: 0.37-1.79 mmol/L)5. Our pilot data 
demonstrate that low-carbohydrate diets can increase LDL-C concentrations at the same time as 
body mass is decreasing and glycaemia is falling (Fig-1). 
 

 
Figure-1. Thirty-four healthy adults were randomized to either control or low-carbohydrate (B; LOWCARB) diets for four 
weeks (A). Compliance to low-carbohydrate was confirmed with urinary acetoacetate concentrations (B). The low-
carbohydrate diet decreased body mass (C) and diurnal glycaemia assessed with continuous glucose monitors (D and E). 
However, the low-carbohydrate diet also increased low-density lipoprotein cholesterol (LDL-C) concentrations on average, 
albeit with substantial heterogeneity (F). MCID, minimal clinical important difference; *, p<0.05 for LOW-CARB vs. 
CONTROL; ***, p<0.001 for LOW-CARB vs. CONTROL  

 
Cumulative lifetime exposure to high circulating LDL-C proportionally increases atherosclerotic CVD 
risk6. Conversely, a lifetime with 0.35mmol/L lower LDL-C results in a lower risk of cardiovascular 
events (odds ratio: 0.79, 95%CI: 0.76-0.81)6. Therefore, whilst a substantial proportion of people 
are using low-carbohydrate diets for weight-loss and glucose lowering, these people could be 
increasing their future atherosclerotic CVD risk (moderated by body mass). There is, therefore, a 
need to establish if heterogeneous increases in atherogenic lipoproteins are meaningful, consistent 
and predictable, as a basis for personalising the safe use of low-carbohydrate diets (Fig-2). 
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Figure-2. Weight loss and lower glycaemia are common motivations for, and observed responses to, low-carbohydrate diets 
in the general population. There could, however, be hidden risks of low-carbohydrate diets, particularly in some people. 
Some people may increase atherogenic lipoproteins which would increase cardiovascular disease risk, whereas others 
may obtain the benefits of low-carbohydrate diets without the risks. Project outcomes displayed top-right. 

 
It may be possible to personalise the use of ketogenic diets. 
Our preliminary data also suggest there is likely to be inter-individual heterogeneity in the LDL-C 
response to low-carbohydrate diets (Fig-1F). Importantly, the variance of change was higher with 
low-carbohydrate versus control, evidenced by the variance comparison standard deviation (SDIR) 
being 0.65 mmol/L. This suggests possible clinically meaningful response heterogeneity to low-
carbohydrate diets. Some people may show large increases in LDL-C when following a low-
carbohydrate diet, whereas others may not show an increase in LDL-C at all. This notion is also 
supported by the RISCCI trials (https://clinicaltrials.gov/study/NCT03270527) making important 
advancements on this topic. However, parallel-group and single-period crossover RCTs are 
inadequate research designs to isolate the component of variation corresponding to participant- by-
diet interaction relevant to investigate the possibility of true inter-individual variability in response to 
a particular diet32. We demonstrate this concept with a repeated period (replicate)-crossover of the 
2-h glucose/insulin response to breakfast (Fig-3;8). 
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Figure-3. The 2-h change in glucose (A) and insulin (D) concentrations after a standardised breakfast (444 kcal porridge) in 
11 healthy people with evidence that the between-person SD is larger than the within-person SD. Panels B and E represent 
the same data when taking into account the control response (extended overnight fasting for 2 h). However, only the 
replicate crossover can establish whether a response to a treatment (in this example, breakfast) displays reliable inter-
individual heterogeneity. For glucose (C) the replicate crossover does not provide evidence of reliable inter-individual 
variability of response to breakfast, whereas for insulin (F) there is evidence of true inter-individual variability in response 
to breakfast consumption and therefore justification for personalisation. Data from https://doi.org/10.21203/rs.3.rs-
4317405/v2 

 
To establish effectiveness/harms for individuals requires randomisation and replication at the 
individual level (a replicate-crossover9). Only a replicate-crossover (an alternative form of n-of-1 
trial) can estimate the component of variation corresponding to the participant-by-diet interaction 
required to establish inter-individual heterogeneity of response to diets (Fig-4). Without this, 
participant-by-diet interaction cannot be separated from within-person variance (Fig-49). 
 
 



Replicate RCT Ketogenic Diet Protocol 

IRAS Ref: 353067 Date: 12/12/2024             Version 1.1 Page 
 

9 

 
Figure-4. To provide personalised approaches to nutrition and disease prevention/management separation of the diet-by-
person interaction from within-person variance is required, which can be done using a repeated period (replicated) 
crossover RCT. Based on Senn (2015) Statistics in Medicine. ‘Error’ term = residual variable in model. 

