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Is the latest fad ‘ketogenic diet’ suitable to manage obesity, metabolic and endocrine disorders and a dietary tool that can benefit athletes?

The ketogenic diet (KD) was originally developed in the 1920s, designed to treat children with epilepsy who had difficulty in controlling seizures (Freeman et al., 1998) without significantly reducing their caloric intake (Rho, 2017).  Evidence suggests it is still an effective management tool to control seizures and routinely used by physicians (Cross et al., 2010).  It is unclear whether it is the generation of ketones or abundance of medium-chain triglycerides within the diet that is the predominant mechanism, for which the brain switches from glucose, resulting in metabolic changes and increased production of adenosine levels, thought to effect control of seizures (Augustin et al., 2018).

The KD aims to mimic a metabolic fasting state and is characterised by its high-fat (60-80%), adequate protein and low-carbohydrate dietary energy levels (Vargas et al., 2018).  Due to insufficient carbohydrate (CHO) of less than 20g/day, after 2-3 days, glucose stores become insufficient for production of oxaloacetate (Campos, 2017) which results in an over production of Acetoacetate (AcAc) and β-Hydroxybutyric Acid (βHB) due to the abundant fatty acids available; leading to production of ketone bodies (KB) within the liver.  Therefore, these ketones serve as the primary oxidative energy source, instead of glucose (Schick, 2016).

Clinically, the KD has been used to successfully treat and prevent epilepsy (Stafstrom and Bough, 2003) and metabolic related disease, whilst also facilitating weight loss and favourable body mass compositions (Westman, Tondt, Maguire and Yancy, 2018).  Physicians use the diet to manage obesity in the short-term (Paoli, 2014); type 2 diabetes (Feinman et al., 2015); prevention of neurodegenerative diseases, such as Alzheimer’s (Augustin et al., 2018) and management of Schizophrenia (Wlodarczyk, Wiglusz and Cubala, 2018).  The diet has been identified as an effective strategy to reduce serum triglycerides among obese and pre-diabetic patients (Shilpa and Mohan, 2018).  Outside of a clinical setting, the wide spread popularity of the diet has increased.  The benefits of a ‘ketogenic diet’ are promoted in the media by celebrities such as Rihanna and Kim Kardashian and fitness professionals who openly demonise the consumption of carbohydrate and sugar (Cosmopolitan, 2018; Bilsborough and Crowe, 2003).  The google search term ‘Ketogenic diet’ is currently more than double higher than the term ‘Paolo diet’ which was the most popular fad diet the previous year (Perry, 2018).  More recently, sports nutrition research has focused upon the role of a KD in training and exercise adaptations among the elite athlete population.  Research has identified the diet can facilitate weight loss without sacrificing lean body mass (Schick, 2016) as well as optimise utilisation of fuel availability which has increased performance (Burke, 2017).

Obesity is one of the most increasingly prevalent and preventable diseases in the world.  In 2016, a total of 650 million adults and 381 million children were recorded as obese (WHO, 2018).  It has been identified that long and short-term dietary weight loss strategies are required to treat the obese population to tackle this issue as obesity is linked to the development of co-morbidity diseases such as diabetes and is a risk factor for cardiovascular disease (Guo and Garvey, 2016).  

