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Ketogenic Therapy (KT) is a high fat, adequate protein, low carbohydrate diet used in the 

treatment of intractable epilepsy. Alterations in metabolism during KT result in seizure 

improvement. The literature is contradictory concerning possible adverse effects of KT on blood 

lipids and growth. During therapy, orally-fed patients usually receive a diet high in saturated 

fatty acids and tube-fed patients usually receive a diet high in omega 6 fatty acids. Preliminary 

analysis evaluating the incorporation of a balanced fatty acid profile found there were significant 

positive effects on blood lipids. A high fat diet could also alter the acylcarnitine profile due to 

carnitine’s major role in fatty acid metabolism. During starvation and fat loading, conditions 

similar to KT, the proportion of carnitine that is acetylated significantly increases. Additionally, 

acetyl-l-carnitine (ALC) has been shown to be neuroprotective. Monitoring of the acylcarnitine 

profile, specifically ALC, in patients on KT may be important in understanding mechanism of 

action.  

Retrospective analysis was performed on the KT population at Shands to evaluate changes 

in growth and lipids. A prospective study was conducted in the General Clinical Research Center 

to more closely evaluate growth and blood lipids and to monitor changes in the acylcarnitine and 
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metabolomic profile. A meal challenge test was performed to test changes in metabolites after 

ingestion of a keto meal.  

Results indicate type of fat to be more important than amount of fat for increasing the risk 

of dyslipidemia in patients receiving KT. Children treated with the KT show significant changes 

in height over time and ambulation status is important in growth and energy needs. Overall, beta-

hydroxybutyrate and glucose are maintained relatively constant. Stabilization of energy 

metabolism and an increase in ALC may be important in mechanism of action against seizures. 

An intervention with a balanced fat blend to improve dyslipidemia, indirect calorimetry for 

optimization of calorie needs to improve growth, and ALC supplementation to enhance 

alterations in metabolism induced by KT was designed based on these data in order to improve 

the health and/or efficacy of therapy. A system for use of metabolomics in this population to 

further understand mechanism was developed.
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CHAPTER 1 
INTRODUCTION 

Ketogenic therapy (KT) is a treatment for intractable childhood epilepsy that involves a 

rigidly calculated high fat, adequate protein, and low carbohydrate diet. Although KT dates back 

to the 1920s, because of the development of antiepileptic drugs (AEDs) in the 1940s and 50s, it 

became decreasingly popular. In more recent years there has been a re-emergence of the 

ketogenic diet in treating patients with seizures; especially when AEDs have failed and/or 

patients are looking for an alternative to surgical procedures. While this diet has been 

administered for more than 80 years and has been shown in numerous studies to have greater 

than a 50% decrease in seizure activity in 60-75% of children, the mechanism of how it works is 

unknown (1-10). KT is unique from AED therapy in that it has both anticonvulsant (stopping a 

discrete seizure) and antiepileptic (stopping the propensity to develop recurrent seizures or 

underlying epilepsy) activity (11). These disease modifying effects have been shown through 

follow-up with patients who discontinued the diet and still saw long term seizure freedom (12, 

13). While the diet causes alterations in metabolism that ultimately lead to these beneficial 

effects, these alterations may also cause changes in growth, blood lipids, and/or acylcarnitines 

that may be important to monitor. These potential alterations in metabolism need to be defined in 

this patient population.  

Calorie restriction is often used as part of the diet prescription; however there is conflicting 

evidence as to whether this is necessary for effectiveness of the therapy (3, 4). Most patients 

receiving this therapy are in the pediatric age range and literature reports are inconclusive 

concerning whether or not KT results in an adverse effect on growth (14, 15). If there is a 

problem of growth in patients on KT, the question becomes is this due to restricted calories, the 

diet itself, or epilepsy in general? Some studies have shown that epilepsy itself results in delayed 



 

21 

growth in patients. El Khayat et al., 2004 concluded that the longer duration of disease, the more 

negative the impact on stature in female patients with epilepsy compared to healthy controls 

(16).   

While KT has been shown to be effective against seizures, it requires a fat intake (80-90% 

of calories) much higher than recommended by the American Heart Association (AHA). The 

altered macronutrient ratio that forms the basis of KT also is a concern because it has been 

associated with the development of dyslipidemia and chronic vascular disease (17, 18). There is 

conflicting evidence in the literature as to whether or not dyslipidemia is an adverse effect of KT.  

Currently there are no available feeding options that provide a balanced fatty acid profile similar 

to what is recommended by the AHA.   

Carnitine is an important metabolite involved in fatty acid metabolism. In addition to 

induction of ketosis, a very high fat diet would be expected to alter the acylcarnitine profile 

including an increase in acetyl-l-carnitine (ALC) concentrations. ALC may be providing an 

activated acetyl- group for the use of energy and may also be implicated in other neuroprotective 

pathways (19). Monitoring the plasma acylcarnitine profiles may be beneficial in determining 

alterations in metabolism during therapy and potentially provide some insight for the mechanism 

of action of KT. 

Major alterations in macronutrient composition in the diet would be expected to alter levels 

of metabolites other than acylcarnitines in serum. Understanding these alterations may lead to 

insight into mechanisms of action. Metabolomics is a global analysis of all small molecular 

weight compounds (<1500 Da) in a biological system under certain conditions (20). 

Metabolomics based analyses have not been published in the literature for this patient 

population. Due to the complexity and size of the data sets, processing and interpretation of data 
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can be challenging. A system for analyzing untargeted metabolomics was developed to identify 

major changes in compounds in healthy subjects receiving a ketogenic diet. In the future, 

comparisons will be made between the metabolic changes in these healthy subjects and patients 

receiving KT for seizures.  

Research Hypotheses 

Retrospective and prospective analyses were implemented to assess alterations in 

metabolism of patients on KT with the following hypotheses: 

Potential adverse effects: 

• The ketogenic therapy patient population at Shands at UF has an altered blood lipid profile 
consistent with increased risk for atherosclerosis compared to pre therapy values or 
compared to a reference population.   

• The ketogenic therapy patient population at Shands at UF has impaired growth compared 
to pre therapy values or compared to a reference population.   

Mechanism of action: 

• The ketogenic therapy patient population at Shands at UF has altered blood glucose and β-
hydroxybutyrate after the ingestion of a ketogenic meal. 

• Preliminary metabolomics analyses show ingestion of a ketogenic diet results in an altered 
acylcarnitine profile and alterations in the metabolome compared to pre diet values in 
healthy subjects. 

Significance 

Retrospectively and prospectively, blood lipids, β-hydroxybutyrate (BHB), diet 

prescription and growth parameters were analyzed to evaluate the potential adverse effects of 

growth and dyslipidemia in this patient population. We also analyzed the change in BHB and 

glucose at 30 min, 1 hr, and 2 hr after the ingestion of a ketogenic meal once per year. These data 

were used to determine correlations and trends between parameters to help in defining the 

alterations in metabolism in the KT population. At the end of the prospective study, an interim 
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analysis was conducted and an intervention trial was designed to improve the therapy and further 

evaluate patients on KT for seizures.  

In addition, a very high fat diet could alter the acylcarnitine profile including an increase in 

ALC concentrations; therefore, plasma from healthy subjects before and after ingestion of a 

ketogenic diet was evaluated for changes in the acylcarnitine profile and metabolome to lend 

insight into metabolic changes associated with KT. Ultimately these changes will be compared to 

samples obtained from patients receiving KT in order to provide insight into mechanism of 

action. A summary of the overall project is found in Figure 1-1. 

Currently there are controversies in the literature as to whether or not growth and 

dyslipidemia are adverse effects of the ketogenic diet. Clinical decisions with regard to changing 

the diet prescription are often based on experience and on clinical discussion and often are not 

based on evidence. More research needs to be conducted in order to define these potential 

adverse effects in this population and to determine if they are necessary for efficacy. Finally, a 

metabolomics based approach to understanding both changes in the acylcarnitine profile as well 

as the global plasma metabolome in response to a ketogenic diet has not yet been published. 

Ultimately understanding the alterations in metabolism associated with this therapy can provide 

knowledge for improvement in the treatment of seizures. 
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Figure 1-1.  Diagram of overall project of alterations in metabolism on KT.  
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 

Epilepsy and Ketogenic Therapy 

Epilepsy is a group of disorders involving recurrent seizures and its prevalence in the USA 

is estimated at 2.5 million or approximately 1% of the population (21). Roughly 1/3 of these 

patients have intractable or drug-resistant epilepsy (22). Seizures are defined as the clinical 

manifestation of abnormal excessive neuronal activity in the brain (23). Anti-epileptic 

medications (AEDs) either do not stop the seizures or result in unacceptable side effects in some 

patients. Additionally, some patients are not candidates for neurosurgical intervention or the 

intervention has not been successful. Ketogenic therapy (KT) is a treatment for intractable 

epilepsy that involves a rigidly calculated high fat, adequate protein, and very low carbohydrate 

diet. Although KT dates back to the 1920s, because of the development of AEDs in the 1940s 

and 50s, it became decreasingly popular. In more recent years there has been a re-emergence of 

the ketogenic diet in treating patients with seizures; especially when AEDs have failed and/or 

patients are looking for an alternative to surgical procedures. While this diet has been 

administered for more than 80 years and has been shown in numerous studies to have greater 

than a 50% decrease in seizure activity in 60-75% of children, the mechanism of how it works is 

unknown (1, 7-10, 24, 25). 

Brain Energy Metabolism and Epilepsy 

The brain derives almost all of its energy from glucose oxidation under normal 

physiological conditions. Glucose is transported across the blood-brain barrier by facilitated 

diffusion through glucose transporters (particularly GLUT1). The majority of glucose is then 

metabolized to pyruvate which enters the mitochondria and is converted to acetyl-CoA before 

entering the TCA cycle in both neurons and glia cells. Approximately 13% of pyruvate from 
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glycolysis is converted to lactate in the normal brain (26). Energy homeostasis is maintained 

through glycolysis, the TCA cycle, electron transport chain and oxidative phosphorylation, 

similar to other tissues (26). However, due to metabolic and cellular compartmentalization 

involving neurotransmitter synthesis as well as different but critical roles of neurons and glia, 

energy metabolism in brain is more complex (27-30). 

During a seizure, glucose uptake and metabolism increase (31, 32), and blood glucose 

positively correlates with flurothyl-induced seizures in rats (33). Seizures cause a greater 

increase in cerebral metabolic rate in the area involved in the seizure propagation than under any 

other condition (31). In addition, lactate significantly increases during seizure activity (31, 32, 

34). This increase in lactate is due to a rapid increase in glycolytic rate compared to the rate of 

oxygen utilizing metabolism, with pyruvate dehydrogenase (PDH) being rate-limiting (31). PDH 

is unable to metabolize pyruvate to acetyl-CoA as quickly as pyruvate is being produced, 

therefore pyruvate is converted to lactate through lactate dehydrogenase during periods of rapid 

glucose utilization and oxygen deprivation, both occurring in epileptic seizures. It is clear from 

the literature that neuronal excitability and epileptic seizures are correlated to rapid glucose 

utilization and glycolysis (26, 31, 33, 35-38). While there is an increase in oxygen and glucose 

supply to the brain, this increase in demand of energy also results in a decrease in energy 

metabolites such as, glycogen, glucose, phosphocreatine, and ATP (31). 

 In addition, epileptic foci in brain are associated with both hyper- and hypometabolism. 

During an ictal, or seizure event, hypermetabolism has been detected in brain epileptic foci (39, 

40) and hypometabolism during interictal, or in between seizures (31, 39-41), suggesting altered 

brain energy homeostasis in epilepsy. Cornford et al. have demonstrated that this decrease in 

metabolic rate of epileptic tissue may be due to the decreased expression of GLUT1 in the blood 
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brain barrier (BBB) and decreased uptake of glucose (42, 43). Additionally, Fink et al. 1996 

found a partial loss of the hexokinase reaction involved in the maintenance of glucose from 

blood to the brain using 18F-deoxyglucose kinetics, which may also account for the 

hypometabolism observed in interictal tissue (44). In patients with temporal lobe epilepsy, the 

interictal hypometabolism was found to be due to impaired oxidative metabolism (41). 

The excitability of neurons is controlled by a complex interaction of excitatory and 

inhibitory potentials that are primarily regulated by voltage dependent activation of Na+ and Ca2+ 

channels. In addition, the control of extracellular potassium plays a major role in the regulation 

of neuronal firing (31). It appears that metabolic demand is increased in epileptic brain tissue in 

order to manage leakage of extracellular potassium across the BBB caused by abnormal neuronal 

firing and loss of homeostasis by voltage-dependent channels. Cerebral blood flow does not 

match the increase in metabolic demand therefore an energy deficit results (40). The combination 

of altered ion homeostasis and an increase in metabolic demand of hyperactive neurons may 

exacerbate the loss of glucose uptake by the BBB observed in epilepsy (40).   

Glucose uptake into the brain is unchanged during hypoglycemia due to starvation, while 

ketones in blood are increased and a rapid increase in BHB uptake are observed in rats (45). An 

inverse association between ketone concentration and glucose utilization has been observed (46).  

In conditions of starvation, or high fat feeding such as during KT, the increased transport of BHB 

at the BBB and the availability as an alternate energy source for seizure foci in the brain may 

help under conditions of metabolic demand. In addition, a ketogenic diet resulted in an eightfold 

increase in the activity of the monocarboxylic transporter (MCT-1) and an increase in GLUT1 in 

brain endothelial cells, indicating that KT may also promote ketone and glucose uptake (47). As 

a result, the energy deficit in epilepsy may be partially compensated by the alterations in 
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metabolism observed during KT. Greene et al.(2003) hypothesizes that the disruption in brain 

energy homeostasis in epilepsy may be managed through metabolic control theory, in which 

moderate shifts in glucose and ketones can alter energy through glycolysis and the TCA cycle 

(48). Ultimately these shifts in metabolism result in adjustments in gene-linked networks that 

manage or control epilepsy disorders (48). However, it is important to note that due to the 

complexity of epilepsy-related pathologies, it is difficult to establish a clear relationship between 

phenotypic abnormalities and progression toward abnormal neuronal excitability because of the 

wide variation in seizure types and syndromes. 

Energy Metabolism on Ketogenic Therapy 

KT is based on a ratio of fat: protein + carbohydrate. Patients on KT generally are initiated 

on a ratio of 3:1 to 4:1, in which approximately 80-90% of their calories are calculated as fat. 

The therapy is designed to mimic the physiological effects of fasting without starvation in which 

three ketone bodies are produced (acetoacetate, BHB, and acetone) and there is a radical shift in 

energy metabolism from primarily utilization of carbohydrate to fat. During a very high rate of 

fatty acid oxidation as in fasting or ingestion of a very high fat diet, large amounts of acetyl-CoA 

are produced. Once levels exceed the capacity of the TCA cycle, ketones are produced by the 

liver from the excess acetyl-CoA. Ketones are elevated in the plasma, with acetoacetate and 

BHB increasing approximately three-fold to four-fold from basal levels (49). Both BHB and 

acetoacetate can be transported to the brain through the blood-brain barrier MCT-1 transporter, 

converted to acetyl-CoA and used as an alternate energy source for the brain. BHB is the 

predominant ketone body in blood and is oxidized to acetoacetate in mitochondria before 

entering the TCA cycle (50).   

During starvation, or KT, circulating levels of glucose are reduced and levels of ketones 

are increased (46, 51). The transport of BHB and acetoacetate into brain is regulated partly by 
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circulating levels of ketones and glucose (47). These changes are a result of an altered hormonal 

pattern consistent with decreased plasma insulin and increased glucagon (51, 52). This decrease 

in the plasma insulin/glucagon ratio leads to hepatic glycogen degradation, gluconeogenesis, β-

oxidation and ketogenesis (53-55). These hormonal effects on enzyme activity are summarized 

in Table 2-1.   

Table 2-1.  Effects of insulin and glucagon in key enzymes in control of ketogenesis 
Enzyme Location Action Result Effect of 

insulin (↓ in 
ketogenesis) 

Effect of 
glucagon (↑ 

in 
ketogenesis) 

Hormone-
sensitive 
lipase 

Peripheral 
adipocytes 

Metabolize 
TG to FA 

Elevated 
serum FA 

inhibited stimulated 

Acetyl 
CoA 
carboxylase 

Hepatocytes Converts 
acetyl CoA to 
malonyl CoA 

Malonyl CoA 
inhibits FA 
transport into 
mitochondria 

stimulated inhibited 

HMG CoA 
synthase 

Hepatic 
mitochondria 

Converts 
acetoacetyl 
CoA to 
acetoacetate 

Rate limiting 
step in 
synthesis of 
ketones 

inhibited stimulated 

Adapted from Laffell et al. 1999 (55). 
 

Ketogenesis is mediated by two enzymes, mitochondrial HMG-CoA synthase (mHS) and 

HMG-CoA lyase (HL). The reaction involving mHS is the major regulatory site and the rate of 

the reaction depends on substrate availability and regulation of mHS mRNA and protein levels 

(56, 57). In fasting or fat feeding in rats, activity of mHS is approximately doubled (56). 

Administration of glucagon or insulin can mimic conditions of KT and also alter mRNA levels 

(57-59). Additionally, hormonal changes affect transcription factors that control lipid metabolism 

and ketogenesis such as Foxa2 (60).   

Studies suggest that children’s ability to extract ketones is approximately 4–5 times greater 

than adults or adolescents (51, 61). The rate of production and utilization of glucose in infants 
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and children after fasting is almost 3 times that observed in overnight-fasted adults (51). 

Children have a higher brain-to-body ratio and lower glycogen stores causing an increased rate 

of glucose utilization per kilogram of weight, which accounts for the accelerated changes in 

plasma ketone and glucose during fasting compared to adults (62). 

Mechanisms of action regarding energy metabolism: Alterations in brain energy 

metabolism during KT result in alterations in the electrical properties of the brain causing 

decreased seizures, or an increase in seizure threshold in animal models. However, an elevation 

in ketones alone is unable to account for the mechanism of KT. There have been no direct 

associations found between seizure control and ketonemia (63-66), and ketones have not been 

found to directly modulate synaptic transmission (67). On the other hand, seizure response has 

been found to be correlated with reductions in blood glucose in calorie-restricted mice (68). 

Some of the theories of mechanism of action of KT involve energy metabolism such as: limited 

glucose, diminished glycolysis, increase metabolic efficiency, and an increase in energy reserves. 

In animal models, calorie restriction alone has slowed seizure susceptibility (48, 68) in 

which blood glucose correlated with risk of seizures. Similarly, both KT and calorie restriction 

result in a moderate reduction in blood glucose concentrations. It is hypothesized that calorie 

restriction reduces energy production through glycolysis, which limits the ability of neurons to 

reach high levels of synaptic activity necessary for the generation of seizures (48). There have 

also been reductions in glycolytic processes associated with treatment of KT. The concentration 

of fructose-1,6-bisphosphate, the key regulatory enzyme of glycolysis, is reduced after a 

ketogenic diet (46, 69, 70). In addition, glycolysis may be further diminished through elevations 

in ATP (46, 71-73) and citrate (74, 75) observed on KT through feedback inhibition 

mechanisms.  
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Other support for the theory of reduced glucose metabolism through glycolysis stems from 

studies using 2-deoxyglucose (2-DG), a glucose analogue that inhibits phosphoglucose 

isomerase and therefore inhibits glycolysis. Addition of 1mM 2-DG decreased epileptiform burst 

frequency in rat hippocampal slices exposed to extracellular potassium by 25-80% of baseline 

(76). In summary, both 2-DG and KT elevate electrographic seizure threshold in vivo; also, both 

2-DG and KT strongly reduce the progression of epileptogenesis in in vivo models of epilepsy; 

and, finally, both 2-DG (in vitro) and KT (in vivo) have reduced measures of hippocampal 

hyperexcitability (76-78). 