 
Intervention Duration 
A key requirement for the deployment of n-of-1 trials is that the outcome measures respond rapidly 
to the intervention and also washout rapidly with removal of the intervention10. Fortunately, LDL-C 
responses to (and washout from) low-carbohydrate diets are rapid. For example, in a second 
preliminary RCT we conducted, 25 individuals consumed control and low-carbohydrate diets in a 
crossover controlled-feeding design (Fig-5A). Remarkably, just 24 hours on a low-carbohydrate diet 
was sufficient to observe similarly sized responses to those observed in our 4-week parallel group 
RCT11. 
 
We observed marked ketosis (Fig-5B) and a mean increase in LDL-C concentrations (Fig-5C) of 
similar magnitude to the 4-week intervention. Importantly, we still observed a clinically meaningful 
SDIR of 0.28 mmol/L for LDL-C even though macronutrient intakes and saturated-to-unsaturated fat 
ratios were identical across all participants. 50% of participants displayed a control-adjusted LDL-C 
increase in response to low-carbohydrate diets that was greater than the minimal important clinical 
difference (MCID), and 50% of participants displayed a control-adjusted LDL-C response to low-
carbohydrate diets that was smaller than the MCID. This provides evidence that some individuals 
may show unfavourable responses for LDL-C whereas others may not show unfavourable 
responses, which are not explained by variation in diet composition (Fig-5C). Furthermore, the 24-
h responses to a low-carbohydrate diet are consistent with longer-term responses that we and 
others have observed (Fig-5D). To address the aim of this project, the LDL-C response does not 
need to have fully plateaued but does need to represent the full long-term response. Based on these 
data, we have chosen a 24-h duration for each period to balance the ability to detect meaningful 
increases in LDL-C, maximising participant compliance and minimising dropout. Fortunately, the 
washout of LDL-C after low-carbohydrate diets is also as rapid as the increase during controlled-
feeding of low-carbohydrate diets (Fig-5E12). This allows for an opportunity to study the 
heterogeneity of LDL-C responses to a ketogenic diet using a replicate crossover. 
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Figure-5. Twenty-five healthy adults completed 24-h of low-carbohydrate (LOW-CARB) and control (CONTROL) diets in a 
randomised, crossover controlled-feeding design (A). Compliance was confirmed with serum ketone body concentrations 
(B). The low-carbohydrate diet increased LDL-C concentrations on average within 24 hours, with individual data suggesting 
there may be potential for inter-individual heterogeneity of response (C). However, repeated measurements are needed to 
make confident inferences. These data were combined with our longer-term data (from Fig-1) plus data from Hall et a. (2021 
Nature Medicine) to illustrate that the 24-h time course is representative of the longer-term LDL-C response (D), and also 
that washout of LDL-C is as rapid as the increase (E). MCID, minimal clinically important difference. *p<0.05 vs. CONTROL; 
**p<0.01 vs. CONTROL; ***p<0.001 vs. CONTROL. 

 
This project will be the first to use a replicate crossover design to establish treatment-
response heterogeneity to low-carbohydrate diets.  
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3. AIMS, OBJECTIVES AND HYPOTHESIS 
 
AIMS: The aims of this project are to establish the degree of inter-individual heterogeneity in LDL-
C and fasting glucose responses to ketogenic diets, thereby revealing the potential for personalised 
use of (or targeted guidance to specifically avoid) ketogenic diets for cardiovascular disease risk. 
Additionally, this project will establish the degree to which LDL-C and fasting glucose responses are 
predicted by baseline characteristics. 
 

HYPOTHESES: 
1. A replicate randomised crossover trial of a 24-hour low-carbohydrate diet reveals statistically 
significant and clinically relevant heterogeneity in LDL-c responses between participants. 
 
2. The majority of participants show a significant increase in LDL-c, but these increases differ in 
magnitude between people.  
 
3. A replicate randomised crossover trial of a 24-hour low-carbohydrate diet reveals statistically 
significant and clinically relevant heterogeneity in fasting glucose responses between participants. 

 
4. Participants with lower biomarkers of cholesterol absorption and/or synthesis will show lower/not 
a significant increase in LDL-c after the low-carbohydrate diet in comparison to participants with 
higher numbers of these biomarkers. 

 

5. Participants with a higher polygenic risk score (PRS) for LDL-c will show a significant increase in 
LDL-c after the low-carbohydrate diet in comparison to participants with lower PRS. 

 

6. BMI will negatively correlate with the increase in LDL-c on a low-carbohydrate diet when adjusting 
for the control diet. 

 

7. Participants with higher LDL receptor expression in peripheral blood mononuclear cells at 
baseline will show lower increases in LDL-c after the low-carbohydrate diet.  
 