[bookmark: _GoBack]In the short-term, research has suggested that a KD, among this population, can result in greater weight loss compared to a low-fat diet (Yancy et al., 2004).   However, the evidence is unclear as to which of the various physiological mechanisms is behind these significant weight loss results.  Participants frequency report an increased feeling of satiety due to the increase in protein, therefore participants consume less calories on the diet (Paoli, 2014; Gibson and Sainsbury, 2017).  The lack of sugar and highly processed food consumption during the diet is thought to contribute to the increase in mood of participants (Paoli, 2014) and has been identified as a management tool designed to stabilise insulin production in patients with type 2 diabetes (Feinman et al., 2015; Scherger, 2017).  Subjects in this study were only measured at 24 weeks therefore efficacy in the long-term of this diet was unknown.  Dashti et al. (2005) identified the benefits of long-term adherence to the KD over 56 weeks among obese participants and its LDL cholesterol lowering ability, however the amount of monounsaturated fatty acids fat used within the diet mirrored the Mediterranean diet, previously associated with its antioxidant and LDL lowering properties (Resnick, 2013).  These studies also excluded obese participants with co-morbidity diseases or health risk factors commonly reported alongside obesity, therefore sample sizes were small and not representative of this population group.  Kosinski and Jornayvaz (2017) argue that although the KD resulted in weight loss and a reduction in cardiovascular disease (CVD) risk among obese participants, in the long term the diet may result in participants experiencing insulin resistance.  However, improvement in glycaemic control and insulin use maybe considered just as important as the weight loss itself (Noakes and Windt, 2017) and effective in conjunction with other lifestyle improvements such as an exercise programme (Westman et al., 2008).  The KD has been identified as an effective strategy to reduce visceral obesity, reducing the risk of comorbidity conditions (Westman, Tondt, Maguire and Yancy, 2018).   Other variables, such as physical activity and sleep were not evaluated or considered in the results of most of these studies, therefore the weight loss cannot be attributed to the KD alone.  Bueno et al. (2013) highlights the value of dietary counselling during diet adherence, which may have affected the results.  It is also noted that many of the studies involved mice and not humans, therefore direct comparisons cannot be accurately made.  

Polycystic ovary syndrome (PCOS), an endocrine disorder, commonly experienced by young women of a reproductive age, has been associated with abdominal obesity due to inherent insulin resistance and lifestyle-related extrinsic factors relating to the condition (Paoli, Rubini, Volek and Grimaldi, 2013).  Emerging evidence suggests that obesity among women who are at the early stages of pregnancy can affect the foetus and increase the risk of the child developing obesity (Moran et al., 2010) therefore, healthy weight loss should be promoted by health professionals as a key goal.  Studies have shown that not only can a KD reduce body weight of obese women with PCOS but can increase fertility, however it is unclear as to whether it is the weight loss itself or macronutrient split within the diet that have led to these positive results (Mavropoulos, Yancy, Hepburn and Westman, 2005).  Evidence does not exist in relation to the safety of a KD on a human embryo during pregnancy, however, a study conducted on mice designed to identify changes on embryonic development whilst on a KD resulted in negative alterations associated with organ dysfunction and adult growth impairments (Sussman et al., 2013).  This suggests, potentially, there may be additional, unknown health risks to consider if the KD is followed during pregnancy and therefore should be monitored closely by medical professionals to lessen any health risks to the foetus.

A more recent, but less explored question is whether a KD can elicit benefits in terms of athletic performance and training benefits.  A recent study by Vargas et al. (2018) demonstrated that an 8-week long KD was an effective tool in reducing fat mass among male athletes trying to achieve a favourable body composition whilst following a strict resistance weight training protocol.  No evidence of increased muscle mass was observed in this study.  Tinsley and Wiloughby (2016) supported this theory and identified a reduction of muscle mass after among participants following a short-term, KD without a resistance training programme.  The review concluded the KD was a more effective method of reducing body weight and fat mass in the short-term compared to a low fat, high carbohydrate diet.   Historically, athletes competing in weight-sensitive sports have relied on unhealthy, extreme energy restriction to achieve optimal body composition (Schick, 2016) however, a KD in the long-term, has been identified as a healthier strategy to control body fat whilst maintaining muscle mass among athletes (Chang, Borer, Lin, 2017).   In relation to exercise performance gains, studies suggest that the enhanced fat oxidation does not positively affect high intensity training (HIT) however, can benefit long duration performance, although dependent upon the training status of the individual (Schick, 2016).  This was contradicted in a study by Hough (2018) that identified trained cyclists following a KD did not benefit from an increase in endurance performance, however athletes did experience a reduction in their body fat percentage.  A review by Pyke (2017) concluded that a KD elicited no exercise performance benefits and that it negatively impacted high intensity training.  Studies have also identified participants experience a reduction in their immune system response which is already impaired following high intensity exercise sessions (Pyke, 2017; Cipryan et al., 2018).  This evidence highlights an increased risk factor for illness, especially among athletes who play team sports and have a heavy training schedule.  Fatigue and low energy were reported by all weightlifting participants during the initial weeks of an 8-week KD (Chatterton et al., 2017).   However, it has been established that sources of Tyrosine and Branch Chain Amino Acid (BCAA) consumption can negate the effects of cognitive fatigue on a KD, an essential component of increased exercise performance and training adherence (Meeusen and Decroix, 2018).  Inclusion of these protein sources should be carefully considered within the KD and ideally competitions should be planned around the latter part or discontinuation of the KD programme.  Most of these studies have been conducted using male athletes, therefore evidence is lacking on the impact of a KD among female and child athletes.  Studies are also limited in terms of long-term implications of a KD diet and psychological status of athletes whilst on the diet, that may support diet strategies for adherence and tolerance.  In short-term studies, participants are supported by a team of professional chefs, dieticians, psychologists, nutritionists and peer group, therefore in practice, it won’t be as comparably easy to comply with, especially athletes who already adhere to other dietary requirement such as veganism, vegetarian (Mandali, 2011), allergies and eating disorders, prevalent among athletes (Westmore, 2000).  