Clinical experience has shown that cheating, or ingestion of carbohydrates can result in a 

rapid rise in blood glucose levels, a shift in the metabolism to glycolysis, and an increase in 

break-through seizure activity (1, 61, 79, 80). In addition, fasting-induced seizure control has 

been associated with reduced blood glucose and increased blood ketones and when the fast was 

broken through food or glucose intake, seizure protection was lost in association with a rise in 

glucose and drop in ketone levels (81). Similarly, Huttenlocher PR (1976) showed that 

ketonemia and seizure control were rapidly reversed by intravenous infusion of glucose (61). 

During experimental starvation in humans, consumption of relatively small amounts of glucose 

per day greatly reduced ketone body production (82). Therefore, maintaining low glucose levels 

appears to be important for seizure control in which the break in metabolism resulting in seizures 

appears to be rapid, whereas the switch in metabolism to the use of ketone bodies appears to be 

more gradual.  

Clinically, researchers have tested an alternative to traditional KT in which a low-

glycemic-index diet was designed to allow more liberal carbohydrate intake for increased 

tolerance to the therapy. This therapy requires restrictions in the type of food that is consumed in 
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which only food that causes relatively small increases in blood glucose are used. One study 

found 50% of patients treated with this alternative therapy had a greater than 90% reduction in 

seizures (83), indicating that the low blood glucose may be important for mechanism of action 

against seizures.  

In addition to glucose metabolism, overall alterations in energy metabolism and efficiency 

have been observed during KT. Studies using microarray expression demonstrated that a 

ketogenic diet induced a coordinated up-regulation of several dozen metabolic genes associated 

with oxidative phosphorylation (73, 84). KT was found to stimulate mitochondrial biogenesis 

resulting in a 46% increase in the number of mitochondria in the hilus/dentate gyrus region of rat 

hippocampus (73). Several levels of energy metabolites are increased after KT, specifically 

glycogen and ATP concentrations were increased throughout the rodent brain (46). Also, the 

phosphcreatine:creatine energy-reserve ratio was found to be increased in both animals (73) and 

humans (72). Not only an increase in energy metabolites, but an increase in metabolic efficiency 

shown through a decreased respiratory quotient and maximal mitochondrial respiratory rate in 

rodents following the consumption of a ketogenic diet was observed. Similarly, ketones were 

suggested to be a more efficient source of energy per unit oxygen than glucose (85). Addition of 

either ketones or insulin markedly improved the energy status of the working perfused heart. It 

led to a 25% increase in hydraulic work with a significant decrease in oxygen consumption, 

increased free cytosolic ATP/ADP and phosphocreatine/creatine ratio, a 16-fold rise in acetyl-

CoA and increases in TCA cycle intermediates, which were induced by not only changes in 

glycolysis but also changes in mitochondrial ATP production through the respiratory electron 

transport chain (85-88). Ultimately, the increase in metabolites involved in oxidative 

phosphorylation and energy reserves may be important in offsetting energy deficiencies observed 
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in epileptic tissue, allowing brain tissue to be more resilient to irregular neuronal activity 

observed in seizures. 

Growth 

Although alterations in metabolism resulting from a high fat diet, or KT may be important 

for seizure control, the changes may also affect growth parameters. 

Compounding Factors 

While there is controversy in the literature as to whether or not abnormal growth is a direct 

adverse effect of KT, there are many compounding factors influencing this debate. One in 

particular is restriction of calories being used in many protocols for administration of KT (1). A 

potential risk of calorie restriction may be delayed growth and/or suboptimal nutrition status. In 

addition to calorie restriction, patients on KT are generally complex and present with multiple 

pathologies that effect growth such as cerebral palsy (CP), spasticity, scoliosis, etc (23, 89). 

These disorders not only affect energy utilization, but also complicate length and weight 

measurements needed to evaluate growth. Also, the medications used to treat these pathologies, 

in particular AED therapy, affect energy balance and can interfere with bone health and 

development (90, 91).  

Additionally, malnutrition, growth abnormalities and micronutrient deficiencies are 

common in neurologically impaired children (92). Some of the factors that may contribute to this 

status are inadequate dietary intake, oral motor dysfunction, altered energy expenditure, and 

increased nutrient losses as a result of medication side effects or disease pathology (92). Patients 

may present with difficulty swallowing and feeding, vomiting, gastrointestinal reflux, or other 

gastrointestinal issues (92, 93). Overall health can be affected by inadequate nutritional status, in 

particular the immunity status (93). This is additionally important for patients with epilepsy in 

which illness can exacerbate seizures (1). Consequently, the issue of growth and alterations in 
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metabolism in the KT population is likely multifaceted and it is difficult to determine a central 

cause in a clinical setting. 

Calorie restriction 

Calorie restriction has been used in administering KT since its creation in 1921. It is often 

used as part of the diet prescription; however there is conflicting evidence as to whether this is 

necessary for effectiveness of the therapy (3, 4). Some literature suggests that energy intake 

needs to be restricted to up to 75% of the recommended energy allowance in order to induce 

ketosis (4, 24). In contrast, some studies have shown that seizure control may be achieved 

without calorie restriction (3, 14). One study in particular found between 62 and 71% of patients 

had >50% improvement in seizure control with 100% of recommended daily caloric intake (3). 

Studies conducted in animals have found that energy intake may be the key for seizure reduction, 

not ketosis resulting from a high fat ketogenic diet. A study in rats fed a high carbohydrate diet 

that was restricted to 90, 65, or 50% of energy requirements and found that they had seizure 

thresholds equal to those fed a ketogenic diet, but significantly lower blood ketone levels (94). 

Cerebral palsy 

In addition to calorie restriction, a large number of patients with neurological impairment 

are diagnosed with CP. Estimates are anywhere from 15-60% of children with CP also are 

diagnosed with epilepsy and it is more commonly seen in intractable epilepsy (95-97). Many 

studies have been conducted on energy expenditure and growth in patients with CP and have 

concluded CP results in lower resting energy expenditure (REE) and abnormal growth (89, 98). 

Reports have found altered nutritional status and significantly lower height-for age, weight-for-

height, triceps skinfold thickness and upper arm circumference in children with CP or disabled 

children compared to healthy children or to recommended values (99, 100).   
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Epilepsy 

Another complicating factor is the issue of growth and epilepsy in general. Some studies 

have shown that epilepsy itself results in delayed linear growth. El Khayat et al. (2004) 

concluded that the longer duration of disease, the more negative the impact on stature in female 

patients with epilepsy compared to healthy controls (16). Sixty-six female patients were 

evaluated and found to have reduced mean height percentile compared with age-matched female 

controls and this was negatively correlated with duration of epilepsy (16). Additionally, El 

Khayat et al. (2003) studied male 8-18 year olds with epilepsy and found they were significantly 

shorter than matched controls (16, 101). 

AEDs 

Finally, medications may have a significant impact on growth and bone mineral density 

(91, 102-104). One common criterion used for referring patients with epilepsy to KT is a failure 

of at least three AEDs (1, 105). Therefore, most patients initiated on diet have been receiving 

multiple AEDs and continue these drugs until seizure control is achieved. Guo et al. (2001) 

reported that long-term AED therapy is associated with short stature (106). Furthermore, some 

AEDs affect the regulation of energy balance and appetite (100, 107). Topiramate is associated 

with a loss of appetite and loss of body weight (107), whereas carbamazepine and valproic acid 

have resulted in weight gain (108, 109). Additionally, a number of the common AEDs have been 

shown to interfere with the metabolism of vitamin D and influence risk for osteopenia and 

osteoporosis (93). Patients on AEDs have shown biochemical abnormalities in a number of 

metabolites involved in bone health such as decreased serum calcium, 25-

hydroxycholecalciferol, and phosphorus and increased alkaline phosphatase (110-113). Some of 

these changes have been attributed to increased microsomal P-450 oxidase activity leading to an 
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increased conversion of vitamin D to inactive metabolites (114), direct inhibition of intestinal 

calcium transport (112), and increased bone calcium turnover (115).   

Intractable Epilepsy 

Although many studies on nutritional status and energy expenditure have been conducted 

in the CP population, three recent studies have focused on the intractable epilepsy (IE) 

population. The first of these studies was to evaluate nutritional status, energy, and dietary intake 

in 17 children with IE excluding patients enterally or parenterally fed (93). Mean daily energy 

intake was less than recommended and unbalanced with 18, 39, and 43% of total daily energy 

intake from protein, lipid and carbohydrate. Mean weight and height were lower compared to 

normal values for sex and age, but not significantly different. However, 41.2% had a percentage 

of ideal body weight lower than 80% and were classified as malnourished, and 24% were 

considered wasted as defined as a percentage of ideal weight for height of less than 90%. Mean 

values for arm circumference and subscapular thickness were 6 and 4% lower and tricep 

thickness was 20% higher than reference values. Additionally, the degree of impairment and 

presence of feeding problems correlated with percent ideal body weight and height. There was a 

large variation in REE (-49 to 32%) between subjects and the mean was 5% lower than predicted 

values. Patients also had lower intakes of micronutrients, in particular <60% of recommended for 

calcium, iron, and zinc (93). 

The second study was designed to evaluate the nutrient intake of children 1-8 years old 

with IE (n=43) compared to healthy children from the National Health and Nutrition 

Examination Survey (NHANES) 2001-2002 (n=1,718) and with the Dietary Reference Intakes 

(DRI) (116). The energy and macronutrient intake of children with IE was significantly lower 

compared to NHANES and more energy was consumed from fat and less from carbohydrate. 

They found that 70% were below the estimated energy requirement for low active children, and 
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49% were below the estimated energy needs for sedentary children. Children with IE had 

significantly lower intakes of vitamin A, vitamin E, vitamin B6, vitamin B12, riboflavin, niacin, 

folate, calcium, phosphorus, magnesium, zinc, copper and selenium compared to the NHANES 

data (116). Over 30% of IE children had intakes below the RDA for vitamin D, vitamin E, 

vitamin K, folate, calcium, linoleic acid and α-linolenic acid (116). Intake of calcium, vitamin D 

and vitamin K, key nutrients involved in bone health and metabolism, was suboptimal in children 

with IE.  

Most recently, Bergqvist et al. 2008 evaluated the REE using indirect calorimetry, energy 

intake from a 3-day weighed food record, growth status and body composition in 25 prepubertal 

children with IE compared to 75 healthy children of similar age and sex (117). They also 

stratified IE patients based on whether or not they had a diagnosis of CP. Children with IE had 

significantly lower percentage of predicted REE, weight z score, body mass index z-score, and 

fat free mass compared with healthy children. No significant difference was observed between IE 

without CP and the healthy children for weight, height, and BMI z score and percentage of 

predicted REE. Weight, height, and BMI z score were significantly lower in IE children with CP 

compared with healthy controls. Therefore, CP was found to be a major factor in the suboptimal 

growth status and lower REE of the children with IE. Energy intake was found to be a significant 

predictor of REE in children with IE. They concluded that compared to healthy children, children 

with IE have suboptimal growth and lower REE due to poor energy intake and not due to 

elevated energy expenditure (117). 

Growth and KT 

Currently, it is controversial as to whether or not growth abnormalities are present in the IE 

population on KT. Most patients receiving this therapy are in the pediatric age range and 

literature reports are inconclusive concerning whether or not KT results in an adverse effect on 
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growth (14, 15). There have been 8 studies evaluating growth status in patients on KT (3, 14, 15, 

118-122). As previously reviewed, growth may be suboptimal in patients with IE regardless of 

administration of KT, and energy restriction is sometimes used in patients on KT. Therefore, it is 

difficult to interpret results from studies in this complex patient population.  

One group found a significant decrease in height-for-age z scores among subjects with 

high ketosis and following the diet for 12 months, and no significant decrease in height-for-age z 

scores for patients in moderate ketosis for whom the prescribed energy intake was based on a 3-

day food record (14). Another study in which patients received adequate protein and energy 

intakes for normal growth (approximately 1g/kg body weight per day and 75kcal/kg per day) 

reported a significant increase in both height and weight after 6 months on the diet. The mean 

percentile for height and weight, and the weight for height percent standard did not change from 

before the diet to 6 months on therapy (15). Interestingly, a study that implemented calorie 

restriction by prescribing initial energy at 75% of estimated total energy expenditure, also found 

significant increases in height for children on both the classical diet and a modified medium 

chain triglyceride (MCT) diet from 0 to 4 months on therapy. Although there were significant 

increases in absolute height, there were not significant increases in height-for-age percentiles and 

there was a significant decrease in the mean weight percentiles for the patients on the classical 

ketogenic diet from 0 to 4 months (118). Results of these two studies are outlined in Table 2-2. 

This also indicates that although height and weight may be changing, if there is no comparison to 

a reference population, or the z score is not evaluated, some of the results in the literature may be 

insufficient for determining conclusions for growth being a potential adverse effect. Whether or 

not calorie restriction is being used complicates the results and makes it difficult to distinguish 
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whether growth abnormalities are a result of restricting energy and/or the composition of the diet 

involved with KT.   

Table 2-2.  Comparison of study results for a diet prescribing adequate calories for growth and a  
calorie restricted diet of 75% of total energy expenditure 

Dietary Intake Absolute  Percentiles 
Height Weight Height % Weight % 

Adequate protein and 
energy intake  
(15) 

Significant 
increase 

Significant 
increase 

No significant 
change 

No significant 
change 

 
Calorie restriction 
(118) 

Significant 
increase 

No significant 
change 

No significant 
increase 

 

Significant 
decrease 

 
More recently, Neal EG et al. (2008) and Spulber G et al. (2008) both evaluated growth 

parameters and examined relationships among dietary factors and blood parameters. Neal et al. 

(2008) was the first to compare growth in children on both the classical and MCT oil ketogenic 

diets and to evaluate relationships between growth and calorie and protein intakes (121). In 75 

children on KT, they found weight z scores decreased significantly between baseline and 3, 6, 

and 12 months, and height z scores decreased significantly by 6 and 12 months on diet. Out of 40 

children that completed 12 months of treatment, no significant difference was detected in mean 

energy intake of subjects on the classical compared to the MCT oil ketogenic diet, however 

subjects on the MCT diet had a higher protein intake. No correlations were detected between 

calorie or protein intake and weight, height, or BMI. At baseline, significant differences in 

height, weight, and BMI z scores were not detected for ambulatory children compared to non-

ambulatory children; however at 3,6, and 12 months on diet, the decrease in weight z score from 

baseline was highly significant in the ambulatory group but not the non-ambulatory group. 

Similarly, height z score decreased significantly in the ambulatory group at 6 months but not in 

the non-ambulatory; however at 12 months, both groups had a significant decrease in height z 

score. Using a paired t-test, differences in weight z score between baseline and 3, 6, and 12 
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months was significant in the 2-6 yr old children, but not in the older groups. Height z scores 

were not significantly different at 3 months in any age group; however at 6 and 12 months, the 2-

6 yr old and 7-11 yr old group had a significant decrease in height z score compared to baseline 

but no changes were significant in the 12-16 yr old group. Overall, both weight and height z 

scores decreased during KT, and at 12 months no difference was detected between classical and 

MCT diets even though the MCT diet resulted in a higher protein intake (121). 

Spulber G et al. (2008) were the first to examine the issue of growth in this population 

using height velocity and to compare growth to serum insulin-like growth factor 1 (IGF-1). In 22 

patients on KT, weight, height and BMI velocity decreased significantly after initiation of 

therapy. KT also resulted in a decrease in IGF-1 levels (Table 2-3). They found no correlations 

between seizures and growth; however height velocity correlated negatively with serum BHB 

(122). 

Table 2-3.  Growth and IGF-1 values (mean ± SD) before and after starting KT 
Variable 1 year before KT Before KT After 1 year on KT 

Height SD score -0.65 ± 2.06 -0.77 ± 2.27 -1.14 ± 2.09a 
Weight SD score -0.48 ± 1.79 -0.65 ± 2.13 -1.17 ± 1.62a 
BMI SD score 0.12 ± 1.37 -0.21 ± 1.10 -0.71± 1.04a 
Height velocity SD 
score 

 -0.60 ± 2.22 -4.10 ± 2.17a 

IGF-1 SD score  -1.04 ± 0.98 -3.25 ± 0.83a,b 
Adapted from Spulber G et al. (2008) (122). SD= standard deviation score similar to a z score. a- 
Wilcoxon test, p<0.05. b- Average over the values measured during the first year on KD. 
 

While the mechanism of therapy remains unknown, calorie prescription remains an 

important factor in both growth and possibly efficacy of therapy, yet it remains a controversial 

issue. Currently clinicians have two options available when planning for growth of the patients: 

normal growth, providing recommended caloric intake (3) or delayed growth, restricting the 

amount of calories in the patients’ diet prescription (14, 24). There is conflicting evidence for 

support of both. Further research should be conducted to determine whether or not the growth 
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rates for children on KT are normal or abnormal with and without calorie restriction, and if 

calorie restriction is necessary for efficacy of therapy. As reviewed earlier, patients with IE often 

present with other underlying etiologies and are often on multiple AEDs, which both have been 

shown to effect growth and bone mineral density (90, 91, 102-104, 123). Consequently, the issue 

of growth and alterations in metabolism in the KT population is likely multifaceted, and it is 

difficult to determine a central cause in a clinical setting (Figure 2-1). Caution should be used in 

interpreting the literature and conclusions on growth in patients on KT. 

 
 

Figure 2-1.  Compounding factors contributing to the evaluation of growth in the KT population. 

Dyslipidemia 

In addition to growth, the blood lipid profile may also be affected by changes in 

metabolism resulting from KT. 

While KT has been shown to be effective against seizures, it requires a fat intake (80-90% 

of calories) much higher than recommended by the American Heart Association (AHA). The 

altered macronutrient ratio that forms the basis of KT is a concern because it is a potential risk 
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factor for dyslipidemia, which has been associated with chronic vascular disease (17, 18). 

However, there is conflicting evidence in the literature as to whether or not dyslipidemia is an 

adverse effect of KT (17, 124-126).    

Currently none of the available feeding options for patients on KT provide a balanced fatty 

acid profile similar to what is recommended by the AHA for healthy Americans. While some on 

a ketogenic diet are prescribed a 4:1 ratio of fat to protein and carbohydrate and consume 90% of 

their calories from fat, there is no evidence to suggest that their fatty acid profile should not be 

consistent with what is recommended by AHA. In general during therapy, orally-fed patients 

receive foods high in saturated fatty acids (SFA) such as heavy whipping cream, mayonnaise, 

and fat in meats and cheeses, whereas tube-fed patients receive mostly polyunsaturated fatty 

acids (PUFAs), specifically omega 6 fatty acids. There are five main feeding options for patients 

undergoing therapy:  

1. Solid food for orally-fed patients only, including heavy whipping cream, mayonnaise, oil, 
meat, cheese, etc., 

2. Ketogenic eggnog for orally-fed patients made up of 36% heavy whipping cream plus egg 
substitutes, which may be used as the sole source of calories for the first few days of 
therapy,  

3. Ross Carbohydrate Free (RCF®) (Abbott Nutrition, Columbus, OH) or Beneprotein® 
(Nestlé Nutrition, S.A., Vevey, Switzerland ) and Microlipid® (Nestlé Nutrition, S.A., 
Vevey, Switzerland), a safflower oil emulsion for tube-fed patients,  

4. KetoCal® (Nutricia North America, Gaithersburg, MD), a commercially available 
powdered product that provides a non-modular approach to KT and includes some 
vitamins and minerals for orally-fed and tube-fed patients. Preparation only requires the 
addition of water, and  

5. Resource® Benecalorie® (Nestlé Nutrition, S.A., Vevey, Switzerland), a low volume, 
calorie dense supplement with additional protein, vitamins, and minerals suitable for 
orally-fed and tube-fed patients. 