8. Changes from pre- to post-diet trial days in LDL receptor expression will be negatively 
correlated with changes in LDL-cholesterol.  
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4. PROGRAMME AND METHODOLOGY 
 

4.1. Study Design 
 
We will undertake a controlled feeding study with a repeated-period, randomised crossover design 
with 3 cycles (pairs of diet conditions), 6 x 1-day periods and 8 sequences (see below) with a 6-day 
washout in between each experimental period. The two diet conditions are CONTROL vs. 
LOWCARB. Participants will be randomly allocated to one of 8 sequences (Fig-6). The project will 
be conducted and reported in accordance with the CONSORT extension for reporting of n-of-1 trials 
statement and checklist10. 
 

4.2. Primary Outcome 
 
Fasted plasma LDL-c concentrations to establish whether there is true inter-individual heterogeneity 
in response to 24 hours of a low-carbohydrate diet.  
 

4.3. Secondary Outcomes 
 
Fasted plasma glucose concentrations to establish whether there is true inter-individual 
heterogeneity in response to 24 hours of a low-carbohydrate diet. 
 

4.4. Tertiary Outcomes 
 
Other fasted metabolic health markers (low-carbohydrate vs control) helping elucidate primary 
outcome and potentially predictors of heterogeneity: 

• NMR fatty acid profile (i.e., mono and polyunsaturated, and saturated) 

• NMR amino acids (i.e., branched-chain amino acids and tyrosine) 

• NMR ketone bodies (i.e., beta-hydroxybutyrate, acetoacetate, acetone) 

• Plasma beta-hydroxybutyrate concentration 

• Urine acetoacetate 

• Plasma lactate concentration 

• Plasma triglycerides concentration 

• Plasma glycerol concentration 

• Plasma NEFAs concentration 

• Plasma insulin concentration 

• Plasma C-reactive protein 

Potential atherogenicity of responses to a low-carbohydrate diet (low-carbohydrate vs control): 

• Plasma lipoprotein subclass profiling with lipid concentrations within 14 subclasses 

• Plasma sphingomyelin- and ceramide-rich particles 

Baseline potential predictor markers of LDL-c responses 

• Age 

• Weight 

• Body Mass Index (BMI) 

• Waist circumference 

• Hip circumference 
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• Waist-to-hip ratio (WHR) 

• Body composition (e.g., fat mass, fat free mass) 

• Resting Metabolic Rate (RMR) 

• Concentrations of biomarkers of cholesterol synthesis  

• Concentrations of biomarkers of cholesterol absorption 

• 12 common LDL-c raising single nucleotide polymorphisms in 11 genes 

• LDL receptor mRNA content in PBMCs 

• LDL receptor protein content in PBMCs 

 

4.5. Participants and Eligibility Criteria 
 
Examining inter-individual heterogeneity of response justifies a heterogeneous sample. This 
provided a starting point for the justification of inclusion/exclusion criteria, with the goal of providing 
a sample representative of the UK population who are healthy but spanning a wide range of body 
mass index (BMI). This is based on the rationale that low-carbohydrate diets are used by the general 
population, and whilst healthy at baseline, people may be putting themselves at unknown risk of 
CVD if they show a meaningful increase in LDL-C. A wide range of BMI allows the quantification of 
the relationship between BMI and inter-individual response to low-carbohydrate diets. This will allow 
us to understand whether specific individuals living with overweight and obesity may benefit from 
low-carbohydrate diets. Including people who are not living with overweight, and obesity allows 
understanding of the response across the BMI range, providing valuable context in addition to 
relevance for cardiometabolic health across a wider range of the population. Therefore, we will 
recruit a mixed of 20 participants (men and women) according to the following criteria:  
 
Inclusion Criteria: 
 

• Age: >18 years 

• Body mass index: 18.5-35 kg·m-2 

• LDL-cholesterol <4.9 mmol/L 

• Non-fasting triglycerides <2.3 mmol/L 
 
Exclusion criteria: 
 

• weight instability (>5% change in body mass within last 3 months)  

• smoker 

• diagnosis of hypercholesterolaemia or any other lipid-related disease 

• diagnosis of diabetes 

• diagnosis of atherosclerotic cardiovascular disease 

• elevated fasting glucose (>5.4 mmol/L) 

• dietary intolerances or allergies or to other study procedures 

• diagnosis of gastrointestinal disorders 

• any other condition/medication that could introduce bias to the study 

• already following a ketogenic diet 

• not willing to follow a ketogenic diet 

• unable to understand English language 
 

4.6. Recruitment 
 



Replicate RCT Ketogenic Diet Protocol 

IRAS Ref: 353067 Date: 12/12/2024             Version 1.1 Page 
 

14 

Information about the study will be distributed via the placement of adverts and posters. Examples 
include: local newspapers and magazines; community noticeboards (e.g. in the public library, local 
market and cafes), community centres (e.g. leisure centres, churches, and art and music venues); 
larger local industry/establishments of employment (e.g. Wessex water and the University of Bath); 
healthcare centres (e.g. GP practices, pharmacies and dental clinics). In addition to printed 
adverts/posters, we will also utilise electronic routes: e.g. via E-mail bulletins, local community 
forums, university website/newsletters as well as social media (e.g. X and Facebook). Potentially 
interested participants will be asked to contact the research team by email or phone if they want to 
find out more about the study. Potentially interested and eligible participants will be invited to a 
meeting to further discuss the study and what it entails. After reading the participant information 
sheets, if they decide to take part, they will be asked to sign an informed consent form. 
 