As with any diet that restricts a macronutrient intake, against government dietary reference values, designed for optimum health (Public Health England, 2011) there is a possibility of incurring micronutrient deficiencies.  Shilpa and Mohan (2018) recommend avoiding long-term adherence to a KD without close monitoring and pre-planning due to possible nutrient imbalances.  However, this can be partially negated with consumption of supplements.  It has been identified that the KD exaggerates biotin deficiency (Yuasa et al., 2013) although the study was conducted in mice, it concluded that humans may benefit from taking a supplement whilst on the diet.  Poor bone health due to the acidic environment of long-term use of the diet was identified among children with epilepsy (Cross et al., 2010).  However, a study by Bertoli et al. (2014) found no associations between adult participants on the diet for more than 5 years and negative bone mineral content.  They concluded that mineral supplements and the normal bone mineralization starting point of these adult participants do not make it a comparable study.  Other micronutrients deficiencies associated with a KD include calcium, vitamin D, selenium, magnesium, zinc and phosphorus (Gupta et al., 2017).  However, it has been argued that a KD can result in few micronutrient deficiencies compared with consumption of a high carbohydrate diet (Mirtschin et al., 2018).  

A recent study by Spinelli and Blackford (2018) identified the gut microbiome as a valuable tool to measure the efficacy of the KD as treatment for epilepsy as the diversity of bacteria on the KD was associated with a reduction in seizures.  A study conducted on mice identified a relationship between the fasted state brought on by a ketogenic diet improved the gut-microbiota which in turn up-regulate brain blood flow, energy production and myocardial metabolism during exercise (Crawford et al., 2009).  The KD has been associated with positive results upon memory and cognitive tasks among older adults (Ota et al., 2016).
This identifies the role of the microbiota affecting cardiovascular health, brain cognition and therefore diets that promote a healthy gut have additional benefits than weight loss alone.

It has been identified that the KD carries other risk factors that may result in health complications (Gupta et al., 2017) if not managed effectively.   Adverse effects have been experienced among patients with impaired myocardial function due to lack of selenium with the diet, resulting in sudden death (Bank et al., 2008).  Renal tumour growth has been associated with long-term adherence to KD in rodent subjects (Liskiewicz et al., 2015).  Due to the levels of nitrogen excreted and amount of urination subjects may experience with the KD, other negative renal symptoms are commonly reported (Paoli, 2014).  However, it is argued that the diet is beneficial for cancer prevention as ketosis restricts glucose required for ATP energy production in cancer cells (Lv et al., 2014).  Although many long-term studies have been conducted on rodents, evidence supports the benefit of participants seeking pre-health checks, including echocardiogram screening prior to the commencement of a KD as well as multivitamin supplementation (Sirikonda et al., 2012).  The process of initiating a ‘fasting state’ by developing ketosis at the start of a KD can result in unpleasant, ‘flu-like’ symptoms that decrease tolerance and adherence to the diet (Harvey, Schofield and Williden, 2018).  Other short-term mild, moderate and severe adverse effects have been reported by participants following a KD including gastrointestinal discomforts, headaches, insomnia, constipation and kidney stones (Gupta et al., 2017).  This evidence highlights the importance of monitoring by healthcare professionals and nutrition counselling and support for long-term adherence.