For patients who are fed solid food only, the sources of fat consumed generally lead to a 

fat intake of mostly SFA. For patients who consume ketogenic eggnog via tube feeding, the 
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primary source of fat comes from MicroLipid® (Nestlé Nutrition, S.A., Vevey, Switzerland), a 

safflower oil emulsion available by prescription only, or from other vegetable oils and resulting 

in an intake that provides primarily PUFAs. Additionally, although KetoCal® is very convenient 

for caregivers to use, it is mostly monounsaturated fatty acids (MUFAs) and specifically uses 

hydrogenated soybean oil in the 4:1 product that leads to a high trans fatty acid intake. Finally, 

for patients using Benecalorie® (Novartis), another commercially available product, the fatty 

acid composition is mainly MUFA due to the use of high oleic sunflower oil. None of these 

options provide a balanced fat profile that is similar to the recommended for healthy Americans 

(Figure 2-2), and intake of diets with these fatty acid profiles could ultimately lead to problems 

with dyslipidemia (17, 18). 

 

Figure 2-2.  Approximate fatty acid percentages in the various KT feeding options.   
(SFA=saturated fatty acids, MUFA=monounsaturated fatty acids, 
PUFA=polyunsaturated fatty acids) 
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Type of Fat and Efficacy of KT 

Current research into the mechanism behind the anti-seizure effects of a high fat diet 

suggests that the beneficial effects may be related to elevated plasma levels of PUFAs especially 

arachidonic acid (AA) and docosahexaenoic acid (DHA) (127). KT has been found to produce 

elevations of both AA and DHA in serum (128, 129) and brain (130) of patients and animals; 

therefore many theories have developed in relation to PUFAs and mechanism of diet. These 

elevations may be due in part to the idea that their precursors α-linolenate and α-linoleate are 

more easily oxidized, supported by more rapid transport of these PUFA’s into the mitochondria 

(131). Another possible mechanism behind the clinical benefit was developed based on studies 

with labeled 14C and 13C on α-linolenate and α-linoleate getting into newly synthesized lipids, 

such as cholesterol or a saturated or monounsaturated fatty acid (132). This pathway has been 

termed carbon recycling because the carbon starts out on the PUFA and then gets transferred to 

cholesterol or a fatty acid. This recycling phenomenon has been well documented in animal 

models (133, 134). Carbon recycling is thought to be beneficial in that it allows the capture of 

the α-linolenate that is not completely oxidized and then more of α -linolenate’s end product, 

DHA, is produced (127).    

To evaluate whether or not a ketogenic diet enriched in linoleate and α-linolenate induced 

more ketosis, a study using a rat model was performed. The researchers found that a high MCT 

diet raised BHB the most, followed by a flaxseed oil enriched diet (approximately 60% α –

linolenate), which was much more ketogenic than the butter diet. Although there was higher 

ketosis with the MCT diet, there was no difference in protection of seizures versus the flaxseed 

oil diet. Ultimately, this study found that diets rich in either of the two PUFAs linoleate and α -

linolenate are more ketogenic compared to diets with less unsaturated long chain fatty acids (64).   
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Other studies have found that under fasting conditions, there is a differential, more rapid 

release of α -linolenate and linoleate from adipose tissue in humans and in rats compared to other 

long chain fatty acids (135, 136). A more recent study in rats showed that although the level of 

ketosis was not detectable on day 10 of the ketogenic diet, the diet reduced PUFAs in adipose by 

44%  and plasma up to 90%, respectively, increased PUFAs in liver triglycerides 25-fold and 

increased the levels of AA and DHA in the brain 15% (130). This led to the idea that the net fatty 

acid flux on the ketogenic diet was from adipose tissue through the blood to other tissues 

including the brain and that redistribution of PUFA to the brain may have seizure suppressing 

effects (130). Studies performed in humans have found that a 2- to 5- fold increase in AA and 

DHA in the plasma is accompanied by improved seizure control (128). The benefits of this 

redistribution of PUFA to the brain may be supported by studies conducted in a rat model in 

which exogenous-infusion of DHA produced direct seizure-suppressing effects (137). 

Consequently, the increased ketogenic effect of these two fatty acids may be an additive effect 

from both the preferential release of PUFA from adipose and their preferential β-oxidation (127). 

Research also suggests that the mechanism responsible for the beneficial effects of KT 

involves the actions of PUFA on voltage gated Na+ channels, neuronal excitability, activation of 

lipid-sensitive K2P channels, and induction of mitochondrial uncoupling proteins (138-140). 

However, this hypothesis remains controversial due to differences in fatty acid content of the 

diets consumed by patients, the route of feeding (i.e., orally-fed versus tube-fed), and among 

different medical centers, yet efficacy reports remain similar. In addition, a recent study by 

Dahlin et al., 2007, measured the levels of 17 FAs in plasma phospholipids before initiating diet 

treatment and at 1,3,6, and 12 months after diet initiation in 25 children. They also supplemented 

the diet at 1 month with omega-3 FAs as fluid fish oil with 40% omega-3 fatty acids with 17.5% 
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from eicosapentaenoic acid and 11% from DHA. While they found significant changes in several 

FAs, there was no correlation between seizure response and FA levels (124). On the contrary, 

Fraser et al. (2003) reported a positive correlation between total serum AA and a reduction in 

seizure frequency (128). These results suggest that it may be possible to alter the composition of 

the diet to offer more cardiovascular protection on therapy without a change in efficacy. This 

possibility needs to be tested. 

Based on these theories, new research into the use of dietary supplementation with PUFAs 

alone for the treatment of seizures has been conducted. Although early case reports suggested 

benefit (141), a recent randomized trial in adults with epilepsy did not show benefit of PUFA 

supplement (EPA plus DHA, 2.2 mg/day in a 3:2 ratio) versus placebo (142). Yuen et al. (2005) 

reported a decrease in seizure frequency at 6 weeks in patients supplemented with 1 g 

eicosapentaenoic acid and 0.7 g DHA daily compared to placebo, however, the effect was not 

sustained (143). More research is needed to consider differences in amounts of EPA and DHA 

and the ratio between the two, duration of treatment, as well as age and seizure types. At this 

point it is still unknown whether differences exist for the optimal fatty acid profile for 

effectiveness against seizures versus overall cardiovascular health. 

Effect of KT on Blood Lipids 

Several studies have been conducted on the effect of KT on blood lipids; however, 

dyslipidemia as a potential adverse effect of KT remains controversial. Some researchers have 

shown that the diet results in an atherogenic blood lipid profile (17, 144, 145), while others have 

not (126, 146), and some reports show mixed results depending on time on diet and type of 

ketogenic diet (18, 61, 118, 124, 147). A prospective study in 141 children on traditional therapy 

found a significant increase in atherogenic apo-B-containing lipoproteins and a significant 

decrease in anti-atherogenic HDL cholesterol on diet as compared to before diet (17). The 
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changes were less marked at 12 and 24 months on diet. Similarly, Dahlin et al. 2007 showed that 

cholesterol and triglycerides showed maximal levels at 1 month after starting the diet but then 

decreased over time on diet to values within normal limits (124). A retrospective review of early 

complications of the diet reported that 14.7% of patients had hypercholesterolemia, 27.1% had 

hypertriglyceridemia, and 3.9% had low HDL cholesterol within 4 weeks of initiation. However, 

of the 41 patients with hypercholesterolemia, 73.2% improved spontaneously, of the 46 patients 

with hypertriglyceridemia, 71.7% improved spontaneously and of the 6 with low HDL, 66.7% 

improved without interventions (18). 

Effect of Modifying Fatty Acid Profile on Blood Lipids  

In terms of modifying the therapy to alter blood lipids, several reports have been 

published. One study of healthy young adults in 2004 found that the subjects who received a diet 

high in SFA had significantly higher LDL cholesterol and total cholesterol concentrations 

compared to subjects receiving a diet high in PUFA (125). All diets contained 70% fat, 15% 

carbohydrate, and 15% protein. The PUFA enriched diet contained 15% SFA, 25% MUFA and 

60% PUFA, whereas the SFA fat diet contained 60% SFA, 25% MUFA, and 15% PUFA. The 

subjects who received a diet high in saturated fatty acids had significantly higher LDL 

cholesterol and total cholesterol concentrations compared to subjects receiving a diet high in 

polyunsaturated fatty acids (125). Another older study was designed to compare the effect of 

incorporating a medium-chain triglyceride (MCT) diet and a modified MCT diet versus the 

classical ketogenic diet. The classical diet patients had a significantly higher blood ketone 

concentration compared to patients on the other two diets, and although cholesterol and LDL 

cholesterol were higher for patients on the traditional diet, they were not significantly different, 

and none of the three diets had significant effects on cholesterol and lipoprotein levels, despite 

the high fat intake (126). Huttenlocher PR (1976) found that children on the MCT oil diet did not 
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have elevations in serum cholesterol, whereas children on the classical version did (61). 

Similarly, in a prospective study of 25 children, 14 on classical KT and 11 on MCT oil version, 

there was a 0.7 decrease in the ratio of total to HDL cholesterol at 4 months in the patients on 

MCT oil but not in the classical diet (118). 

The most recent study reported on the issue of dyslipidemia was a prospective study of 137 

subjects designed to examine triglyceride and total cholesterol at baseline and after diet initiation 

(147). Hypercholesterolemia was defined as cholesterol >200 mg/dL. The percent of children 

with hypercholesterolemia at any time point increased from 25% at baseline to 60%. When 

patients were stratified into groups, the group with cholesterol <200 mg/dL were younger (1.5, 

4.0, p<0.001), and there were significantly more patients fed solely formula through a g-tube. 

Children who were tube-fed were less likely to have high cholesterol than oral feeders after 

adjusting for age and diet ratio. In patients receiving solid food, hypercholesterolemia occurred 

most often, however, cholesterol improved in almost 50% even without interventions. Dietary 

interventions such as substitution with MCT or PUFA, decreasing ratio, or adding carnitine were 

tried in patients with hypercholesterolemia. There was only a slightly higher likelihood of a 

decrease in cholesterol in children who had an intervention compared to observation alone (60% 

vs 41%; p=0.11). No children discontinued the diet due to dyslipidemia as an adverse effect of 

the therapy, however (147). 

Table 2-4.  Dietary interventions and improvement in patients on KT with hypercholesterolemia 
Intervention Improvement No Improvement 
MCT oil substitution 
PUFA substitution 
Decrease in ratio 
Addition of carnitine 

1 
3 
4 
1 

1 
2 
2 
1 

Adapted from Nizamuddin J, Turner Z, Rubenstein J, Pyzik P, Kossoff E. Management and risk 
factors for dyslipidemia with the ketogenic diet. J Child Neurol. 2008 Jul;23:758-61 (147). 
Improvement defined as ≥20% reduction in total cholesterol and n=15. 
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These data suggest that altering the fatty acid profile given to patients on KT may produce 

effects on blood lipid levels, but the long term effect on the KT population is unknown. 

Therefore, we assessed the blood lipids of patients on KT retrospectively and prospectively to 

elucidate if dyslipidemia is prevalent in this population and if it is related to diet prescription, 

type of fat, and/or length of time on diet. 

Preliminary Studies 

Evaluation of ketogenic eggnog and KetoGatorNog treatment for seizures 

The rationale for improving KT was based on the variations in the fatty acid profile and the 

limited amounts of most vitamins and minerals present in the ketogenic diet. In the late 1990s, a 

new dietary ketogenic formula, called KetoGatorNog (KGN), was developed and tested with 

patients at the University of Florida to see if it improved nutrient intake. KGN was created using 

ProViMin, a protein, vitamin, and mineral powder (Ross laboratories, Columbus, OH), 

Microlipid® (a safflower oil emulsion by Nestlé Nutrition, S.A., Vevey, Switzerland), and a 

unique blend of oils composed of canola, olive, and MCT oil. These were used in specific 

amounts to yield a fatty acid profile similar to what is recommended by the AHA for healthy 

Americans (Figure 2-3 and Tables 2-5 and 2-6).   

The main purposes of the study were to:  

• Improve the vitamin and mineral composition of the traditional ketogenic eggnog (KE) 
• Improve the fatty acid profile of the traditional therapy 
• Decrease the nutrient content variability   
• Increase the shelf life of the ingredients used in traditional KE 
• Ensure palatability of the new formula 
 

This was a preliminary study that included 10 patients who completed the study at baseline 

and 3 months. Five subjects were randomly selected as standard KE patients and 5 were selected 

as KGN patients. There were no significant differences between the diet groups for height, 
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weight, age, gender, or race. After 3 months of treatment, serum triglycerides (TG) were 

significantly higher in KE patients compared to KGN (p= 0.0019). The increase in TG from 

baseline to 3 months was greater in KE than in KGN. A significant increase in total cholesterol 

was detected only in the subjects randomized to KE. HDL cholesterol decreased significantly 

(p=0.0079) in the KE patients after 3 months and remained roughly the same in the KGN 

patients (p=0.9371). Non-HDL cholesterol increased significantly after 3 months in KE 

(p=0.014) and not in KGN (p=0.6952). Additionally, non-HDL was significantly higher at 3 mo 

in KE compared to KGN (p=0.048). LDL cholesterol decreased in KGN during the 3 months of 

study, but was not statistically significant (p=0.5307) (Table 2-7). TG levels were too high to 

obtain LDL cholesterol levels in the KE patients (Figures 2-4 and 2-5). 

 
Figure 2-3.  Approximate fatty acid percentages in the AHA recommendations and the KGN fat 

blend. Calculations for the AHA were made for percentages of fatty acids based on 
recommendations in 2000 of total fat intake <30%, saturated 7-10%, and 
polyunsaturated up to 10% (148). Average of 8.5 was used for SFA, 10 for PUFA 
and 30-8.5-10=11.5 for MUFA, for a total of 30.5. SFA=8.5/30.5=28%, 
PUFA=10/30.5=33%, and MUFA=12/30.5=39%. (SFA=saturated fatty acids, 
MUFA=monounsaturated fatty acids, PUFA=polyunsaturated fatty acids) 
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Although preliminary, the serum lipid results for KGN patients suggest superiority over the 

traditional KE therapy. The ability of the new formula to keep the triglyceride level lower than 

with KE therapy, increase the levels of HDL cholesterol and to decrease the levels of LDL 

cholesterol, can suggest that it is possible to improve the overall nutrient intake of the patients on 

KT. 

Table 2-5.  Micronutrient adequacy for PO Ketogenic Eggnog (KE-PO)  
Age vitamins <50% minerals <50% 
4-6 yr C (7%) 

thiamin (29%) 
niacin (3%) 
B-6 (27%) 
D (0%) 
K (0%) 
biotin (0%) 

Ca (49%) 
Fe (28%) 
Mg (44%) 
P (48%) 
Zn (24%) 
Cu (5%) 
Mn (1%) 
I (0%) 
Se (0%) 

Adapted from Hang, T, 2000 (149). PO Ketogenic Eggnog (KE-PO) compared to current 
ketogenic eggnog used in traditional therapy versus the new dietary formula used in the study, 
KetoGatorNog (KGN). There were no vitamins and minerals less than 50% in the PO 
KetoGatorNog (KGN-PO) formula. Analysis performed by Tran Hang and Jodi Passman. 
 
Table 2-6.  Fatty acid profile of KGN-PO and KGN-TF compared to KE-PO and KE-TF 

 KGN-PO  KE-PO KE-TF 
 

SFA 28% 58% 10% 
short chain not detected 3% not detected 
medium chain 20% 17% not detected 
long chain 7% 37% 10% 
MUFA 39% 28% 12% 
PUFA 30% 8% 78% 
linoleic 26% 7% 78% 
α-linolenic 4% 1% not detected 
Adapted from Hang, T, 2000 (149). The fatty acid profile compared to the traditional ketogenic 
eggnog (KE) used in current KT versus the new dietary formula used in the study, 
KetoGatorNog, KGN.  Analysis performed by Tran Hang and Jodi Passman. Note that the sum 
of short, medium, and long chain FA did not always add up to total SFA because sum of short, 
medium, and long chain FA values as decimal form rather than whole numbers. KGN-PO (PO 
KetoGatorNog) and KGN-TF (Tube-fed KetoGatorNog) compared to KE-PO(PO ketogenic 
eggnog) and KE-TF(Tube-fed ketogenic eggnog). 
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Figure 2-4.  Mean values for triglycerides and total cholesterol in mg/dL at initiation (0 months) 
and end of study (3 months) for patients on traditional ketogenic therapy (KE) versus 
the new KetoGatorNog (KGN). 

 

Figure 2-5.  Mean values for HDL cholesterol, non-HDL cholesterol, and LDL cholesterol in  
mg/dL at initiation (0 months) and end of study (3 months) for patients on traditional 
ketogenic therapy (KE) versus the new KetoGatorNog (KGN). 
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Table 2-7.  Comparison of blood lipid data for KE versus KGN 
 TG 

mg/dL 
Total Chol 

mg/dL 
HDL 

 mg/dL 
NonHDL  

mg/dL 
 Baseline 3 mo Baseline 3 mo Baseline 3 mo Baseline 3 mo 
KE (mean 
± SD) 115±36 651±217 211±60 296±153 58±7 39±11 153±60 256±146 

KGN 
(mean ± 
SD) 

83±26 268±121 170±19 181±25 46±13 46±5 124±20 135±23 

KE 
Baseline vs 
3 mo (p-
value) 

0.0003 0.0445 0.0079 0.0140 

KGN 
Baseline vs 
3 mo (p-
value) 

0.0408 0.7216 0.9371 0.6952 

KE vs 
KGN (p 
value) 

0.6782 0.0019 0.4205 0.0690 0.0838 0.2990 0.5457 0.048 

 
Emulsion project 

There are no commercial lipid emulsions currently available that contain the fatty acid 

profile recommended by the AHA. In an effort to combine the recommended fatty acid profile in 

KGN in a more patient friendly manner, an emulsion project was started. The purpose of the 

emulsion was to create a fat blend that would be convenient for parents and patients to use 

instead of weighing and mixing all of the oils individually, and to provide a healthier fat blend 

than what is currently available commercially. The blend was based on the KGN recipe, but 

instead of using Microlipid, a fairly expensive commercial product, safflower oil and soy lecithin 

were used. A pressure homogenizer was used to blend the oils, lecithin, and water. For the 

purpose of optimizing the emulsion, 3 variables were examined: 

1. Concentration of soy lecithin (within recommended use range) 
2. Duration of homogenization 
3. Concentration of water 
 

Emulsions were photographed immediately after preparation and at varying periods of 

storage at 4 degrees C. Separation of the emulsion was measured based on separation 
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percentages that were defined as the height of interface between aqueous and emulsified layers/ 

total height of the fluid volume. Quality of emulsion was defined by assigning a grade of the 

emulsion after mixing by 10 inversions. After storage for more than 100 days, an emulsion made 

with 0.74% soy lecithin, 45% water, and 40 homogenization cycles had no separation and good 

appearance following inversion. These preliminary results need to be evaluated using a larger 

volume and more sterile conditions.   

Acylcarnitine Profile 

While KT affects brain metabolism resulting in changes in seizure activity and may alter 

metabolism to effect both growth and blood lipids, ingestion of a very high fat diet may also be 

expected to affect the acylcarnitine profile. Carnitine is a major metabolite involved in fatty acid 

metabolism, and therefore, esters of carnitine, or acylcarnitines, may be altered from radical 

changes to dietary intake. 