Diet Composition 
The macronutrient composition of our diets will match our preliminary data (Table 1). The control 
diet macronutrient composition is reflective of typical UK intakes13 whereas the low-carbohydrate 
diet is matched to the control diet for protein and for saturated-to-unsaturated fat ratio. Beta-
hydroxybutyrate concentration via finger pricks and urinary acetoacetate concentrations will confirm 
compliance to the low-carbohydrate diet as per our preliminary data. 
 

 
Figure-6. Summary of approach. Twenty people will be recruited and randomised to one of 8 sequences in a replicate 
randomised crossover study of low-carbohydrate (LOWCARB) diets. SEQ: Sequence. 
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4.7. Screening 
 
Participants will be invited to the University of Bath to provide informed consent, and thereafter will 
be invited to undertake the assessments of eligibility listed below. Given the range of screening 
measurement required, these measurements may take place over more than one visit. As all 
potential participants will be offered feedback from the screening, in the event that a potential 
participant be deemed ineligible for the study based on a single measurement, the individual will be 
informed immediately, and the subsequent screening measures will only be carried out at the 
participant’s request. 
 
General health status 
Suitability to participate (e.g. pregnancy, diabetes etc.) and other practical screening questions (e.g. 
any reason why participants could not complete the study within a reasonable time frame etc.) will 
be self-reported by the participant via a health screen questionnaire. Food allergies and intolerances 
will be reported in this questionnaire to ensure that participants are able and willing to consume the 
food provided. 
 
Anthropometrics 
Body mass will be measured using digital scales and height using a stadiometer. Body mass index 
(BMI) will be calculated by dividing body mass (kg) by height (m) squared. Waist circumference (cm) 
will be measured at the narrowest point between the lowest rib and iliac crest, and hip circumference 
(cm) will be measured at the widest point of the gluteal using a tape measure.  
 
If participants are eligible, we will establish energy requirements by measuring resting metabolic 
rate (by indirect calorimetry), and physical activity energy expenditure (by individually calibrated 
heart rate and accelerometry with branched-equation modelling)14. A fasting blood sample will also 
be obtained, and genomic DNA will be isolated from the buffy coat layer for genotyping as we have 
previously performed15,16. 
 

4.8. Schedule of Measurements 
 
Following screening, participants will follow one of the 8 sequences, randomly chosen (randomized 
by JG using www.randomizer.org) of the six main laboratory trial visits. The washout period between 
trials will be between 6 days. 
 
Pre-laboratory visits standardisation 
To assist in producing a similar individual metabolic state on the morning of laboratory trial days, 
participants will be asked to record physical activity for 24 h before first trial and during diet day and 
replicate for the next ones. 
 
Laboratory trial days (morning of diet and next morning) 
Participants will arrive at the laboratory in a rested, overnight fasted state, after 24-hours of a low-
carbohydrate or control diets.  
 
In each trial day body mass, height, waist and hip circumference will be recorded. Participants will 
then rest 15 minutes before blood pressure can be recorded. Venepuncture will be performed in an 
antecubital vein and 20 ml of blood will be obtained before and after each diet period to determine 
concentrations of LDL-C and glucose in addition to other lipoprotein characteristics and 
metabolite/hormone concentrations to provide further information on cardiometabolic health and 
predictive biomarkers. 
 

http://www.randomizer.org/
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On the first laboratory day a dual-energy x-ray absorptiometry (DEXA) scan will be performed to 
calculate body composition, and for potential additional predictive biomarkers. 
 
Lastly, for exploratory analysis in future work, we will also collect urine samples before and after 
each diet day. 
 
Diet 
After participants have gone through the laboratory measurements, the meals for the diet to be 
followed for 24 hours will be provided by the research team. Participants will be asked to consume 
only what has been given to them. The total calories will be based on the calculated metabolic rate 
done during the screening. 
 