Adherence is a key strategy for successful long-term weight loss and maintenance (Gibson and Sainsbury, 2017).  The cost, labour intensiveness and required professional support of the KD for successful behaviour change have been identified as the key potential barrier for long-term adherence (Avenell, Sattar and Lean, 2006).  Education and practical advice are key requirements needed to elicit benefits of the KD and ensure adherence that contribute to the ketosis state (MacCracken and Scalisi, 1999) including monitoring of urine ketones and advice regarding food alternatives for special dietary requirements.  Participants in research trials receive nutrition counselling, practical support and guidance which is both timely and costly and not available to the general public, therefore adherence to the diet will be difficult to maintain by an individual.  In a clinical setting, children who have been identified as candidates for a KD to manage their epilepsy, are enrolled in a care pathway which initially involves monthly reviews by a specialist clinical team (Cross et al., 2010) and practical support and guidance for parents.

Due to the increase in digital communication channels via social media and wealth of information available via the worldwide web, it is enviable that businesses will exploit the popularity of new fads and use it as a platform to sell and promote KD related products and influence behaviour (Williams, 2014).  Therefore, future legislation could be implemented to ensure regulation of accurate information designed to inform the public of practicalities and health risks of extreme diet protocols, however the challenge will be policing of information and keeping information up-to-date evidence.

Evidence suggests that the diet is effective in a clinical setting for controlling seizures in children with epilepsy and used to treat patients on a routine basis.  Using this diet as therapy without the use of medication is a less expensive method of treating obesity and other metabolic diseases in the long-term, however a multidisciplinary support plan needs to be implemented focusing on lifestyle and nutrition counselling to maintain weight-loss.  Studies have achieved positive results with the addition of nutrition counselling and other lifestyle interventions including exercise programmes (Christiansen, Bruun, Madsen and Richelsen, 2006).  It has been shown that gradual carbohydrate refeeding following ketosis in a key transition to long-term weight management, however only successful after follow-up appointments with medical professionals designed to encourage and support behaviour change (Chang, et al., 2017) and reduce the risk of a relapse.

To conclude, the KD it is an effective, short-term weight-loss tool that with the addition of professional guidance can be used to treat obesity, metabolic and endocrine disorders and a dietary tool that can benefit athletes if combined with other lifestyle factors such as exercise and nutrition counselling and support.  Adherence is difficult to achieve without support, therefore alternative long-term lifestyle strategies need to be recognised and considered, especially to manage obesity.  The diet continues to be an effective clinical dietary tool that can control seizures in epileptic patients, increase fertility and shown to improve insulin control in pre and diabetic patients.  Evidence suggests that the KD may potentially be harmful to subjects with existing renal or cardiomyopathy related disorders therefore medical advice and pre-screening should be sought prior to commencement of a KD.  Due to its extreme nature of macronutrient split, against government guidelines, participants need to ensure they take multivitamin supplements to negate any micronutrient deficiencies.

Evidence supports that a programme of resistance training combined with the KD can promote an optimal body mass composition.  The primary function and result of the KD appears to facilitate weight loss with little sacrifice to lean mass, in the short-term, however in order to achieve this, the psychological state of ‘ketosis’ must be achieved for the body to switch the source of energy to ketone oxidation.  This process takes 3-4 days to achieve and adherence and monitoring is essential to success.  However, it is argued that the positive outcome of the KD are as a result of a calorie deficit due to the satiety of the diet rather than ketosis mechanism.   Adverse effects of a KD can result in various degrees of symptoms including fatigue and impaired cognition and other unpleasant symptoms which reduce tolerance to the diet, however in the long-term appear to benefit cognition.  Evidence is minimal and unclear in relation to exercise performance gains for both endurance and high intensity training and more research is needed, especially among children and women athletes.  

Pre-screening and health checks should be sought by medical professionals prior to commencement of a KD to due potential health risk factors.  However, due to the wealth of knowledge and practical advice available at the click of a button and limited NHS funding, this will be difficult to implement in practice.
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