Introduction 

L-Carnitine (trimethylamino-β-hydroxybutyrate) (LC) is present in cells and tissues as 

both free carnitine and acylcarnitines, including acetyl-L-carnitine (ALC). LC is a naturally 

occurring endogenous compound in all mammalian species and its most widely known function 

is as an important transporter of long-chain fatty acids into mitochondria for β-oxidation. 

Humans obtain carnitine predominately from meat and dairy foods and through endogenous 

biosynthesis. LC is synthesized in vivo from L-lysine and L-methionine mostly in liver and 

kidney (150).   

Under normal conditions, carnitine palmitoyltransferase 1 (CPT 1) uses carnitine and acyl-

Coenzyme A (acyl-CoA) as substrates and catalyzes one of the first highly regulated steps that is 

common to fatty acid oxidation and ketogenesis (Figure 2-6) (151, 152). Therefore, the critical 

substrates carnitine and acylcarnitines are important in understanding the metabolic pathway 
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associated with ketosis. While carnitine is an important metabolite involved in β-oxidation of 

fatty acids, it may also be important in transporting other metabolites due to its ability to form 

esters with many carboxylic acids. The free hydroxyl group, shown in Figure 2-7, can be 

enzymatically esterified to activated acetate groups or to another activated carboxylic acid 

including fatty acids of all chain lengths, to form acylcarnitine and carry the acyl groups 

throughout the body (Figure 2-8) (151). Carnitine acetyltransferase (CAT) catalyzes the 

synthesis of short-chain acylcarnitines, specifically ALC, and is located on the inner 

mitochondrial membrane as well as in microsomes and peroxisomes. ALC and other 

acylcarnitines can be transported across the inner mitochondrial membrane by carnitine-

acylcarnitine translocase and transported out of the mitochondrial membrane into the cytosol 

(151, 152). ALC is an activated, water-soluble molecule that is transportable from one organ to 

another, providing an acetyl group for various functions. 

 

 
 
Figure 2-6.  ALC and energy metabolism. Integration of ketone and ALC metabolism. 
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Figure 2-7.  L-carnitine structure. 

 

 

Figure 2-8.  Example acylcarnitine structures. 

Acylcarnitine Profile and Clinical Applications 

LC has an amphiphilic structure making it very mobile throughout the cell and the free 

hydroxyl group allows for the potential of many different molecules to attach creating a wide 

array of possible acylcarnitines (Figure 2-7). The ability to esterify and transport metabolites 

throughout the body distinguishes LC as a unique metabolite and suggests the acylcarnitine 
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profile as a useful indicator of metabolic changes, particularly related to disease states. In 

addition, this wide array of possibilities also leads to a broad range of structures that chemically 

and metabolically are very different. For instance, ALC is a small, water soluble molecule that is 

easily transportable and may be used to deliver acetyl groups to a variety of locations. Yet a 

long-chain fatty acylcarnitine, such as palmitoylcarnitine, needs a transporter to cross the 

membrane and therefore may be more restrictive in its actions (Figure 2-8). As a result, changes 

in individual acylcarnitines may imply changes in specific metabolic pathways and monitoring of 

these should lead to a better understanding of mechanisms of disease and allow for better design 

of treatment regimens. The acylcarnitine profile has been shown to be useful in identifying 

inborn errors of metabolism in neonatal screening and in particular fatty acid oxidation defects, 

such as long-chain acyl-CoA dehydrogenase-deficiency (VLCAD), disorders of organic acid 

metabolism such as propionyl-CoA carboxylase deficiency using tandem mass spectrometry-

based analysis (MS/MS), (153-155) and recently using metabolomics methodology to identify 

patients with methylmalonic and propionic acidemia (156). 

Inborn errors of metabolism can lead to a build-up of toxic metabolites and can result in 

serious, even fatal diseases early in life. For this reason, early comprehensive neonatal screening 

is used to detect abnormalities to avoid major physical and neurological effects (158). Mass 

spectrometry (MS)-based analysis is used to detect and diagnose newborns by identifying and 

quantifying specific metabolites (157, 159). Newborn screening by MS/MS has identified 

compounds and provided early treatment to infants with disorders of mitochondrial β-oxidation, 

organic acidemias, disorders of the urea cycle, and rare disorders of metabolism such as short-

chain acyl-CoA dehydrogenase (SCAD) deficiency before the onset of symptoms. For example, 

after the application of tandem mass spectrometry was introduced clinically, infants with SCAD 
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and isobutyryl-CoA dehydrogenase deficiency have been detected based on elevated butyryl-

carnitine/isobutyryl-carnitine concentrations in newborn blood spots (160), even though two out 

of three infants remained asymptomatic at the time of diagnosis. Some age-related variations in 

acylcarnitine and free carnitine concentrations have been observed and should be taken into 

consideration when diagnosing and managing inborn errors of metabolism (157, 161). Inborn 

errors of metabolism detected by acylcarnitine profile analysis adapted from Rinaldo et al., 2008 

and their corresponding acylcarnitine changes are listed in Table 2-8 at the end of the chapter 

(162). 

In addition to identifying inborn errors of metabolism, the acylcarnitine profile may also be 

useful in identifying other metabolic perturbations. In healthy neonates, cord blood 

concentrations of total acylcarnitines strongly correlated to birth weight and lower umbilical 

artery pH caused accumulation of long-chain acylcarnitines (157). The acylcarnitine profile may 

be a useful parameter for identifying perinatal asphyxia and other metabolic disturbances in 

utero. 

Outside of newborn screening, other alterations in metabolism may be detected through 

monitoring of the acylcarnitine profile. Ulcerative colitis is a disorder involving chronic 

inflammation of the colonic mucosa in which the etiology and pathogenesis of the disease are 

unknown. Alterations in short chain fatty acid metabolism have been identified in patients with 

this disease (163). Celiac disease is an autoimmune disorder derived from gluten intolerance. 

Bene J et al. (2005, 2006), found a significant difference in acylcarnitine profile in plasma of 

adult patients with ulcerative colitis and patients with celiac disease compared with controls with 

no change to free carnitine levels (164, 165).   



 

59 

More recently, metabolomics is being used to create a more comprehensive metabolic 

profile of the plasma through nontargeted liquid chromatography MS that allows the investigator 

to view thousands of metabolites and identify significantly different metabolic features (156). 

The metabolome, including the acylcarnitine profile, is becoming an increasingly popular tool in 

the literature (more detail on metabolomics in the next section). Many labs have evaluated the 

utility of acylcarnitine profiles in the diagnosis of inborn errors of metabolism, some of which 

were reviewed by Pasquali M et al. (2006) (166). Supplementation of specific acylcarnitines, 

furthermore, may lead to different effects for particular disease states. For example, propionyl-

carnitine may improve general fatigue (151) and may protect heart health (167), and palmitoyl-

carnitine may regulate lipid esterification. 

Changes in Carnitine and Acylcarnitine Levels 

During starvation and after eating a high fat diet, conditions similar to KT, the proportion 

of carnitine that is acetylated in liver and kidney significantly increases and, oppositely, a high 

carbohydrate diet causes very low levels of ALC in liver (168). In humans, there appears to be a 

delayed decrease in plasma LC and a rapid increase in both long- and short-chain acylcarnitines 

during fasting or diabetic ketosis (169-171). While plasma levels do not directly correlate with 

cerebral levels, in neonatal rats starvation led to a significant increase in mean brain acylcarnitine 

concentration compared to control rats, with almost all of the increase attributed to short-chain 

acylcarnitines (172). The authors concluded carnitine and its relative esters may be redistributed 

to the brain during fasting and the brain may use them for energy production or possibly for the 

delivery of acetyl groups. 

Plasma acylcarnitine levels were analyzed in 1-7 yr old children after fasting and ingestion 

of sunflower oil, which is composed largely of linoleic acid (66.2%), a PUFA, and oleic acid 

(21.3%), a MUFA. Under both conditions there was an increase in all plasma straight-chain 
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acylcarnitines and ALC was the largest contributor to the increase in total esterified carnitine 

with an almost 4-fold increase after fasting (173). A summary of the changes in carnitine 

concentrations due to alterations in metabolism are listed in Table 2-9.  

Carnitine and Acylcarnitines in Brain 

The importance of carnitine in brain is emphasized by carnitine deficiency symptoms, 

many of which involve major deleterious effects in the brain. Because the brain is highly reliant 

on oxidative metabolism, impaired fatty acid metabolism and energy production due to lack of 

carnitine leads to metabolic encephalopathy (174). In addition, LC is taken up by neuronal cells 

through a Na+- and energy-dependent mechanism, therefore conditions of metabolic 

disturbances, as seen in many neurological disorders, may exacerbate a carnitine deficiency. 

Table 2-9.  Changes in plasma carnitine and acylcarnitine concentrations under dietary 
manipulations and alterations in metabolism. 

Model Diet Free L-Carnitine 
(LC) 

Acylcarnitine/
ALC 

Ref. 

Rat Starvation/ 
Fasting 

↓  
(same in brain) 

↑ Pearson, 1967 (liver and kidney, not 
heart); Murakami, 1997 (brain); 
McGarry 1975; Brass, 1980 

High fat ↓ ↑ Pearson, 1967 (liver and kidney, not 
heart); Murakami, 1997 (brain) 

High CHO ↑ ↓ Pearson, 1967 (liver and kidney, not 
heart) 

Human Starvation/ 
Fasting 

↓ ↑ Frohlich et al., 1978 (serum); 
Hoppel and Genuth 1980; Costa, 
1999   

High fat/fat load ↓ ↑ Costa, 1999 (plasma); Hack, 2006 
(microdialysis) 

Diabetic ketosis ↓ ↑ Genuth and Hoppel 1979; Hoppel 
and Genuth 1980 

 
While glucose is thought to be the primary energy source for the adult brain under normal 

conditions, fatty acids can be used by the brain as well (175). In a recent study, almost 20% of 

the total oxidative energy produced in brain was from the oxidation of 13C-octanoate in adult 

male Sprague Dawley rats (175). In addition, the majority of the brain is composed of fatty acids 

and fatty acids are needed for incorporation into structural lipids (176). Similarly, fatty acids 
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become key energy substrates for brain under metabolically compromised conditions such as 

fasting or starvation, states in which the levels of free acetyl-CoA and ketone bodies also become 

important (50, 54). Carnitine’s and acylcarnitines’ functions in fatty acid metabolism, ketosis and 

buffering of the acylCoA/CoA concentrations, therefore, are significant in brain metabolism, 

particularly metabolic disturbances present in neurological disease. 

Carnitine is found to accumulate to a lower extent in brain compared to peripheral tissues 

(177). The enzymes needed for the synthesis of carnitine are also present in brain tissue (178) as 

well as the acyltransferases necessary for the synthesis of acylcarnitines (179). Carnitine can also 

be synthesized and transported into brain. Although more work is needed on the details, it 

appears that carnitine can be transported through the blood-brain barrier through two 

transporters, OCTN2, a Na+ dependent transporter shown through RT-PCR to be present in brain 

endothelial cells (180), and ATB0,+, a Na+-,Cl- -dependent amino acid transporter expressed in 

the hippocampus (181, 182). Transport of carnitine in the brain has been previously reviewed 

(174). More recently, a detailed experiment localizing OCTN2 in cells forming the blood-brain 

barrier suggests carnitine can also be transported out of the brain (183). Such data indicate 

carnitine and acylcarnitines may be playing a role in brain through the removal of certain acyl 

esters. 

LC accumulates in neurons of the cerebral cortex and forms acylcarnitines. Isolated 

neurons of the adult brain contain approximately 80% free carnitine, 10-15% ALC, and less than 

10% long-chain acylcarnitines (184). In comparison, the ALC concentration is increased and free 

carnitine is decreased in suckling rats (184). Because carnitine and its acyl derivatives have 

chemical structures comparable to choline and acetylcholine, it has been proposed that they play 

a role in neurotransmission (185). Acylcarnitine and LC supplementation have shown beneficial 
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effects in the treatment of aging, chronic degenerative diseases and slowing the progression of 

mental deterioration in Alzheimer’s disease (AD) (186, 187). Therefore, the roles of 

acylcarnitines and LC in brain and their potential therapeutic mechanisms need to be further 

elucidated. 

Acetyl-L-carnitine (ALC) Role in Brain 

ALC is present in relatively high levels in the brain (188) and it is highest in the 

hypothalamus (177) where the level of the ALC synthesizing enzyme, CAT, is also high. ALC 

can readily cross the blood-brain barrier (189), so supplementing with this compound could 

affect brain metabolism. Injection of ALC in rats led to reduced oxidation of glucose and 

increased glycogen synthesis in brain (190). Changes in the activities of specific enzymes 

involved in the tricarboxylic acid (TCA) cycle, electron transport chain and amino acid 

metabolism have also been observed after treatment with ALC (191). Specifically, the activities 

of citrate synthase and glutamate dehydrogenase were decreased while the activities of α-

ketoglutarate dehydrogenase and cytochrome oxidase were increased. 

Some of ALC’s proposed neuroprotective benefits involve improved mitochondrial 

energetics and function, antioxidant activity, stabilization of membranes, protein and gene 

expression modulation, and enhancement of cholinergic neurotransmission (19, 174, 192-194). 

This section will highlight these mechanisms of action for ALC in the brain and how these may 

be applicable in various clinical situations. A summary can be found in Table 2-10. 

Energy metabolism and membranes 

Carnitine’s primary function in the cell is in lipid metabolism. Animal studies have traced 

the fate of the acetyl group in ALC by using radiolabeled [1-14C]ALC. Injection of this 

compound into mice showed a rapid incorporation of the acetyl groups (that were not 

immediately metabolized to carbon dioxide) into lipid biosynthesis pathways in the liver (195). 
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When injected into the brain, the acetyl groups were mostly incorporated into SFAs (about 60% 

of the radioactivity present in the tissues), but they were also in MUFA and PUFAs (196). 

Interestingly, in this experiment labeled [U-14C]glucose was not incorporated into PUFA’s, 

unlike [1-14C]ALC. 

Due to ALC’s role in overall energy metabolism, many researchers have investigated how 

ALC can repair neurological damage through metabolic pathways. Supplementation with ALC 

has been shown to normalize the levels of high-energy phosphate in brain of AD patients as 

measured by 31P magnetic resonance spectroscopy (197). In rats, ALC treatment increased the 

concentration of phosphocreatine and decreased the concentrations of lactate and inorganic 

phosphate in aging (198) and postischemic brain models (199). ALC also seems to provide 

protection during metabolic stress, such as ischemia, hypoxia, aging, alcohol, and brain injury 

(193). For example, dogs treated with ALC showed significantly lower neurological deficit 

scores and more normal cerebral cortex lactate/pyruvate ratios than control animals after cerebral 

ischemia and reperfusion (200). These results indicate that ALC improves neurological outcome 

potentially as a result of normalizing brain energy metabolites.   

Aging is associated with mitochondrial dysfunction and altered metabolic states (201). 

Many groups have researched carnitine’s utility in reversing the metabolic side effects of aging. 

Feeding ALC to older rats (22-28 months of age) increases the cellular consumption of oxygen, a 

parameter that decreases with increasing age (202). In this same study, ALC reversed the 

declines in mitochondrial membrane potential and cardiolipin (a phospholipid) concentrations 

that are associated with aging. Ames and Liu reviewed support for these results as well as a role 

for ALC in stabilizing the inner mitochondrial membrane (203). Sphingomyelin and cholesterol 

tend to accumulate in the cerebra of rats with increasing age, and both of these increases are 
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attenuated by long-term ALC supplementation (204). It is apparent that ALC can reverse 

alterations in membrane lipid content and function, and it can improve age-related changes in 

metabolism, either directly through supplying high-energy acyl groups or indirectly through 

restoring membranes. 

Many studies have shown other beneficial effects of ALC in either protecting mitochondria 

against biochemical insult or reversing damage to mitochondria. ALC appears to have 

neuromodulatory action through increasing the synthesis of phospholipids that are required for 

membrane formation and integrity (193). When ALC was supplemented with α-lipoic acid (LA) 

to rats, reversals in the age-associated decline of mitochondrial membrane potential and the 

levels of ascorbate and malonyldialdehyde (MDA, an indicator of lipid peroxidation) were 

observed (205). Another potential role for ALC was elucidated by Cassano, et al. (2006), who 

found an increase in transcripts related to mitochondrial biogenesis with ALC supplementation in 

a rat model for hindlimb muscle atrophy (206). ALC could, then, not only help preserve 

mitochondrial membrane integrity, but it could also help to generate more mitochondria under 

certain conditions, helping to preserve overall metabolic function. ALC supplementation prior to 

cyanide injection in rats had beneficial protective effects on preventing behavioral changes, but 

did not affect phosphoinositide metabolism (207). The authors propose carnitine’s beneficial 

effect may not be through supplying energy to the brain, but rather through providing activated 

acyl groups for the reacylation of membrane phospholipids. This role for carnitine was 

previously found in the deacylation-reacylation process in the membrane phospholipids of 

human red blood cells (208) and has since been supported by other studies (209, 210). 

Researchers have reported ALC increases fluidity in rat brain microsomes and liposomes 

(208). ALC, as well as LC, may affect membrane fluidity due to its amphiphilic structure that 
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may directly interact with the surface charges on cell membranes (211). The carboxylic group 

can interact with charges on membrane phospholipids, glycolipids, and proteins. Neural 

membranes contain a large amount of phospholipids, which can be degraded through the action 

of phospholipase A2 to important lipid mediators such as DHA and AA, which further form 

eicosanoids and docosanoids found to be important in inflammatory and oxidative stress 

responses (212). In addition, alterations to the composition of these phospholipids in membranes 

can alter membrane fluidity, permeability, and functioning of membrane proteins that act as 

important receptors and signals for multiple downstream reactions. Alterations in neural 

phospholipid composition and further effects on signal transduction pathways have been found to 

be characteristic of many neurological disorders (213-216). Recent evidence suggests that ALC 

also plays a role in the elongation-desaturation of the n-3 PUFAs to form 22:6n-3, DHA, in 

mitochondria (217-219). ALC is thought to provide an intra-mitochondrial source of acetyl 

groups and donate them in the elongation pathway. As stated earlier, labeled ALC is found to be 

incorporated into PUFAs (196). Changes in DHA content of membranes can markedly affect 

synaptic plasticity, inflammatory response, gene expression, ion channels, membrane-bound 

proteins and neurotransmission (220). 

Anti-oxidant and anti-apoptotic functions 

The formation of reactive oxygen species (ROS) and mitochondrial dysfunction leads to 

metabolic and oxidative stress that are underlying processes in many neurotoxic and 

neurodegenerative diseases, such as AD and Parkinson’s disease (PD) (221). The oxidative stress 

affects the activities of the respiratory chain complexes I, II, III, IV, and V, which is integral in 

many neurological disorders. Treatment with ALC has shown to provide protection from 

excitotoxicity induced by respiratory chain complex inhibitors (210, 222-224). Research has also 

shown that ALC increases the expression of heme-oxygenase-1 (HO-1), upregulates heat shock 
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proteins (Hsp), superoxide dismutase, and the redox-sensitive transcription factor Nrf2 (225, 

226). In addition ALC appears to restore the GSH/GSSG (reduced/oxidized glutathione) and 

decrease the formation of HNE, protein carbonyls, and MDA, indicators of lipid peroxidation 

(202, 210, 211, 226-228). ALC treatment decreased cytochrome c release, caspase 3 levels, and 

modulated the mitochondrial membrane potential, indicating it is also involved in regulating the 

apoptotic pathway (202, 229-231). ALC appears to provide protection against lipid peroxidation 

and membrane breakdown and seems to be involved in the maintenance and repair systems in 

brain. ALC may be protective against oxidative stress through a reduction in tissue lactic 

acidosis, which leads to formation of ROS, through shifts in both the mitochondrial and cytosolic 

redox state, and/or through the induction of antioxidant genes (19, 226). This could lead to an 

increase in reducing power available for detoxification through the glutathione system. 