4.9. Measurements and Analysis 
 
Metabolite and hormone concentrations 
Plasma LDL-cholesterol, glucose, beta-hydroxybutyrate, lactate, TG, glycerol, non-esterified fatty 
acids, HbA1C (baseline only) and insulin and C-reactive protein concentrations will be determined 
by colourimetric or enzyme-linked immunosorbent assays as is routine in our laboratory11,15,17. 
Handheld devices will also be utilised as a backup to analyse blood glucose, lactate and beta-
hydrobutyrate. These will be used to provide the primary outcome measure, in addition to other 
important contextual information on the broad metabolic response to the diets. In addition, these will 
also provide information on potential predictors of response heterogeneity. We will also measure 
lipoprotein(a) concentrations as the most atherogenic lipoprotein in a per particle basis and 
potentially responsive to diet18,19. 
 
Biomarkers of cholesterol synthesis and absorption 
Plasma samples will also be analysed by gas chromatography-mass spectrometry (GC-MS) to 
determine concentrations of biomarkers of cholesterol synthesis (e.g., 7-dehydrocholesterol, 
desmosterol and lathosterol) and of cholesterol absorption (e.g., sitosterol and campesterol). This 
will establish if these biomarkers are useful as predictive factors for the heterogeneity of the LDL-C 
response to a low-carbohydrate diet. 
 
LDL receptor expression 
The expression of the LDL-receptor (LDL-R) in the liver could explain response heterogeneity20. 
Dietary fat content and quality (saturated to unsaturated ratio) affects hepatic LDL-R clearance of 
LDL in rodents via reduced hepatic LDL-R mRNA and protein expression20,21. As a human study in 
healthy participants, sampling liver tissue would be technically and ethically challenging. However, 
hepatic LDL-R mRNA content has been shown to directly correlate with hepatic LDL-R protein 
content in rodents21, and LDL-R mRNA in human liver directly correlates with LDL-R mRNA in 
peripheral blood mononuclear cells (r=0.9, p<0.001)22. Changes in LDL-R also directly correlate with 
changes in circulating lipoproteins in response to fat intake23. Therefore, the LDL-R expression of 
PBMCs reflects hepatic LDL-R protein content. We will isolate PBMCs via density gradient 
centrifugation and quantify LDL-R mRNA and protein content of PBMCs via reverse transcription-
polymerase chain reaction (RT-PCR) and Western blotting, respectively, to establish the role of 
LDL-R expression in mediating the effects of low-carbohydrate diets on LDL-C concentrations. 
 
Nuclear Magnetic Resonance (NMR) spectroscopy 
Plasma samples will also be analysed by high-throughput NMR (Nightingale Health Plc) which 
quantifies >150 metabolic biomarkers, including routine lipids, lipoprotein subclass profiling with lipid 
concentrations within 14 subclasses, fatty acid composition, and various low-molecular-weight 
metabolites such as amino acids, ketone bodies, and glycolysis metabolites. This panel provides 
information on lipoprotein particle concentrations and characteristics (e.g., diameter, lipid content 
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and composition), which provides more understanding of atherogenicity over concentrations alone. 
This will also provide information on metabolite concentrations to further explain the heterogeneity 
in fasting glucose concentrations and add to overall cardiometabolic health profile (e.g., branched-
chain amino acids). Furthermore, this will allow for linkage with the UK biobank for additional 
exploratory analyses. 
 
Lipidomics (subject to future funding) 
Since all LDL particles are potentially atherogenic, LDL particle number is a primary determinant of 
atherogenesis24. However, additional characteristics also play a role in the full atherogenic potential 
of LDL particles via modulating susceptibility to aggregation, oxidation or proteoglycan binding24. 
Sphyingomyelin- and ceramide-rich particles are often more aggregation-prone than 
phosphatidylcholine-and lysophatidylcholine-rich particles25. To further explore the potential 
atherogenicity of responses to low-carbohydrate diets, we will perform quantitative lipidomics on 
plasma samples via liquid chromatography mass spectrometry (LC-MS). 
 
Genotyping 
We will genotype participants for 12 common LDL-C-raising single nucleotide polymorphisms 
(SNPs) in 11 genes (two in APOE) which have been identified as causing polygenic elevated LDL-
C in UK participants of several ethnicities (Table 226,27). DNA extraction and genotyping will be 
performed in line with our previous publications using commercially available extraction kits (Qiagen) 
and Taqman probes15,16. 
 

 
 
Body mass and blood pressure 
In the overnight fasted-state body mass will be measured using balance scales with minimal clothing 
and after voiding. Body composition will be determined by dual-energy x-ray absorptiometry. Blood 
pressure will also be determined in triplicate using an automated sphygmomanometer. 
 