Neuromodulatory 

Evidence suggests ALC to be involved in various other neuromodulatory actions that may 

contribute to its observed protection in brain. ALC has been shown to increase nerve growth 

factor production and binding (232, 233), as well as enhance Na
+
/K

+
 ATPase activity, which is 

particularly important in excitable cells (234, 235). Supplementation with ALC alters gene 

expression, specifically levels of transcripts involved in energy and mitochondrial metabolism 

(206, 225, 226, 236, 237), and is involved in the acetylation of transcription factors (238). In 

addition, ALC appears to affect neurotransmitter metabolism through increasing acetylcholine 

synthesis and release (239, 240), increasing the production of gamma-butyric acid (GABA), a 

major inhibitory neurotransmitter in the brain (241), and increasing dopamine release and 

binding (242). 
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Protein modulation: ALC may prevent the age-associated changes to proteins. Oxidative 

modification to proteins appears to increase with age, as evidenced by increased levels of protein 

carbonyls, 3-nitrotyrosine and 4-hydroxynonenal (227). Supplementing ALC to the older rats in 

this study decreased many of these parameters in most of the brain regions measured. 

Additionally, proteins are altered during and after translation, most notably through 

phosphorylation, ubiquitination, glycosylation, methylation, acetylation, and palmitoylation. 

ALC may modulate protein function and concentrations by directed acetylation or by merely 

increasing the pool of available activated acetyl groups. One area of the cell for which 

acetylation plays a major role is histones (243), proteins involved in the activation and silencing 

of DNA through chromatin remodeling. If ALC can affect the acetylation of histones, it can 

effectively augment gene transcription. 

Additionally, ALC has been used in the clinical setting for the treatment of neuropathic 

pain. In rodents the mechanism of action has been suggested by up-regulating the expression of 

metabotropic glutamate receptor 2 (mGlu2) in dorsal root ganglia (DRG) of the spinal cord (244, 

238). A recent study further investigating the mechanism, found this up-regulation involves 

transcriptional activation mediated by nuclear factor-κB (NF-κB) through the acetylation of 

p65/RelA by ALC (238). Further studies should examine ALC’s mechanism of action and if it 

involves the acetylation of histones and/or other proteins involved in gene transcription. 

Clinical applications 

All of these roles and effects of ALC have led researchers to investigate carnitine’s 

involvement in a variety of neurological disease states and treatments, including autism (245), 

PD (246), Down syndrome (247), hypoxia (248), Huntington’s disease (249), cerebellar ataxia 

(250-252), age-associated mental decline (253), and ammonia neurotoxicity (254). A summary 

of ALC’s neuroprotective mechanisms is listed in Table 2-10. 
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Brain pathologies: While neurodegenerative diseases such as AD involve mitochondrial 

dysfunction and oxidative stress, they also involve reduced levels of synaptic transmission (255). 

Pre-synaptic terminals have a high number of mitochondria (256) and neurons specifically rely 

heavily on mitochondria because of their high energy needs. Mitochondria generate both ATP 

and ROS and may, in turn, be vital in regulating neurotransmission (255). Because of ALC and 

LC’s role in increasing mitochondrial energetics and function, these molecules may also be 

playing a role in the prevention of neurodegeneration and the regulation of neurotransmission. 

Accumulation of the amyloid β (Aβ) peptide has been implicated as the cause of the cognitive 

decline seen with AD. Aβ peptide suppressed levels of acetyl-CoA and the activity of choline 

acetyltransferase in cell culture and ALC reversed these effects, but it did not change the 

mortality of the undifferentiated cells (257). In other cases of neurotoxicity from Aβ fragments, 

ALC was able to attenuate the oxidative stress, ATP depletion, and cell death (222, 258). ALC 

may be acting through buffering of oxidative stress and maintaining energy levels. As far as the 

extent to which ALC improves clinical symptoms of AD, results are variable: some studies have 

observed significant improvements in biochemical assays and psychometric tests (259); others 

have not observed such a difference on a large scale (260). Many of the possible roles of ALC in 

treating AD have been reviewed by Pettegrew et al. (2000) (194).  

KT treatment for seizures: An increase in the glucagon:insulin ratio (from starvation and 

high-fat diets) has been found to increase the total carnitine concentration of the liver and this 

change has been correlated to the concomitant increase in ketone production (261). However, 

infusion of exogenous carnitine does not further enhance ketone production. Under these 

conditions, carnitine may increase fatty acid flux through the carnitine acyltransferase to produce 
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ketones (262), but it may also accumulate in the liver to accept activated acyl groups from CoA, 

thereby producing free CoA and acylcarnitines such as ALC (Figure 2-6). 

In states of starvation, the concentration of ALC increases in liver (261, 263). Fasting 

increases total carnitine concentrations not only in the cytosol, but also in mitochondria, due, at 

least in part, to an increase in the Vmax of carnitine transport (262). When children on KT were 

monitored by subcutaneous microdialysis for acylcarnitines, the concentration of ALC was found 

to be increased (264). Since the concentrations of ALC are increased under these conditions, it is 

likely the liver is releasing ALC, potentially to provide high-energy substrates to other parts of 

the body including the brain. If this is true, the liver would have competing systems for 

producing mobile energy substrates: ketones and ALC. Whereas ketones require ATP hydrolysis 

to regenerate acetyl-CoA, ALC does not. A study on 11-year old boys found a normal increase in 

blood acetoacetate after 12- and 17-hour fasts (265). When these boys were injected with DL-

carnitine after 12 hours of fasting, the increase in blood acetoacetate was attenuated. These 

results may indicate the presence of additional exogenous carnitine would enable the liver to 

produce more ALC, which then prevented the increase in blood ketones since the acetyl groups 

of acetyl-CoA could be directed towards producing ALC instead of ketones. In the brain of 

starved monkeys, the uptake of carnitine was relatively slow, but the uptake of ALC was faster 

with rapid metabolism of the acetyl group (266) implying that ALC can act as an alternative 

energy source for the brain. 

A microarray study on the hippocampus from rats treated with KT found significant 

changes in specific sets of transcripts (73). Metabolic genes were up-regulated and synaptic 

transmission genes were down-regulated. The number of mitochondria in the hippocampus was 

also found to be increased on KT. Overall brain energy reserves were increased on KT, synaptic 
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transmission was resistant to low glucose concentrations and the seizure threshold of the rats was 

elevated. The authors believe mitochondrial biogenesis to be a major factor in the efficacy of 

KT. As previously mentioned, ALC has been found to up-regulate mitochondrial transcripts in 

soleus muscle (206) as well as to also improve mitochondrial morphology and function (267), so 

it could potentially bolster the effects of KT on mitochondria. 

KT can be effective in reducing seizures in many different types of epilepsy (8, 10), which 

implies this therapy may activate an endogenous mechanism for reducing seizures. The use of 

ketones and acylcarnitines to meet the brain’s energy needs could be the basis for such a 

mechanism. The KT and the presence of ALC have similar and often overlapping results:  

increased β-oxidation, mitochondrial biogenesis and increased energy reserves (Figure 2-9). 

Many of the previously detailed neuroprotective functions of ALC could also have beneficial 

effects for epileptic patients, namely modulation of neurotransmitters, upregulation of Hsps, and 

protection against excitotoxicity. Since free radical concentrations and apoptosis may be elevated 

in states of increased fat metabolism (268), a free radical quencher with anti-apoptotic effects 

such as ALC may be particularly useful. More research is needed, however, to determine ALC’s 

role in KT and to assess the benefits of ALC supplementation. 

Conclusions and Future Directions 

Much of the research on carnitine and its esterified derivatives, such as ALC, has centered 

on the role of these molecules in metabolism. There is a body of research suggesting that ALC 

could be used to support new and multifactorial roles in neuroprotection. ALC can provide high-

energy acetyl groups to metabolic pathways to improve the overall energy status of the brain and 

to alter the biosynthesis patterns of some neurotransmitters. These acetyl groups also have the 

potential to be involved in modulating proteins and gene expression. Other work has found ALC 

to improve mitochondrial function through improvements in membrane lipid content and enzyme 
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activities. Pre-treatment of cells or animals with ALC before an excitotoxic insult can protect 

neuronal cells and treatment after such an insult can improve the condition of neurons.   

 
 
Figure 2-9.  KT and ALC synergistic and/or additive effects on neuroprotection. Many of the KT 

mechanisms summarized here are not discussed in this review and have been 
reviewed previously. 

All of the functions of ALC make it a potentially beneficial molecule in the treatment of 

various neurological diseases, most notably AD and epileptic patients on KT. The 

aforementioned roles of ALC, metabolic and otherwise, could be part of the currently unknown 

mechanism behind KT. More research on use of ALC in the treatment of these diseases, 

including a supplementation regimen, is necessary to determine if these effects would translate 

into positive changes in a clinical setting. Ultimately, carnitine and acylcarnitines are not merely 
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involved in β-oxidation, but rather involved in many known and unknown functions in 

physiology. 

Metabolomics 

Finally, although the alterations in metabolism resulting from KT may change the 

acylcarnitine profile they may also lead to changes in the entire metabolome. A global approach 

to understanding all the changes in metabolites may lead to insight into mechanisms of action 

against seizures. 

Metabolism is a fundamental facet of phenotype because it is a result of both genetic and 

environmental factors; therefore attention has been focused on a more global approach to the 

study of metabolism through the analysis of the metabolome (20). Metabolomics is the study of 

all small molecules (<1500 Da) or metabolites found in a specific cell, organ, or organism. The 

“ome” or “omics” began with genomics, the holistic study of genes, and now the methodology 

has been adapted to a new genre of research including proteomics, transcriptomics, and recently, 

metabolomics (269). The metabolome more closely represents the functionality of the cell as 

compared to the genome or proteome, because it examines how metabolites change in response 

to changes in environment. Concentration, fluxes, and identities of metabolites are a result of the 

interaction of the system’s genome and proteome with its environment. Metabolites are part of 

an integrated regulatory system, while proteins only represent the end product of gene expression 

(20). Various signals regulate transcription factors, which then act in the nucleus to regulate gene 

expression. Changes in the transcriptome lead to changes in the proteome, and finally in the 

metabolome of a cell or tissue. When a transient perturbation alters the rate of formation or 

consumption of a metabolite, compensatory changes in enzyme activities return the system to 

steady state (270). The changes in metabolites themselves represent the actual functional changes 

along metabolic pathways in the cell rather than changes in the machinery that produces those 
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metabolites. Changes in gene expression and protein expression may represent compensatory 

mechanisms, without a change in metabolite level. Additionally, in contrast to some biochemical 

approaches that often focus on single reactions or metabolites, metabolomics involves the 

collection of data on a wide array of metabolites in order to understand overall metabolism under 

the conditions of interest (271). 

Until recently analyses have only allowed selective profiling of compounds or 

fingerprinting changes in metabolites due to lack of the analytical methods for identification and 

quantitation of metabolite levels (272). In the future metabolomics will provide a comprehensive 

metabolic profiling of individuals linked to the biological understanding of human integrative 

metabolism (273). Diseases are known to disrupt metabolism and lead to changes in metabolic 

profiles. As a result, metabolomics can lead to a more comprehensive understanding of 

mechanism of disease, to new diagnostic biomarkers, and ultimately contribute to both 

biomedical research and clinical practice (271). Although metabolomics is a fairly new concept, 

initial research has already been reported identifying changes in metabolomic profiles of several 

disease states including Huntington’s disease (274), Alzheimer’s disease (275), motor neuron 

disease (276), depression (277), schizophrenia (278-280), cardiovascular and coronary artery 

disease (281, 282), hypertension (283), type 2 diabetes (284, 285), and several types of cancer 

(286, 287). 

Methodology 

In order to study a large profile of metabolites with various concentrations, mass 

spectrometry (MS) is used most frequently due to its sensitivity (273). Nuclear magnetic 

resonance (NMR) is the other common analytical tool used in metabolomic research, however, 

the ability for MS to be used with chromatographic methods makes it a preferred method (156). 

NMR may be used for compound verification after MS analysis. While MS provides the 
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sensitivity needed, it alone can only provide qualitative data and not accurately represent 

quantitative values without the use of internal standards and standard curves for each metabolite. 

To obtain a large profile of diverse molecules with varying concentrations, MS run in parallel 

with liquid chromatography (LC) is preferable because of its sensitivity (273). The 

chromatography separates the metabolites into discriminate classes that allows easier metabolite 

elucidation and provides relative quantitative data via retention peak areas. This approach has 

been used in the identification of hundreds of metabolites. Quantitation is important for 

identifying metabolites in a clinical setting and determining abnormal and normal levels in both 

healthy and disease states and requires use of internal standards and standard curves.    

When using chromatography it is important to choose the type of column as well as the 

correct ion mode for analysis of the desired compounds. Metabolomic studies of complex 

samples cannot be accomplished with the use of a single separation method due to the chemical 

diversity of the mixture. Monolithic reverse-phase columns allow for separation of nonpolar 

compounds while newer HILIC (hydrophilic interaction liquid chromatography) columns 

separate more polar compounds (288). The two types can be used together to achieve a wide 

spectrum of data for analysis. Additionally, for the most comprehensive profiling, it is important 

to acquire the data in both positive and negative ion modes in metabolomics because some 

metabolites are mostly detected as positive ions, such as acylcarnitines and amino acids, and 

some are detected as negative ions, such as fatty acids (288, 289). 

The most difficult challenge in metabolomics is the overwhelming amount of data and 

complex data processing and developing the technology to provide powerful data analysis 

capabilities (290). Several different software programs and statistical tools are required for the 

data processing and qualitative analysis in order to generate a list of masses from MS provided 
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data. However standard program inputs must be developed for accurate comparison of results 

due to the ability of these programs to stratify and analyze data differently according to the 

settings. In addition because this approach is relatively new, using a comprehensive database for 

metabolite identification, similar to what is done for genomics and proteomics, has been 

challenging for researchers. Currently, after the lists of masses or m/z have been created from 

MS, it is a manual process to search for the mass in a metabolite database, such as Human 

Metabolome Database (HMDB) or METLIN within a set error range. Also, because these 

databases are still fairly new, data are not available for every metabolite including relevant 

biological information on the metabolites or normal ranges in human tissues. The HMDB is 

currently the most comprehensive and contains the most endogenous metabolites with 

approximately 6000 (291) and METLIN provides the capability to identify metabolites based on 

known chemical and physical properties. 

Application in Nutritional Science 

Phenotype is influenced by both intrinsic and extrinsic factors such as diet, environment, 

genetics, behavior and stress, physical activity and medications. All of these combined represent 

significant factors to consider in the study of metabolomics. Nutritional status can affect nearly 

all body functions and therefore is important to consider in all states of health and disease. 

Alterations in dietary intake can result in metabolic imbalances and modulate disease risk. 

Current research has focused on diseases such as cardiovascular disease, obesity, type 2 diabetes, 

inflammatory and gastrointestinal disorders; however, diet influences phenotype along the entire 

continuum from optimal function and health to disease and dysfunction (292). For example, 

metabolomics research using NMR technology and statistical analysis have identified changes in 

the metabolome in urine of healthy subjects on a vegetarian, low or high meat diet (293).  
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Nutritional science is multidisciplinary and includes studying metabolism in animals and 

humans in both health and disease, and therefore, provides an ideal opportunity to integrate the 

field of metabolomics. Many disciplines are needed; however, the knowledge of biochemistry, 

physiology, and nutrition combined is necessary for acquiring and analyzing complex data sets 

and applying biologically relevant conclusions. A major focus of nutritional scientists in 

metabolomics currently is on ensuring the technology is developing and the databases are 

configured with the right tools and organization for identifying the key metabolites and samples 

that are needed for analysis of dietary aspects of health and disease (294, 295). This involves 

collaboration across multiple disciplines. For example, both fasting and post-prandial effects on 

metabolites in the same individual consuming a controlled diet will be useful in metabolomic 

databases. Additionally, nutritional scientists are needed for the translation across disciplines and 

then for the translation into the clinical and public domain (Figure 2-10). 

 
 
Figure 2-10.  Metabolomics in translational nutritional sciences. Adapted from Zeisel SH et al. 

2005. Metabolomics is a multidisciplinary field in which nutrition is important 
across all steps of metabolomics analyses, from collection and understanding to 
translation to both the clinical and public domains. 
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Prevention of disease 

Understanding individual metabolomic profiles in relation to dietary intake, as well as 

health and disease, will change clinical practice. Most of the research on dietary requirements 

assumes all persons within an age range metabolize the nutrients the same. Human genetic and 

phenotypic variation is widespread; therefore, optimal dietary recommendations for one 

individual may predispose another to disease (273). Through integration of knowledge and 

metabolomics technology, requirements can be based on individual genetic and/or metabolomic 

profiles. In addition, research into diet as it relates to health and disease often result in large 

variance and inconclusive results. Research into the metabolomic profiles can be used to 

differentiate the responders from nonresponders in order for recommendations to be more 

accurately targeted to individuals (295). It is important to both understand nutrition and 

metabolism as well as disease pathology in order to interpret the metabolome and provide 

meaningful prevention and/or treatment recommendations. 

Treatment of disease 

In addition to nutrition related prevention of disease, modulations to dietary intake have 

also been used in the successful treatment of a number of diseases. Some dietary modifications 

are made based on known metabolic pathways and mechanism of disease in the case of inborn 

errors of metabolism such as glycogen storage disease and phenylketonuria. Others are used 

based on epidemiological evidence correlating nutrient intakes with disease outcomes for 

example, the use of omega-3 fatty acids in cardiovascular and Alzheimer’s diseases. The use of 

metabolomics will open the field of nutritional science and allow the study of mechanism of 

action in diet related treatments that are unknown. One example of the use of nutrition to alter 

energy metabolism in the brain to treat disease is KT. 
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Use of Metabolomics in the KT Population 

Metabolomics can be grouped into three main analytical approaches. As defined by Fiehn 

in 2002, there is 1) targeted metabolomics involving quantifying specific metabolites that is 

hypothesis driven, 2) metabolic profiling to quantify metabolites belonging to a particular group 

or metabolic pathway, or 3) untargeted metabolomics designed to view all of the metabolites in a 

sample, more of a hypothesis-generating approach (272). Two of these approaches were used in 

determining alterations in compounds resulting from initiation of a ketogenic diet (Figure 2-11). 

 
 

Figure 2-11.  Metabolomics workflow. 
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Untargeted metabolomics 

Major alterations in macronutrient composition in the diet would be expected to alter levels 

of metabolites in serum. KT involves a radical shift in metabolism from the use of primarily 

glucose to the use of fatty acids and ketones (more detail provided in the first section of Chapter 

2). Understanding these alterations in metabolites may provide insight into mechanism of action 

against seizures. Untargeted metabolomics is a hypothesis generating approach in which 

computer software is used to identify major changes in metabolites in biological fluids or tissues 

in order to develop hypotheses concerning mechanism of action. To our knowledge, an 

untargeted metabolomics approach to identify major changes in compounds in subjects receiving 

a ketogenic diet has not been published in the literature.   

Targeted metabolomics 

In addition to untargeted metabolomics, a targeted approach is needed to identify 

quantitative changes in specific metabolites in order to test an existing hypothesis. Based on an 

earlier discussion in this chapter of ALC’s role in energy metabolism and neuroprotection, a 

hypothesis of increased concentrations of ALC in patients on KT was developed.  

 Methods for detection and quantification of carnitines have varied. The determination of 

individual acylcarnitines is challenging due to the wide variation in structures from small polar 

molecules such as ALC, to large non-polar molecules in which a long chain fatty acid is 

esterified to carnitine. Three major limitations exist in methodology: 1) preparation of butyrl 

esters partially hydrolyzes acylcarnitines, 2) isobaric nonacylcarnitine compounds yield false-

positive results, and 3) constitutional isomers cannot be distinguished (296). These challenges 

have been addressed using a variety of schemes involving chromatography, derivatization, and 

radioisotopic exchange. Development of electrospray ionization/ion trap MS coupled to HPLC 

has allowed a more sensitive and selective approach for detecting acylcarnitines with the ability 
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to distinguish isomeric acylcarnitines and to allow for complex mixtures such as human plasma 

(297). The UF Metabolomics Core has developed methods for detection of acylcarnitines 

involving HPLC-ESI coupled to TOF-MS using dual chromatographic methods.  
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Table 2-8.  Inborn errors of metabolism detected by acylcarnitine profile analysis: disorders of fatty acid oxidation and organic acid 
metabolism.  

Fatty acid oxidation disorders Acylcarnitine Changes 
Carnitine uptake defect ↓ C0 
Carnitine palmitoyltransferase I (CPTI) deficiency ↑ C0 and ↓ C16 and C18 
Carnitine-acylcarnitine translocase (CACT) deficiency ↑ C16 with C18:2, C18:1, C18 
Carnitine palmitoyltransferase II (CPTII) deficiency ↑ C16 with C18:2, C18:1, C18 
Very long-chain acyl-CoA dehydrogenase (VLCAD) deficiency ↑ C14:1 with C14, C14:2 
Long-chain L-3-hydroxyacyl-CoA dehydrogenase (LCHAD) deficiency ↑ C16-OH with C16:1-OH, C18:1-OH, 

C18-OH 
Trifunctional protein (TFP) deficiency ↑ C16-OH with C16:1-OH, C18:1-OH, 

C18-OH 
Medium-chain acyl-CoA dehydrogenase (MCAD) deficiency ↑ C8 with C6, C10, C10:1 
Medium/short-chain L-3-hydroxyacyl-CoA (M/SCHAD) dehydrogenase deficiency ↑ C4-OH and Inc C10-OH 
Medium-chain 3-ketoacyl-CoA thiolase (MCKAT) deficiency ↑ C10-OH 
Short-chain acyl-CoA dehydrogenase (SCAD) deficiency ↑ C4 
Multiple-CoA dehydrogenase (MAD) deficiency (α-ETF, β-ETF, ETF-QO 
deficiency) (Glutaric acidemia type II) 

↑ C4 (with C5, and other longer chain 
species) 
 

Dienoyl-CoA reductase deficiency  
Organic acid metabolism disorders Acylcarnitine Changes 

Propionyl-CoA carboxylase deficiency (Propionic acidemia) ↑ C3 
Multiple carboxylase deficiency (Holocarboxylase synthetase deficiency and 
Biotinidase deficiency) 

↑ C5-OH 

Methylmalonyl-CoA mutase deficiency (Methylmalonic acidemia) ↑ C3 
Disorders of cobalamin metabolism (Cbl A/B/C/D/F deficiencies)  
Succinyl-CoA synthetase deficiency (SUCLA2) ↑ C3 and Inc C4DC 
Isobutyryl-CoA dehydrogenase deficiency ↑ C4 
Ethylmalonic encephalopathy ↑ C4 with C5 
β-Ketothiolase (2-methylacetoacetyl-CoA thiolase, or 3-oxothiolase) 
deficiency 

↑ C5-OH with C5:1 

Isovaleryl-CoA dehydrogenase deficiency (Isovaleric acidemia) ↑ C5 
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Table 2-8.  Continued. 
Organic acid metabolism disorders Acylcarnitine Changes 

3-Methylcrotonyl-CoA carboxylase (3-MCC) deficiency ↑ C5-OH 
3-Hydroxy-3-methylglutaryl-CoA lyase (HMG-CoA lyase) deficiency ↑ C5-OH with C6DC 
Malonyl-CoA carboxylase deficiency ↑ C3DC 
Glutaryl-CoA dehydrogenase deficiency (Glutaric acidemia type I) ↑ C5DC 
Glutamate formiminotransferase deficiency (Formiminoglutamic aciduria) ↑ C4 (with more prominent peak at m/z 

287) 
Adapted from Rinaldo R et al. Acylcarnitine profile analysis. Genet Med 2008:10(2):151–156 (162). C0=free carnitine; C3= 
Propionyl-carnitine; C4= Butyryl-carnitine, Isobutyryl-carnitine; C5= Isovaleryl-carnitine, Methylbutyryl-carnitine; C4-OH= 3-
Hydroxybutyryl-carnitine; C5-OH= 3-Hydroxyisovaleryl-carnitine, 3-Hydroxy-2-methylbutyryl-carnitine; C8= Octanoyl-carnitine; 
C3DC= Malonyl-carnitine; C4DC= Succinyl-carnitine/Methylmalonyl-carnitine; C5DC= Glutaryl-carnitine; C10-OH=3-Hydroxy-
decanoyl-carnitine; C14:1=Tetradecenoyl-carnitine; C16=Palmitoyl-carnitine; C16-OH=3-Hydroxypalmitoyl-carnitine. 
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Table 2-10.  Summary of ALC neuroprotective mechanisms. 
 ALC  Neuroprotective Effects 

Energy 
metabolism  

Incorporation into acetyl-CoA and lipids (Farrell et al.1986;Ricciolini et al.1998) 
Normalize high energy phosphates (Pettegrew et al.1995)  
Normalize lactate and pyruvate (Aureli et al. 1990, 1994; Rosenthal et al.1992) 
Increase cellular consumption of oxygen (Hagen et al.1998) 
Reduced glucose oxidation and increased glycogen synthesis (Aureli et al.1998) 
Changes in enzymes in TCA cycle , ETC, and amino acid metabolism (Gorini et 
al.1998)  
 

Membrane  Protection of mitochondrial membrane (Ames 2004-Review; Aureli et al.2000; 
Virmani et al.1995, 2001)  
Restoration of cardiolipin (Hagen et al.1998) 
Synthesis of n-3 PUFA in membrane 
Deacylation/reacylation of membrane (Virmani and Binienda 2004; Arduini et 
al.1992,1994; Virmani et al.1995)  
Increase membrane fluidity (Arienti et al.1992)  
 

Protection from 
excitotoxicity  

Protection from respiratory chain complex inhibitors (Virmani et al.1995; 
Virmani 2004; Bodis-Wollner et al.1991; Mazzio et al.2003)  

Anti-oxidant  Increase in expression of HO-1 (Calabrese et al.2005)  
Upregulation of Hsps, SOD, Nrf2 (Calabrese et al.2005;2006)  
Restored GSH/GSSG (Calabrese et al.2005;2006)  
Decrease formation of HNE, protein carbonyls, and MDA (Calabrese, et 
al.2006;Poon et al.2006; Hagen et al.1998); Virmani et al.1995, 2001; Lowitt et 
al.,1995) 
Reduced levels of pro-inflammatory cytokines (Winter et al.1995) 
 

Anti-apoptotic  Decreased cytochrome c release and caspase 3 (Furono T et al.2001; Pillich et 
al.2005; Ishii et al.2000)  
Changes in mitochondrial membrane potential (Hagen et al.1998)  
 

NGF and 
Nerve 
Regeneration  

Increase NGF production and NGF binding (Furlong et al.1996; Foreman et 
al.1995)  
Effects on Na+/K+ ATPase activity  (Sima et al.1996; Lombardo et al.2004)  

Protein 
modulation  

Acetylation of transcription factors (Chiechio S et al.2006)  

Gene 
modulation  

Up regulate VDAC, isoform γ 14-3-3 protein, Hsp72 (Calabrese et al.2004; 
Traina et al. 2004, 2006)  
Down regulate mitochondrial P3 of ATP synthase lipid-binding protein (Traina 
et al. 2004) 
Increase in transcripts related to mitochondrial biogenesis  in skeletal muscle 
(Cassano et al.2006) 
 

NT modulation  Increase in ACh synthesis and release (Ando et al.2001; Imperato et al.1989) 
Influences cholinergic neurotransmission (Furlong et al.1996; Katarzyna et al. 
2004; Calvani et al.1992)  
Increase dopamine release and receptor binding (Sershen et al.1991)  
Increase in GABA (Fariello et al.1988)  
Reduce GABAergic inhibitory postsynaptic currents (Bahring R et al.1994)  
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CHAPTER 3 
METHODS 

Retrospective Study 

Study Design 

A retrospective chart review was performed from records of patients started on KT at the 

University of Florida from 1995 through 2006. A Microsoft Access database was designed and 

approved by the University of Florida (UF) Institutional Review Board-01 (IRB-01) to evaluate 

the KT population at Shands at UF. Shadow charts from the KT patients were entered into Excel 

for patient care purposes and the data were audited and then transferred into the database and 

then audited again. Queries were designed to retrieve the data. The parameters analyzed for 

growth were height (Ht), weight (Wt), BMI, Ht z score, Wt z score, and BMI z score. Diet 

prescription parameters analyzed were Calories (Cal), protein (Pro), Cal and Pro per kilogram 

body weight, % of recommended calories and protein, Fat, carbohydrate (CHO), and Pro % of 

calories, Fat and CHO per kilogram body weight, and ratio. Laboratory parameters analyzed 

were serum β-hydroxybutyrate (BHB) in mg/dL and the following blood lipid parameters: 

triglycerides (TG), total cholesterol (Total Chol), HDL cholesterol (HDL), non-HDL cholesterol 

(non-HDL), LDL cholesterol (LDL), in mg/dL and Total/HDL cholesterol (Total/HDL).   

Patients were stratified according to time on diet (0-6, 6-12, 12-24, 24-36, 36-48, 48-60, 

>60 months for growth and initiation, <4, 4-12, 12-24, 24-36, 36-48, 48-60, 60-72, 72-84, and 

84-100 months for lipids) and the values were averaged for each patient within each time period. 

Patients were also stratified according to ambulation status, route of feeding, age, gender, and 

diet prescription and groups were compared. For growth and lipid analysis with diet prescription 

only patients who were on diet for at least 1 year were included. 
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Calculations 

Z scores: Weight, height, and BMI z scores were calculated using a Macro developed in 

Excel based on data from reference populations. For males and females between 2 and 20 years 

of age data were used from reference ranges for normal pediatric growth defined in the 2000 

CDC growth charts (298). Additionally, length or height and weight z scores were calculated for 

0 to 36 months of age based on reference ranges from the CDC growth curves. However, for 

BMI z scores for males and females from 0 to 36 months calculations were made using the 

World Health Organization guidelines (299). For patients older than 20 years of age, z scores 

were calculated using the National Health and Nutrition Examination Survey I and II sample 

population ranges adjusted for age, gender and race (300). 

Recommended calories: The amounts of recommended calories were calculated based on 

the equations provided in the 2005 Dietary Reference Intake (DRI) by the Institute of Medicine 

(301), based on age, gender and activity level. Due to the retrospective nature of the data, 

assumptions had to be made for activity level. Assumptions were made based on ambulation 

status as follows: non-ambulatory patients were assumed to have a sedentary activity level and 

ambulatory patients were assumed to have a low active activity level. Calories were calculated 

using the DRI formulas and actual weight, height, age, gender, and activity level. Calories were 

then divided by weight to obtain Cal/kg/day. Actual Cal/kg/day was divided by the 

recommended Cal/kg/day and multiplied by 100 to determine % of estimated energy 

requirements (%EER).   

Z-tile: A blood lipid z-tile was designed to compare lipid levels to the baseline of the 

population or to the average lipid levels at initiation. It is calculated based on Equation 3-1. 

Z-tile = (value-average of population at initiation)    (3-1) 
            standard deviation of population at initiation 
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Statistics 

The Student t test was used to compare groups assuming unequal variances and the 

Pearson correlation test was used to determine relationships among parameters. All analyses 

were performed using StatTools (Palisade Coporation, Version 1.10). P values less than 0.05 

were considered to be significant. The results are expressed as mean ±standard deviation. 

Limitations and Strengths 

This was a retrospective evaluation, and therefore, the data have limitations and should be 

interpreted accordingly. The blood parameters were obtained at different laboratories and we are 

unable to ensure fasting values. In particular, TG and LDL concentrations are affected the most 

by the ingestion of a meal (302). Additionally, height and weight were obtained at different 

centers and by different people. In this population, length measurements can be difficult to obtain 

and therefore, consistency would be important for accuracy. Finally, the calculated 

recommended calories are based on actual height and weight measurements and are not taking 

into account catch up growth which may be needed in a large percentage of this population.  

The strengths of the retrospective study are the large number of patients and the length of 

time. This allowed for a better understanding of effect of time on diet. 

Prospective Study 

Study Design 

Informed consent was obtained and patients were enrolled into an IRB-01 and Scientific 

Advisory Committee of the GCRC approved prospective study in the General Clinical Research 

Center (GCRC) at Shands at UF. This study was designed as a natural history study with two 

strata. Stratum 1 patients were naïve patients in which KT had not been initiated. These patients 

were referred for initiation onto the diet. Stratum 2 patients were experienced patients already 

receiving KT for varying periods of time. Stratum 1 attended a pre-initiation education session 
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prior to initiation of KT in which baseline growth and blood parameters were obtained. Patients 

were admitted to the GCRC for initiation of the diet beginning at full calories and at a ratio of 

1:1. The ratio was gradually increased over a 2-4 day period with the goal of a 4:1 ratio. During 

the first year on KT, patients were seen in outpatient clinics at 1, 3, 6, 9 and 12 months post 

initiation. After the first year, they attended clinic visits every 4 months for the second year. 

Experienced patients attended outpatient clinic visits every 4 months for 2 years. Height and 

weight measurements were performed at pre-initiation, initiation, and at each subsequent clinic 

visit. Fasting blood was obtained by the GCRC study nurses at initiation and at each follow-up 

clinic visit for analysis of blood lipids and BHB analysis. One time per year, patients were 

admitted for a 24 hour EEG and video monitoring. During this visit, a heparin lock was inserted 

for multiple blood draws for the analysis of BHB, glucose (Glu), and lactate (Lac) at fasting, 30 

minutes, 1 hour, and 2 hours after the ingestion of a ketogenic meal. 

Data were entered in to Excel for patient care purposes and audited. Data were then entered 

into a Microsoft Access Database for population analysis and audited again for copy/paste errors. 

Queries were designed to retrieve the data. The parameters analyzed for growth were Ht, Wt, 

BMI, Ht z score, Wt z score, and BMI z score. Diet prescription parameters analyzed were Cal, 

Pro, Cal and Pro per kilogram body weight, % of recommended calories and protein, Fat, CHO, 

and Pro % of calories, Fat and CHO per kilogram body weight, and ratio. Laboratory parameters 

analyzed were serum BHB in mg/dL and the following blood lipid parameters: TG, Total Chol, 

HDL, non-HDL, LDL and Total/HDL cholesterol in mg/dL. 

Measurements 

All measurements were obtained by the same person at the GCRC or Shands hospital. For 

ambulatory patients, height was obtained without shoes using a wall-mounted stadiometer 

measured to 0.1 cm and weight was measured to 0.1 kg using a digital scale in the GCRC. For 
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non-ambulatory patients, weight was obtained using a wheelchair scale at Shands hospital; then 

the wheelchair weight was subtracted, or children were weighed while being held by a caregiver; 

then the caregiver was reweighed on the same scale without the child. The two weights were 

subtracted to obtain the actual weight of the patient. Length was obtained for non-ambulatory 

patients by positioning the patient on a flat surface. Assistance was needed to hold the head, legs, 

and back straight with legs fully extended and toes pointed upward. A mark was made at the 

crown of the head and at the heel. Using a flexible tape, the length was obtained by measuring 

between the two marks. Segmental length using a flexible tape and a clip board situated at the 

head was used for a few patients with spastic quadriplegia or severe scoliosis. Four 

measurements were taken from: 1) top of head (cranium) to shoulder bone (acromion process), 

2) shoulder bone to hip bone (iliac crest), 3) hip bone to knee bone (patella), 4) knee bone to the 

heel bone or sole of the foot (calcaneus), the sum of all the segments was used to obtain length. 

Calculations 

Z scores: Weight, height, and BMI z scores were calculated based on a reference 

population for age and gender using a Macro developed in Excel (see detail in Z scores section 

of Retrospective Study Methods).   

Recommended calories: Recommended calories were determined based on the DRI for 

age and sex. Actual height and weight were used in the DRI formula based on age, gender and 

activity level for patients who had a height and weight above the 5th percentile (and weight 

below the 95th). If a patients height and/or weight fell below the 5th percentile, recommended 

Cal/kg/day were determined based on age, gender and activity level at the 50th percentile. If a 

patient’s weight was above the 95th percentile, ideal weight was used. For patients 19 years or 

older, actual height and weight were used. Calories were then divided by the weight used to 
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obtain Cal/kg/day. Actual Cal/kg/day was divided by the recommended Cal/kg/day and 

multiplied by 100 to determine % of estimated energy requirements (%EER). 

Blood Analysis 

Serum BHB, Glu, and Lac were assayed in triplicate by GCRC lab personnel using whole 

blood. BHB was assayed using the CardioChek® System (Polymer Technology Systems, Inc., 

Indianapolis, Indiana, USA). Glu and Lac were assayed using the YSI 2300 STAT PlusTM 

Glucose and Lactate Analyzer (YSI Life Sciences, Inc., Yellow Springs, Ohio, USA). 

Statistics 

The Student t test was used to compare groups assuming unequal variances and the 

Pearson correlation test was used to determine relationships among parameters. All analyses 

were performed using StatTools (Palisade Coporation, Version 1.10). P values less than 0.05 

were considered to be significant. The results are expressed as mean ±standard deviation. 

Limitations and Strengths 

The major limitations for the prospective study were the small number of patients and the 

patients in the experienced Strata were on diet for varying lengths of time. Strengths include the 

prospective design and all measurements and lab parameters were taken consistently and at the 

same place. In addition, the naïve strata of patients provided baseline data in order to calculate 

changes from baseline. 

Metabolomics 

Due to the new development of the Clinical and Translational Science Institute (CTSI) at 

the University of Florida, an interdisciplinary group of researchers collaborated to accomplish 

the initial stages of identification of metabolites in response to a ketogenic diet. As discussed in 

Chapter 2, because metabolomics is so complex it requires many specialties to obtain, process 

and interpret the results. A workflow was established for the nutritional scientists to be involved 
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from the beginning of study design and sample preparation through data analysis and 

interpretation in order to develop the most accurate conclusions (Figure 3-1). Because each 

specialty is most interested in the separate sections of the process, it is important to have 

continuity throughout the study. It is vital to have an understanding of each specialty to interpret 

the results as accurately as possible. Plasma samples were collected and prepared by our lab, data 

was analyzed and processed in the Chemistry department and compound identification and 

analysis was a combined effort by both groups.  