4.10. Sample Size 
 
Sample size justification will follow a pragmatic approach28, with planning and research design 
considerations based on k=2 per participant minimum number of cycles required for a replicated 
crossover research design32. For detection of treatment response heterogeneity, a moderate-to-high 
and positive between-replicate correlation coefficient (r) is an important indicator of stable or ‘true’ 
within-person treatment responses9,29-32. A sample size of 20 would enable an r as low as 0.38 
[90%CI: 0.00-0.66] to be detected as statistically significant (one-tailed P=0.05). In terms of mean 
treatment detection, our pilot data (n=22, Fig-4), indicate that acute mean ± SD treatment effects 
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were 0.22±0.29 mmol/L (P=0.002) for LDL-C. It is estimated that statistical power to detect these 
effect sizes would be further improved to over 99% because of the repeated administration of 
conditions (reducing within-subject random variance and local trend effects31,32). 
 

4.11. Statistical Analyses 
 
Statistical analyses will be undertaken in a blinded fashion. Data will be reported in accordance with 
CONSORT extension for n-of-1 trials (CENT) guidelines10. Standard residual diagnostics will be 
undertaken to assess the influence of any violated assumptions on the adequacy and the stability 
of the modelled covariance parameter estimates34,35.  
 
Primary, Secondary and Tertiary analyses 
According to Senn9,31 data will be analysed with a within-subjects linear mixed model (see Senn32 
for typical SAS code). Using the PROC MIXED procedure in SAS OnDemand for Academics (SAS 
Institute), the within-participant linear mixed model and repeated design will allow quantification of 
any participant-by-condition interaction for each outcome. Condition and period (sequence), will be 
modelled as fixed effects, and participant and participant-by-condition terms will be modelled as 
random effects. These analyses will be supplemented by the between-replicate correlation 
approach32 and, most recently, the meta-analytic approach detailed by Senn33, which has been used 
before in the analysis of reactive hypoglycaemia after breakfast8. 
 
Quaternary analyses 
Will be explored by including potential predictive biomarkers in the model as fixed between-subjects 
effects and the biomarker-by-condition interaction will be quantified16. Multi-variable linear 
regression will be used to produce a prediction model.  
To produce an efficient exploratory prediction model, NMR spectroscopy and lipidomics outcomes 
will first undergo a screening process to select inputs for prediction modelling. This process will 
involve examination of Pearson’s product-moment correlations between each potential biomarker 
and the replicated CONTROL-adjusted LDL-C response to LOW-CARB. The 5 outcomes with the 
largest correlation with the replicated, CONTROL-adjusted response of LDL-C to LOW-CARB will 
be taken forward into the prediction model along with genotype and biomarkers of cholesterol 
synthesis and absorption. Finally, to better understand the association between SNPs and LDL-C 
response a variety of statistical approaches will be explored.  
 

4.12. Storage and Management of Data 
 
Blood samples will be partially processed on the day of collection before freezing in preparation for 
analysis. Throughout this period and during the subsequent analysis, blood and breath samples will 
be kept in a locked laboratory and will be inaccessible to anyone outside of the research team. 
Samples will be coded and identified only using anonymized sample identifier numbers. After 
analysis, samples will be stored until the work has been published. We will ask participants to 
consent to their samples being used in any other ethically approved project during the lifetime of the 
current project.  
 
Some analyses will be required to be performed at other sites (e.g. University of Oxford for Mass 
Spectrometry). These samples will be coded and identified only using anonymized sample identifier 
numbers for shipment. 
 
If a participant wishes to withdraw from the study, they will be permitted to do so, however their 
samples will only be destroyed by specific request of the participant. Withdrawing participants will 
be reminded of this at the point of withdrawal, and should they not wish that their samples not be 
analysed or further stored, said samples will be destroyed immediately. 
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Any results published from this study will be anonymous and include no identifiable information. An 
Excel data sheet maintained on a university computer will be used to record participant information 
and results. The computer will be password protected to ensure only the designated researchers 
can access the data.  
 
All data will be managed, stored, and curated at the University of Bath. Newly generated data will 
be stored on university managed servers and on the university Research Data Archive. The Data 
Steward (Javier Gonzalez) initiates a repository and limits access permissions to only include 
authorised researchers. Scripts relating to dataset generation are stored securely in the same 
location as the dataset and will be shared in a public online repository (GitHub) upon manuscript 
publication (with information including specific file paths removed). Research data used in analyses 
are structured and version-controlled in accordance with Standard Operating Procedures, whereby 
when a dataset is ready for use in analyses, or published, a serialized snapshot following peer-
review will be generated and placed in the released area of the repository. 
 
 

4.13. Expenses and Benefits 
 
Reasonable travel expenses for visits to the University will be reimbursed on production of receipts 
or via claims for mileage. Participants will be provided with an information pack containing their 
results for relevant outcomes along with reference ranges (e.g., body composition, blood tests). 
 