 
 
Figure 3-1.  Workflow of multidisciplinary approach and continuity of metabolomics based 

analyses 

To better understand the metabolome of patients receiving KT, metabolomics based 

analyses were performed on samples from healthy subjects before and after ingestion of a 

ketogenic diet. Future studies will be able to use the system that has been developed and 

compare the results to samples obtained from patients with intractable epilepsy before and after 

initiation onto KT. The following are the detailed methods from the study of healthy subjects 

(KetoMed study) for preliminary metabolomics results. 
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KetoMed Study Design 

This study was conducted in the GCRC at Shands at UF by first-year medical student 

volunteers as part of a larger study evaluating dyslipidemia and insulin sensitivity in which 

results were previously published (125). The study was approved by the Scientific Advisory 

Committee of the GCRC and the IRB at Shands hospital and students served as volunteer 

subjects or investigators and all gave written informed consent before participation. Twenty 

young, healthy subjects (10 males/10 females) were screened for contraindications by history 

and physical examination. Subjects were excluded if they were pregnant, vegetarian or an 

endurance athlete, or if they had cardiovascular disease, diabetes mellitus, neurological diseases, 

kidney disease, or any food allergies, or if on any medications. Subjects were matched for gender 

and BMI and randomized by parallel design into two groups (Figure 3-2).  

 

 
 
Figure 3-2.  Diagram of KetoMed study design. 
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 Subjects were initially admitted to the GCRC for baseline testing. After an overnight fast, 

venous blood was obtained for analysis of the acylcarnitine and metabolomic profile. All blood 

samples were obtained in duplicate and stored at -80 degrees C until analyzed by the UF 

Metabolomics Core Laboratory. 

 Following baseline measurements, subjects were administered either a SFA-enriched or 

PUFA-enriched ketogenic diet for 5 days. Both diets were 70% fat, 15% CHO, and 15% Pro, 

which is equivalent to a 2.33:1 ratio of KT. The fat of the PUFA diet consisted of 60% PUFA, 

15% SFA, and 25% MUFA and the fat of the SFA diet consisted of 60% SFA, 15% PUFA, and 

25% MUFA. 

 During the 5 days, subjects were limited to the food provided by the GCRC. The diets 

were individualized based on a nonconsecutive 4 day diet history obtained before enrollment and 

designed to be weight maintaining. Weight and diet were monitored daily and adjusted if needed 

to maintain consistent weight. The morning of the last day, subjects were admitted again to the 

GCRC to obtain fasting blood samples. 

Blood Analysis 

Fasting blood samples were obtained by GCRC nurses and placed on ice or in a freezer 

during all times throughout sample preparation. Whole blood was centrifuged at 4750 XG and 4-

6 degrees C from 15 minutes to isolate plasma and transported on ice and stored at -20 degrees C 

until further analysis. 

Sample preparation 

Samples were prepared by the KT research staff. A solution of acetonitrile and methanol in 

a ratio of 3:1 was prepared for sample dependent extraction and protein precipitation. A detailed 

standard operating procedure for the human blood assay is located in Appendix C. Day 1, 100µL 

of a 3:1 acetonitrile:methanol solution was added to the microcentrifuge tubes. Plasma samples 
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were thawed and vortexed before adding 1mL of plasma to each microcentrifuge tube containing 

the 3:1 mixture. Samples were kept on ice throughout the procedure and then stored overnight at 

-20 degrees C. On day 2, samples were centrifuged at 12,400 x g for 15 minutes and the 

supernatant was transferred to a new microcentrifuge tube with a Pasteur pipette. This step was 

repeated twice more to ensure particulates were not in the sample. Finally, samples were stored 

overnight at -20 degrees C and then evaporated under nitrogen the next day. 

Analytical methods 

The analytical methods were conducted by the UF Metabolomics Core of the Clinical and 

Translational Science Institute (CTSI) by the Chemistry Department at the University of Florida 

in the Mass Spectrometry laboratory of David Powell, PhD. Dual monolithic and hydrophilic 

interaction liquid chromatographic approaches coupled to a high resolution time-of-flight mass 

spectrometer operating under positive ESI conditions were used (HPLC-ESI-TOF-MS).  

Specifically, the Agilent 1200 Series Rapid Resolution LC System (Agilent Technologies, Inc., 

Santa Clara, California) the Agilent 6210 Time-of-Flight mass spectrometer configured for ESI 

(Agilent Technologies, Inc., Santa Clara, California) was used. Due to the complexity and 

chemical diversity of the samples, dual chromatographic techniques were used to separate polar 

and non-polar compounds. Traditional reverse-phase chromatography using two C18 monolithic 

columns (Phenomenex ONIX Monolithic Column-C18, 4.6 × 100 mm) in series allowed for the 

separation of larger hydrophobic compounds, while the HILIC (hydrophilic interaction liquid 

chromatography) column (Phenomenex LUNA HILIC Column, 3 µm, 2.0 × 150 mm) was used 

to separate the smaller, polar molecules. In the monolithic column, the mobile phase flowed at 1 

mL min -1 and consisted of water with 1% acetic acid and of acetonitrile with 1% acetic acid. 

The HILIC mobile phase had a flow rate of 0.3 mL min -1 and consisted of 7.5 mM ammonium 
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formate in water and 7.5 mM ammonium formate in acetonitrile. All samples were separated into 

3 replicates. 

Data processing 

Molecular feature extraction and MassHunter software (Agilent Technologies, Inc., Santa 

Clara, California) were used to generate retention time, mass pairs, and abundance sets called 

features. Data were organized into Excel spreadsheets for analysis in MetaboAnalyst, a freely 

accessible web server for metabolomics data. MetaboAnalyst was created by collaboration 

between the University of Alberta, The Alberta Ingenuity Fund and The Human Metabolome 

Project in order to provide a web-based analytical pipeline for high-throughput metabolomics 

data analyses (303). Data including m/z, retention time (rt) and abundance or intensity, were 

imported to MetaboAnalyst for data alignment, normalization and statistical analyses. 

Hierarchical clustering was used for quality control to determine reproducibility of the biological 

replicates. Normalization of data was done to limit technical variation among replicates. 

ANOVA and fold-change filtering were used to determine features with statistically significant 

differences between experimental groups. Lists of provisional masses were created for searching 

in METLIN and HMDB.  

MetaboAnalyst: Data were converted from Excel to comma separated values (csv) and 

then zipped before uploading. Within MetaboAnalyst, MS peak list, intensity and retention time 

were uploaded as two separate zipped files, before and after. In order to perform paired analyses, 

a text file including pairing information was also uploaded. Next peaks were matched and 

aligned based on their mz and rt and mz and rt of each peak was changed to the group median 

values. If a sample had more than one peak in a group, they were replaced by the sum. Peaks 

were excluded if they did not appear in at least half of both groups. Then a data integrity check 

was performed to ensure all information is collected. If missing or zero values were found, they 
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were replaced with a small value equal to the half of the minimum positive value in the original 

data. This is done based on the assumption that most missing values are caused by low 

abundance. Next the data were stored as one sample per row and one variable (peak or 

metabolite) per column and were normalized per row and column. For row-wise normalization, 

data was normalized by sum; for column-wise normalization, data were normalized by unit 

scaling (mean-centered and divided by the standard deviation of each variable). Finally 

univariate analysis methods including fold change, t-test, and volcano plot analysis were 

performed on the data to determine significant differences among groups. For fold change 

analysis, the data before column normalization was used to compare absolute value changes 

between the two group means. Results were plotted in log2scale so that both up and down 

regulated changes had the same distance to the zero baseline. Volcano plot analysis combines the 

fold change and t-test analyses to determine the most significant features. Partial least squares 

discriminant analysis (PLS-DA) was used to extract via linear combination of original variables 

(X) the information that can predict the class membership (Y). Additionally, both hierarchical 

clustering and partitional clustering were performed.  

MetabAnalyst is not currently designed to accommodate replicate data, therefore all data 

was uploaded and then processed data were downloaded and replicates were averaged for each 

peak group formed. The averaged data were then re-uploaded into MetaboAnalyst for further 

analyses. Additionally, subjects were separated into SFA and PUFA and uploaded separately, as 

well as the averaged data for both groups.  

Manual: Due to large amount of processing and normalization that takes place within 

metabolomics based softwares, targeted analysis was performed manually. Additionally, HMDB 

and METLIN are still in the initial stages and do not include all the possible acylcarnitines. A list 
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was created by our lab, which includes the acyl group CAS number, double bond location (δ and 

ω locations), common names, molecular formula, molecular weight, fragmentation patterns, and 

functional group locations for 77 documented and undocumented acylcarnitines. The 

fragmentation patterns were predicted by assuming the removal of the acyl group, quaternary 

ammonium group, carboxylic end, and water to leave the daughter ion m/z ratio of 85 

characteristic of many acylcarnitines. After raw data were organized into Excel files, a formula 

was written in excel to identify carnitines by m/z in the raw data based on a tolerance of 5-10 

parts per million (ppm) (Table 3-1). All provisional carnitines identified within each sample and 

replicate were compared across replicates and study groups, before and after, SFA and PUFA. 

Targeted analysis: Additional analyses were performed by Soledad Cerutti, a PhD student 

in the Chemistry department and within the UF Metabolomics Core using internal standards 

available for free carnitine and 10 acylcarnitines and quantitative analysis software from Aglient 

(Agilent Technologies, Inc., Santa Clara, California). Comparisons were made for total peak 

area, or abundance between before and after diet and males and females. 

Compound identification 

Provisional masses were entered into METLIN and HMDB with a tolerance of 5-10 ppm 

(Table 3-1). The METLIN database provides information on metabolite mass, CAS #, some 

LC/MS spectra, and provides the ability to be interfaced directly with the programs that generate 

the feature tables for rapid and easy searching (290). HMDB on the other hand requires manual 

input for identification, but also provides important but limited structural and biochemical 

information regarding the compound (291). A tolerance limit of 5-10 ppm was set for searching 

HMDB based on the accuracy of the instrument used (Table 3-1). Compounds identified were 

copied into an Excel spreadsheet along with HMDB ID, common name of molecule, chemical 
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formula, molecular weight (Da), associated biochemical pathway, and location in biological 

tissue or fluid.  

Table 3-1.  Tolerance ranges used for searching the Human Metabolome Database. Masses were 
searched using the corresponding MW tolerance, which gives a tolerance of 5-10 
ppm. 

Mass range MW tolerance for HMDB (Da) Average tolerance (ppm) 
50-100 0.0005 5-10 
100-200 0.001 5-10 
200-300 0.002 5-10 
300-400 0.003 5-10 
400-500 0.004 5-10 
500-600 0.005 5-10 
600-700 0.006 5-10 
700-800 0.007 5-10 
800-900 0.008 5-10 

900-1000 0.009 5-10 
1000-1100 0.010 5-10 
1100-1200 0.011 5-10 

 
Limitations and Strengths 

The study design was a randomized, prospective study conducted in the GCRC, where the 

food was provided and monitored and designed to be weight maintaining. However, these were 

healthy subjects, not patients with epilepsy and the diet provided was at a lower fat ratio 

compared to most patients on KT. Nevertheless, other investigators have published previously on 

these blood samples and the blood lipid response to the two ketogenic diets is similar to results in 

the KT patient population (125).  

Additionally, only ESI under positive conditions were analyzed for the healthy subjects on 

a ketogenic diet. The negative ions as well as the samples from patients with intractable epilepsy 

before and after diet initiation will be analyzed at a later date. 
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CHAPTER 4 
RESULTS 

Figure 4-1 presents a project overview and serves as a guide for the results. KT has been 

used for decades and is an example of a nutritional therapy used in the treatment of disease. 

Recently KT has been used to treat a variety of neurological disorders. This research focuses on 

the use of KT in a specific population, patients with intractable epilepsy. Whereas, 

neuroscientists think about KT in terms of its effects on seizures, within the nutritional sciences 

community it is important to also think about how these nutrients may cause potential adverse 

effects because not only are these nutrients used for seizure control, but they are needed for the 

health and growth of the child. Therefore, this dissertation research addresses both potential 

adverse effects of KT and potential mechanisms of action and includes: preliminary studies 

testing dietary fatty acid profile and dyslipidemia; retrospective analysis to document growth and 

dyslipidemia parameters in this study population; design and implementation of a prospective  

 
 
Figure 4-1.  Overall project and summary of specific aims included in data analysis and results. 
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study to more accurately examine dyslipidemia and growth and to begin to also address 

mechanism of action; and design of an interventional study to test potential mechanisms of 

action and make improvements to therapy. 

Anthropometrics and Growth 

Retrospective Results 

Retrospectively, 106 patients were on diet for at least 1 year and were initiated at Shands at 

UF from 1995-2006; 3 patients were started on the diet twice. The median age of patients started 

on KT was 7.0±5.3 years, and there were 57 males and 49 females. 

Time on diet 

Height (Ht) z score became progressively worse over time on diet with the most significant 

difference compared to 0-6 mo found at >60 mo on diet (Figure 4-2). The only significant 

change from baseline for weight (Wt) z score was seen at >60 mo on diet (Figure 4-3). There 

were no significant differences compared to baseline for BMI z score, however, there was a trend 

for increasing BMI z scores with time on diet (Figure 4-4). Regression analyses were performed 

on data averaged per patient for z scores versus time on diet. Ht z score showed a significant 

negative correlation with time on diet (r= -0.5, r2=0.2, p<0.0001) (Figure 4-5), however, Wt 

(Figure 4-6) and BMI z score (Figure 4-7) over time were not statistically significant. In order to 

determine if age, or potentially length of epilepsy had any effect, patients were stratified 

according to time on diet and age and regression analysis was performed for 0-6 mo on diet, 

assuming no dietary effect had yet occurred. A significant correlation was found with increasing 

age and decreasing Ht, Wt, and BMI z score (r= -0.3, p= 0.01; r= -0.2, p= 0.02; r= -0.5, 

p<0.0001), indicating that epilepsy, or age may be a contributing factor for the delayed growth 

(Figures 4-8, 4-9, and 4-10). 
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Figure 4-2.  Mean height z score ± SD over time on diet in months in patients on KT. *p<0.05 

using a t-test assuming unequal variances. 

 
Figure 4-3.  Mean weight z score ± SD over time on diet in months in patients on KT. *p<0.05 

using a t-test assuming unequal variances. 
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Figure 4-4.  Mean BMI z score ± SD over time on diet in months in patients on KT. *p<0.05  

using a t-test assuming unequal variances. 

 
Figure 4-5.  Average height z score per patient versus time on diet in months. 
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Figure 4-6.  Average weight z score per patient versus time on diet in months. 

 

 
Figure 4-7.  Average BMI z score per patient versus time on diet in months. 
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Figure 4-8.  Height z score versus age in years for patients on KT at 0-6 months on diet.  

 
 
Figure 4-9.  Weight z score versus age in years for patients on KT at 0-6 months on diet. 
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Figure 4-10.  BMI z score versus age in years for patients on KT at 0-6 months on diet. 

Patients who were on the diet for >60 mo were analyzed separately to determine if data 

was skewed by patients who discontinued the diet early. A similar trend was found with Ht z 

score becoming progressively worse over time with the biggest difference found comparing 0-6 

mo and >60 mo on diet (Figure 4-11). At 0-6 mo on diet, Ht z score and age were trending 

towards a significant correlation (r=0.4, r2=0.2, p= 0.085) for those patients on diet >60 mo. Data 

were available for 19 patients at both 0-6 mo and >60 mo on diet. Using a paired t-test, 

significant differences were found between 0-6 mo and >60 mo on diet for Ht z score (-1.0, -2.7, 

p<0.0001). In addition, Cal/kg/day was also significantly lower at >60 mo on diet (59.7, 47.6, 

p=0.0004). 

 

. 
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Figure 4-11.  Mean height z score ± SD over time on diet in months in patients on KT for >60   

months. *p<0.05 using a t-test assuming unequal variances. 

Age 

To determine if there were any age specific effects on the growth, patients were stratified 

according to age (0-4, 4-9, 9-14, 14-19, >19 yr) and their Ht z score from before diet (0-6 mo) 

and >6 mo on diet using a t-test were compared assuming unequal variances. No significant 

differences were found in any group. A trend towards significance (p=0.06) was found for the 

14-19yr old group. Comparisons were then made using only data available when the same 

patients were in each group. A paired t-test was used to compare 0-6 mo to >6 mo on diet and 

significant differences were found for the 0-4 yr old group (-0.075,-0.47; p=0.004, n=25) and 4-9 

yr old group (-0.98,-1.5; p<0.0001, n=25) (Figure 4-12). Similarly, when Ht z scores were 

graphed over time on diet for each age group, it appeared that the younger patients were most 

affected by time on diet (data not shown). However, Ht z score also decreases with age (Figure 

4-13). Ht z score was significantly lower in the 4-9 (p=0.02), 9-14 (p=0.001), and 14-19 

(p=0.0001) yr old groups compared to the 1-4 yr old group. 
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Figure 4-12.  Mean height z score ± SD in each age group at 0-6 mo and >6 mo on diet. A paired 

t-test was used to compare 0-6 mo to >6 mo on diet and significant differences 
were found for the 0-4yr old group (-0.075,-0.47; p=0.004, n=25) and 4-9yr old 
group (-0.98,-1.5; p<0.0001, n=25). 

 
Figure 4-13.  Mean height z score ± SD in each age group. *p<0.05 using a t-test assuming 

unequal variances comparing each mean height z score to the 1-4yr old group. 
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Ambulation status 

Since weight-bearing exercise, walking, and physical movement can effect linear growth, 

we stratified the patient population based on ambulation status to examine the effect of diet on 

growth in each group. Overall Ht and Wt z scores were significantly lower for non-ambulatory 

patients compared to ambulatory, p<0.01, however BMI z score did not differ. At 0-6 mo on diet, 

the same differences were seen (Table 4-1). There was also a significant difference in time on 

diet between groups (20.6±14.5;13.6 ±9.7; p=0.004), Pro% of calories (9.4±2.2;8.3 ±2.1; 

p=0.02), CHO% of calories (3.7±2.6;5.5 ±2.2; p=0.001) and CHO/kg/day (0.6±0.5;0.9 ±0.6; 

p=0.005) for non-ambulatory versus ambulatory. There were no differences in % EER 

(93.7±29.0;95.3±23.7 ;p=0.76), Cal/kg/day (53.7±16.5;61.0±24.5; p=0.13), ratio 

(3.1±0.6;3.0±0.5; p=0.22), Fat% of calories (87±2;86±2; p=0.20), Pro/kg/day(1.2±0.2;1.2±0.4; 

p=0.86) or % RDA for protein (122.2±18.8;120.1±29.5; p=0.72).   

Table 4-1.  Comparison of height, weight, and BMI z scores for ambulatory versus non-
ambulatory patients overall and at 0-6 months on diet 

Overall Mean ± SD 
 Ambulatory Non-ambulatory 
Ht z score  -0.6 ± 1.3 (n=31)  -1.8 ± 1.6* (n=67)  
Wt z score  -0.4 ± 1.5 (n=33)  -1.4 ± 1.8* (n=73)  
BMI z score  -0.3± 1.9 (n=30)  -0.4 ±1.9 (n=66)  
0-6 months on diet Mean ± SD 
 Ambulatory Non-ambulatory 
Ht z score  -0.5 ± 1.2 (n=25)  -1.1 ± 1.3* (n=54)  
Wt z score  -0.3 ± 1.6 (n=32)  -1.3 ± 2.1* (n=69)  
BMI z score  -0.3 ± 1.8 (n=24)  -0.6 ± 2.1 (n=45)  

 *p<0.01 for Ambulatory versus Non-ambulatory 
 
Diet prescription 

To determine if diet prescription had an effect on growth, the ratio of fat: Pro + CHO, 

Cal/kg/day, and Pro/kg/day were examined. No significant correlations were found between ratio 

and growth and no differences were found in Ht, Wt, or BMI z score for ratio groups (Table 4-2). 
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There was no significant correlation between Cal/kg/day and Ht z score or BMI z score and a 

significant, but weak negative correlation for Wt z score (r= -0.3, r2= 0.06, p=0.01) (Figure 4-

14).   