5. DISADVANTAGES/RISK AND DISCOMFORT 
 
Participants will be asked to give up their time for repeated visits to undertake various tests. For 
some people this may be seen as an inconvenience. Blood samples will be collected through a 
venepuncture, which might cause minor discomfort during the procedure and may result in minor 
bruising. More serious complications are the very small risk of infection. However, the occurrence 
of such events is very rare, and risks are further minimised by our strict adherence to best practice 
and standard operating procedures. 
 
Participants will be asked to also provide urine samples, and although there is little 
health/contamination risk, there could exist some discomfort from participants. Therefore, if that is 
the case, we will not require those samples from participants. 
 
There is a risk of radiation exposure with the DEXA scan although the amount of radiation is 
extremely low. The radiation dose for one DEXA is less than one day of background radiation and 
is less than the amount of radiation used for a diagnostic x-ray. Throughout the study, participants 
will undergo 1 whole-body DEXA scan. In total this will provide a radiation dose of ~0.01 mSv (Blake 
et al., 2006). Pregnant and other contraindicated populations will be excluded from the study. A 
radiologist and medical physics expert will oversee our ethics application (as standard). 
 
The above will be explained to the potential participant verbally and in the participant information 
sheet to ensure that they are fully informed before giving consent. 
 

6. REFERENCES 
 
 



Replicate RCT Ketogenic Diet Protocol 

IRAS Ref: 353067 Date: 12/12/2024             Version 1.1 Page 
 

20 

1. Gonzalez JT. Ketone esters and their effects on carbohydrate metabolism during exercise. J Nutr. 
2023;153(6):1663-1664. 
2. Hall KD, Bemis T, Brychta R, et al. Calorie for calorie, dietary fat restriction results in more body fat loss 
than carbohydrate restriction in people with obesity. Cell Metab. 2015;22(3):427-436. 
3. Rao Kondapally Seshasai S, Kaptoge S, Thompson A, et al. Diabetes mellitus, fasting glucose, and risk 
of cause-specific death [published correction appears in N Engl J Med. 2011 Mar 31;364(13):1281]. N Engl 
J Med. 2011;364(9):829-841. 
4. Yuan X, Wang J, Yang S, et al. Effect Of The Ketogenic diet on glycemic control, insulin resistance, and 
lipid metabolism in patients with t2dm: a systematic review and meta-analysis. Nutr Diabetes. 
2020;10(1):38. 
5. Joo M, Moon S, Lee YS, Kim MG. Effects of very low-carbohydrate ketogenic diets on lipid profiles in 
normal-weight (body mass index < 25 kg/m2) adults: a meta-analysis. Nutr Rev. 2023;81(11):1393-1401. 
6. Ference BA, Ginsberg HN, Graham I, et al. Low-density lipoproteins cause atherosclerotic 
cardiovascular disease. 1. evidence from genetic, epidemiologic, and clinical studies. a consensus 
statement from the european atherosclerosis society consensus panel. Eur Heart J. 2017;38(32):2459-
2472. 
7. Churuangsuk C, Lean MEJ, Combet E. Carbohydrate knowledge, dietary guideline awareness, 
motivations and beliefs underlying low-carbohydrate dietary behaviours. Sci Rep. 2020;10(1):14423. 
8. Gonzalez JT, Lolli L, Veasey RC, et al. Are there interindividual differences in the reactive 
hypoglycaemia response to breakfast? A replicate crossover trial. Eur J Nutr. 2024;63(8):2897-2909. 
9. Senn S. Statistical pitfalls of personalized medicine. Nature. 2018;563(7733):619-621. 
10. Vohra S, Shamseer L, Sampson M, et al. CONSORT extension for reporting N-of-1 trials (CENT) 2015 
Statement. J Clin Epidemiol. 2016;76:9-17. 
11. Hengist A, Davies RG, Rogers PJ, et al. Restricting sugar or carbohydrate intake does not impact 
physical activity level or energy intake over 24 h despite changes in substrate use: a randomised crossover 
study in healthy men and women. Eur J Nutr. 2023;62(2):921-940. 
12. Hall KD, Guo J, Courville AB, et al. Effect of a plant-based, low-fat diet versus an animal-based, 
ketogenic diet on ad libitum energy intake. Nat Med. 2021;27(2):344-353. 
13. Beverley B, David C, Kerry SJ, et al. National Diet and Nutrition Survey Rolling programme Years 9 to 
11 (2016/2017 to 2018/2019) - A survey carried out on behalf of Public Health England and the Food 
Standards Agency. 2020. 
14. Brage S, Brage N, Franks PW, et al. Branched equation modeling of simultaneous accelerometry and 
heart rate monitoring improves estimate of directly measured physical activity energy expenditure. J Appl 
Physiol (1985). 2004;96(1):343-351. 
15. Smith HA, Hengist A, Thomas J, et al. Glucose control upon waking is unaffected by hourly sleep 
fragmentation during the night, but is impaired by morning caffeinated coffee. Br J Nutr. 
2020;124(10):1114-1120. 
16. Goltz FR, Thackray AE, Atkinson G, et al. True interindividual variability exists in postprandial appetite 
responses in healthy men but is not moderated by the FTO genotype. J Nutr. 2019;149(7):1159-1169. 
17. Edinburgh RM, Hengist A, Smith HA, et al. Preexercise breakfast ingestion versus extended overnight 
fasting increases postprandial glucose flux after exercise in healthy men. Am J Physiol Endocrinol Metab. 
2018;315(5):E1062-E1074. 
18. Björnson E, Adiels M, Taskinen MR, et al. Lipoprotein(a) is markedly more atherogenic than LDL: an 
apolipoprotein B-based genetic analysis. J Am Coll Cardiol. 2024;83(3):385-395. 
19. Law HG, Meyers FJ, Berglund L, Enkhmaa B. Lipoprotein(a) and diet-a challenge for a role of saturated 
fat in cardiovascular disease risk reduction? Am J Clin Nutr. 2023;118(1):23-26. 
20. Spady DK, Dietschy JM. Dietary saturated triacylglycerols suppress hepatic low density lipoprotein 
receptor activity in the hamster. Proc Natl Acad Sci U S A. 1985;82(13):4526-4530. 
21. Horton JD, Cuthbert JA, Spady DK. Dietary fatty acids regulate hepatic low density lipoprotein (LDL) 
transport by altering LDL receptor protein and mRNA levels. J Clin Invest. 1993;92(2):743-749. 
22. Powell EE, Kroon PA. Low density lipoprotein receptor and 3-hydroxy-3-methylglutaryl coenzyme A 
reductase gene expression in human mononuclear leukocytes is regulated coordinately and parallels gene 
expression in human liver. J Clin Invest. 1994;93(5):2168-2174. 
23. Mustad VA, Etherton TD, Cooper AD, et al. Reducing saturated fat intake is associated with increased 
levels of LDL receptors on mononuclear cells in healthy men and women. J Lipid Res. 1997;38(3):459-468. 



Replicate RCT Ketogenic Diet Protocol 

IRAS Ref: 353067 Date: 12/12/2024             Version 1.1 Page 
 

21 

24. Borén J, Chapman MJ, Krauss RM, et al. Low-density lipoproteins cause atherosclerotic cardiovascular 
disease: pathophysiological, genetic, and therapeutic insights: a consensus statement from the European 
Atherosclerosis Society Consensus Panel. Eur Heart J. 2020;41(24):2313-2330. 
25. Ruuth M, Nguyen SD, Vihervaara T, et al. Susceptibility of low-density lipoprotein particles to aggregate 
depends on particle lipidome, is modifiable, and associates with future cardiovascular deaths. Eur Heart J. 
2018;39(27):2562-2573. 
26. Gratton J, Finan C, Hingorani AD, et al. LDL-C Concentrations and the 12-SNP LDL-C score for 
polygenic hypercholesterolaemia in self-reported south asian, black and caribbean participants of the UK 
Biobank. Front Genet. 2022;13:845498. 
27. Talmud PJ, Shah S, Whittall R, et al. Use of low-density lipoprotein cholesterol gene score to 
distinguish patients with polygenic and monogenic familial hypercholesterolaemia: a case-control 
study. Lancet. 2013;381(9874):1293-1301. 
28. Lakens D. Sample size justification. Collabra. Psychology, 2022;8(1). 
29. Swinton PA, Hemingway BS, Saunders B, et al. A statistical framework to interpret individual response 
to intervention: paving the way for personalized nutrition and exercise prescription. Front Nutr. 2018;5:41. 
30. Atkinson G, Batterham AM. True and false interindividual differences in the physiological response to 
an intervention. Exp Physiol. 2015;100(6):577-588. 
31. Senn S. Mastering variation: variance components and personalised medicine. Stat Med. 
2016;35(7):966-977. 
32. Senn S, Rolfe K, Julious SA. Investigating variability in patient response to treatment--a case study 
from a replicate cross-over study. Stat Methods Med Res. 2011;20(6):657-666. 
33. Senn S. The analysis of continuous data from n-of-1 trials using paired cycles: a simple tutorial. Trials. 
2024;25(1):128. 
34. Oman SD. Checking the assumptions in mixed-model analysis of variance: a residual analysis 
approach. Comput Stat Data Anal. 1995;20(3):309–330 
35. Schall R, Endrenyi L, Ring A. Residuals and outliers in replicate design crossover studies. J Biopharm 
Stat. 2010;20(4):835-49. 
 
 
 
    

 