Table 4-2.  Comparison of ratio groups for height, weight and BMI z score 
Growth Parameter Ratio <3:1 Ratio 3:1 Ratio >3:1 
Ht z score -1.7 ± 1.5 (n=56) -1.4 ± 1.8 (n=52) -1.5 ± 1.6 (n=49) 
Wt score -1.1 ± 1.8 (n=72) -0.9 ± 1.8 (n=78) -1.2 ± 1.7 (n=65) 
BMI z score -0.2 ± 2.0 (n=56) -0.1 ± 1.9 (n=48) -0.3 ± 1.6 (n=47) 

No significant differencewas detected between ratios using t-test assuming unequal variances.   
 

 
Figure 4-14.  Weight z score versus Calories per kilogram body weight per day (Cal/kg/day) for  

patients on KT. 

The patients were stratified by age and gender in order to determine the Recommended 

Dietary Allowance (RDA) for protein and the Estimated Energy Requirement (EER) based on 

the DRI from the National Academy of Sciences, (2005) per kg of body weight (301). The 

percentages of actual intake or prescribed intake of calories and protein from the recommended 

EER/kg/day for calories (% EER) and RDA/kg/day for protein (% RDA) were then calculated 
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for each patient. The % EER was significantly correlated with Ht z score (r= -0.3, r2=0.11, 

p=0.001), Wt z score (r= -0.7, r2=0.42, p<0.0001) and BMI z score (r= -0.4, r2=0.19, p<0.0001). 

After stratifying by ambulation status, the correlation for Ht and BMI z score and % EER was no 

longer significant for ambulatory patients, but was significant for non-ambulatory patients (r= -

0.4, r2=0.15, p=0.001; r= -0.5, r2=0.27, p<0.0001). Wt z score and % EER remained significant 

for both groups (ambulatory r= -0.7, r2=0.48, p<0.0001; non-ambulatory r= -0.6, r2=0.39, 

p=0.0001). 

Given that some patients had a % EER >100%, the data were also analyzed for patients 

with % EER ≤ 100. A positive correlation was found for Ht z score and Cal/kg/day (r=0.3, 

r2=0.06, p=0.05), but the correlations for Ht and BMI z score and % EER were no longer 

significant. Wt z score and % EER remained significant, however the correlation was weaker (r= 

-0.4, r2=0.17, p=0.0005). When the data were analyzed only for patients with % EER >100, Ht 

and Wt z score were significantly correlated to % EER (r= -0.5, r2=0.28, p=0.001; r= -0.5, 

r2=0.24, p=0.002).   

Wt z score was significantly correlated with % RDA for protein (r= -0.4, r2=0.15, 

p<0.0001), however, this was a weak correlation, and Ht and BMI z score showed no correlation. 

Protein intake does not seem to be a factor in this population. Only 8.5% of the population had 

protein intakes <99.9% of the RDA, and no patients had an average < 70%. The average % RDA 

for protein of the population was 122%. 

Patients were then stratified according to age, time on diet, route of feeding, and 

ambulatory versus non-ambulatory to determine if diet prescription had more of an effect on 

subpopulations. The correlation coefficients for Ht z score versus Cal/kg/day, % EER, and % 
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RDA for protein were different depending on time on diet and age in years, however, no strong 

correlations were detected. 

Route of feeding 

Using a t-test assuming unequal variances to compare tube-fed (TF) versus orally-fed 

(Oral) patients, significant differences were observed for % EER, CHO/kg/day, Fat/kg/day, CHO 

and Pro% of calories, Cal/kg/day, and time on diet, but no significant differences were noted for 

age, ratio, Fat% of calories, Pro/kg/day, % RDA for protein, Wt or BMI z score. A trend towards 

significance (p=0.08) was observed when comparing Ht z score for Oral versus TF patients (-1.2 

± 1.5 Oral, -1.7 ± 1.6 TF). Results are listed in the Table 4-3. Regression analyses were 

performed for both groups and no significant differences in correlations were found between 

Oral and TF patients.   

Table 4-3.  Comparison of orally-fed versus tube-fed patients 
Parameter Oral (n=62 ) TF (n=52 ) 
Age 8.8± 5.8 7.7 ± 4.5 
Time on diet (mo) 15.5 ± 12.5 23.2 ± 16.6* 
Cal/kg/day 60.9 ± 21.7 50.3 ± 14.3* 
Ratio 3.0 ± 0.6 3.1 ± 0.6 
%EER for calories 100.4 ± 29.0 88.4 ± 29.2* 
%RDA for protein 119.8± 28.1 124.0 ± 15.9 
CHO/kg/day 0.94 ± 0.59 0.42 ± 0.48* 
CHO% of cals 5.6 ± 2.3 2.9 ± 2.4* 
Fat/kg/day 5.9 ± 2.1 4.9 ± 1.4* 
Fat% of cals 86.3 ± 2.4 87.0 ± 2.3 
Pro/kg/day 1.2 ± 0.3 1.2 ± 0.2 
Pro% of cals 8.1 ± 1.9 10.1 ± 2.2* 
Ht z score -1.2 ± 1.5 (n=55) -1.7 ± 1.6¥ (n=49) 
Wt z score -1.1± 2.0 -1.2 ± 1.5 
BMI z score -0.44± 2.1 (n=54) -0.08 ± 1.5 (n=48) 

*p<0.05; ¥ trend towards significance, p=0.08 
 

Interestingly, there was a trend towards significance for Ht z score among groups, similar 

to the comparison for non-ambulatory and ambulatory patients, however, there were also 

significant differences in % EER (100% Oral vs 88% TF, p=0.03) and in Cal/kg/day (61 vs 50, 
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p=0.002) between the route of feeding groups, but not between ambulation groups. These results 

indicate that there may be a difference in use of calories and macronutrients between the 

subpopulations that was not apparent when looking at the KT population as a whole. 

Despite results indicating no strong correlations between calories, % EER and Ht z score, 

the average % EER in the KT population was 94%, minimum at 52% and maximum at 224%, 

with 65% of the population having a % EER <100 and 23% having a % EER <75. 

Approximately 36% of the patients had >100% EER. Results suggest that there is a wide range 

of calorie prescriptions based on recommendations by the DRI, and we may be unable to 

accurately determine energy needs based on formulas currently available for the normal healthy 

population. 

β-hydroxybutyrate (BHB) 

No correlations were found for BHB and Ht, Wt, or BMI z scores (Figure 4-15). The 

average BHB per patient was stratified into tertiles and groups were compared (BHB range 4.5-

81.4 mg/dL, n=30 in each group). Ratio, Wt z score, and BMI z score were not different among 

groups. Ht z score was significantly lower in group 2 compared to group 1 (-1.1, -1.9, p=0.03), 

however, not for group 1 and 3 (-1.1, -1.8, p=0.07) or group 2 and 3 (-1.8, -1.9, p=0.7). However, 

group 3 was significantly younger than group 1 (9.1, 6.7 yrs, p=0.04) and trending to be 

significantly younger for group 2 compared to group 3 (9.4, 6.7 yrs, p=0.06). 

Summary of results 

Overall, BMI and Wt z score were not affected by time on diet. Ht z score decreased over 

time on KT, but age, or potentially length of epilepsy also had an effect. Ambulation status was a 

significant factor for Ht and Wt z score. Neither ratio nor protein intake affected growth 

parameters, but the analysis of calories and growth were unclear. While, calorie intake in this 

population compared to the DRI for normal healthy children on average was significantly lower, 
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no strong correlations were found. Additionally, stratifying by ambulation status made a 

difference in the calorie and Ht z score relationships, therefore ambulation is likely an important 

factor in determination of calorie needs. Unlike previously published, blood BHB was not found 

to be an important factor in growth. A summary of the anthropometrics and growth results for 

the retrospective analyses is presented in Figure 4-16. 

 
Figure 4-15.  Height z score versus β-hydroxybutyrate (BHB) in mg/dL in patients on KT. 

 
Prospective Results 

For the prospective study, 29 experienced patients were enrolled, mean age of 10.3±5.0 

years and time on diet of 46.2±35.2 at start of the study. Fifteen naïve patients were enrolled into 

the study and 12 patients were initiated in the GCRC, mean age at initiation was 7.2±6.1 years. 

Demographics at the start of the study are described in Table 4-4. Three of the patients enrolled 

were not initiated, 2 because seizures improved and 1 because of other health complications. 
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Two patients stopped the diet during the first week due to issues with caregiver administration of 

therapy; therefore, 10 naïve patients were included in the analysis.  

 
 

Figure 4-16.  Summary of anthropometrics and growth results of retrospective analyses. 

 
Table 4-4.  Demographics at start of prospective study for experienced and naïve patients 
 Experienced (n=29)  Naïve (n=10)  
Time on diet (months)  46.2 ± 35.2  0  
Age (years)  10.3 ± 5.0  7.2 ± 6.4  
Gender  17F/ 12M  1F/ 9 M  
Ambulation  22 Non/ 7 Amb  3 Non/ 7 Amb  
Route of feeding  12 Oral/ 5 Both/ 12 TF  7 Oral/ 2 Both/ 1 TF 
Race  19 White/4 African American/1 

Biracial/5 Hispanic  
9 White/ 1 Hispanic  
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Experienced patients 

Similar to the retrospective data, for experienced patients, Ht z score was negatively 

correlated with time on diet (r= -0.46, r2=0.21, p=0.01) (Figure 4-17); however, Ht z score was 

also negatively correlated with age with a slightly stronger correlation (r= -0.48, r2=0.23,  

 
Figure 4-17.  Height z score versus time on diet in months for experienced patients on KT 

evaluated prospectively. 

p=0.008) (Figure 4-18). Neither Wt nor BMI z score were correlated to time on diet (r= -0.3, 

r2=0.1, p=0.09; r= -0.07, r2=0.01, p=0.7), and both were negatively correlated with age (r= -0.4, 

r2=0.16, p=0.03; r= -0.5, r2=0.25, p=0.006). 

Diet prescription 

Ht z score was positively correlated with Cal/kg/day (r= 0.4, r2=0.2, p=0.02) (Figure 4-19); 

no correlations were observed for Cal/kg/day and Wt and BMI z score. In contrast, no correlation 

was observed for Ht and BMI z score and % EER (Figure 4-20 and 4-21), and Wt z score was 

negatively correlated to % EER (r= -0.4, r2=0.2, p=0.02) (Figure 4-22). However, a trend  
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Figure 4-18.  Height z score versus age in years for experienced patients on KT evaluated 
prospectively. 

 

Figure 4-19.  Height z score versus Calories per kilogram body weight per day (Cal/kg/day) for 
experienced patients on KT evaluated prospectively. 
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Figure 4-20.  Height z score versus % recommended Calories (%EER) as determined by 

equations from DRI for energy based on age, gender and activity level for 
experienced patients on KT evaluated prospectively. 

 
Figure 4-21.  BMI z score versus % recommended Calories (%EER) as determined by equations 

from DRI for energy based on age, gender and activity level for experienced 
patients on KT evaluated prospectively. 
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Figure 4-22.  Weight z score versus % recommended Calories (%EER) as determined by 

equations from DRI for energy based on age, gender and activity level for 
experienced patients on KT evaluated prospectively. 

 
Figure 4-23.  Height z score versus % recommended Calories (%EER) as determined by 

equations from DRI for energy based on age, gender and activity level for 
experienced patients on KT with % EER less than 80%. 
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towards a positive correlation with Ht z score and % EER were observed for patients with a % 

EER <80 (r= 0.5, r2=0.24, p=0.18) (Figure 4-23). Differences observed between Cal/kg/day and 

% EER for calories may be due to Cal/kg/day not taking into account age or activity level, 

whereas the % EER does. 

No significant difference in Ht, Wt, or BMI z score was observed between ratio groups 

using a t-test assuming unequal variances (Table 4-5) and no correlations with ratio and growth 

were observed. 

Table 4-5.  Comparison of ratio groups for height, weight and BMI z score for experienced 
patients evaluated prospectively 

Growth Parameter Ratio <3:1 (n=9) Ratio 3:1 (n=10) Ratio >3:1 (n=10) 
Ht z score -2.4 ± 1.3  -2.0 ± 1.5  -1.9 ± 1.6  
Wt score -0.9 ± 1.3  -1.2 ± 1.6 -0.8 ± 1.2  
BMI z score -0.4 ± 2.6  -0.7 ± 2.2  0.5 ± 0.8  

 
While no significant differences or correlations were observed with growth and ratio, other 

dietary parameters seem to be important. Notably, whereas the Fat% of calories (or essentially 

the ratio) only varies slightly within the population (81.8-90.4), the CHO% of calories and Pro% 

of calories vary widely across patients (0.6-8.6; 5.0-15.0). Ht z score was found to be positively 

correlated with CHO% of calories (r= 0.5, r2=0.28, p=0.003), CHO g/kg/day (r= 0.5, r2=0.22, 

p=0.01) and Fat g/kg/day (r= 0.4, r2=0.19, p=0.02), and negatively correlated with Pro% of 

calories (r= -0.5, r2=0.24, p=0.007). CHO and Fat in g/kg/day followed a similar trend with 

Cal/kg/day and CHO% calories having the most significant correlation with Ht z score. Ht z 

score was also correlated to CHO:Pro (r=0.5, r2=0.2, p=0.006). Importantly, age was also 

negatively correlated to CHO% of calories (r= -0.5, r2=0.2, p=0.008), CHO:Pro (r= -0.5, r2=0.3, 

p=0.003) and strongly to Cal/kg/day (r= -0.7, r2=0.4, p<0.0001) and positively with Pro% of  
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calories (r= 0.6, r2=0.3, p=0.001), suggesting again that this may be an effect of age. Although 

younger patients have higher protein requirements per kilogram body weight, they also have 

significantly higher energy needs based on total weight (Cal/kg/day) and therefore, this generally 

allows for more CHO in their diet prescription compared to older patients. Additionally, both Wt 

and BMI z score were significantly correlated to % RDA for recommended Pro/kg/day (r= -0.4, 

r2=0.15, p=0.04; r= -0.5, r2=0.23, p=0.009). 

Overall, the majority of experienced patients received adequate protein per kg body weight 

based on the DRI; on average, 4/29 (14%) patients had <100% of recommended Pro/kg/day and 

1/29 (3%) had <80%. Based on the average % EER per patient, 20/29 (69%) had <100% of EER 

and 9/29 (31%) had <80% of EER. All 9 were non-ambulatory patients. 

Ambulation status 

For prospective data, significant differences were found when comparing non-ambulatory 

to ambulatory patients for Ht and Wt z score. However, there were also differences in time on 

diet, age, and Cal/kg/day. On average, non-ambulatory patients were older, on diet longer, and 

received less Cal/kg/day (Table 4-6). Additionally, ambulation status appears to be an important 

factor in the correlation between Ht z score and %EER (Figure 4-24). 

Table 4-6.  Comparison of height, weight, and BMI z scores for ambulatory versus non-
ambulatory experienced patients evaluated prospectively 

Overall Mean ± SD 
 Ambulatory (n=7) Non-ambulatory (n=22) 
Ht z score  -0.7 ± 1.2  -2.5 ± 1.2* 
Wt z score  -0.07 ± 1.0  -1.4 ± 1.3*  
BMI z score    0.5 ± 1.2 -0.4 ± 2.2  
Age (years)   8.4 ± 3.4 11.9 ± 5.2+ 
Time on diet (months) 24.1 ± 8.7 64.0 ± 33.9* 
Cal/kg/day 67.7 ± 21.3 44.3 ± 18.9* 

 *p<0.05 for Ambulatory versus Non-ambulatory, +p=0.06 
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Figure 4-24.  Height z score versus % recommended Calories (%EER) as determined by 

equations from DRI for energy based on age, gender and activity level for 
experienced patients on KT and stratified based on ambulation status 
(NonAmb=non-ambulatory; Amb=ambulatory). 

Naïve patients 

Ht z score did not seem to be as affected in the naïve patient group. As shown in Figure 4-

25, some patient’s Ht z score improved over time on diet. When stratified based on before and 

after diet and compared using a paired t-test, no significant differences were observed for Ht, Wt, 

or BMI z score. There was a trend for an increased Ht z score (p=0.09) on diet compared to 

before. Ambulation status was only important for Ht z score and not Wt or BMI z score before 

diet. Additionally, the significance was not observed comparing non-ambulatory to ambulatory 

Ht z scores on diet (p=0.1) (Table 4-7). Ht z score was negatively correlated with % EER (r= -

0.7, r2=0.4, p=0.04), however, when the 3 patients with % EER>100% were removed, the 

correlation was not significant (Figure 4-26). 
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Figure 4-25.  Height z score over time on diet in months for individual naïve patients evaluated 
prospectively. 

Table 4-7.  Comparison of height, weight, and BMI z scores for naïve patients before and after 
diet and comparison of growth based on ambulation status 

 Mean ± SD 
 Before Diet (n=10) On diet (n=10) 
Ht z score  -1.1 ± 2.0 -0.9 ± 1.8 + 
Wt z score  -1.2 ± 1.6 -1.0 ± 1.5 
BMI z score  -0.4 ± 1.1 -0.7 ± 1.4 
 Before Diet (n=10) On diet (n=10) 
 Ambulatory 

(n=7) 
Non-ambulatory 

(n=3) 
Ambulatory 

(n=7) 
Non-ambulatory 

(n=3) 
Ht z score  -0.4 ± 2.0  -2.9 ± 0.7* -0.4 ± 2.0  -1.9 ± 0.5 ^ 
Wt z score  -0.9 ± 1.6  -1.8 ± 1.5  -0.8 ± 1.7  -1.4 ± 0.9  
BMI z score  -0.6 ± 1.2  -0.04 ± 0.9  -0.9 ± 1.6  -0.1 ± 0.7  

 +p=0.09 using a paired t-test, *p<0.05, ^p=0.1 using an unpaired t-test assuming unequal 
variances. 
 
β-hydroxybutyrate (BHB) 

Similar to the retrospective data, no correlations were found for BHB (mg/dL) and Ht, Wt, 

or BMI z scores (Figure 4-27). However, Ht z score was significantly correlated to Glu (mg/dL) 
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Figure 4-26.  Height z score versus % recommended Calories (%EER) as determined by 

equations from DRI for energy based on age, gender and activity level for naïve 
patients on KT. 

 (r= -0.4, r2=0.13, p=0.02) (Figure 4-28). When stratified by naïve or experienced, the correlation 

was no longer significant for either group. 

Summary of results 

The demographics of the experienced and naïve patient groups were different. Whereas the 

experienced group was mostly non-ambulatory and tube-fed, there was only 1 solely tube-fed 

patient and 3 non-ambulatory patients in the naïve group. Similar to the data from the 

retrospective study, in the experienced group, Ht z score was affected by time on diet, whereas 

Wt and BMI z score were not. All three growth parameters were again correlated with age and 

BHB did not show any correlations. However, no affect of time on diet on Ht, Wt, or BMI z 

score was found in the naïve group. Actually, some patients’ Ht z scores improved over time on  
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diet (Figure 4-25). Nevertheless, this was over a shorter period of time, and the diet prescription 

was more closely monitored in the prospective study compared to the retrospective study. 

Again, energy intake compared to the DRI showed no clear correlations with growth and 

differences were found based on ambulation status. Interestingly, patients receiving too many 

calories according the DRI (%EER >100) and patients receiving too few (%EER <100) had z 

scores in the negative range, and therefore, were not growing optimally for their age (Figure 4-

24). Results indicate that we are unable to accurately assess energy needs in this patient 

population with current equations for healthy children. While ratio and protein intake again were 

not correlated with growth, other dietary parameters such as CHO in g/kg/day and percent of 

calories need to be further evaluated. A summary of the anthropometric data for the retrospective 

and prospective studies is presented in Figure 4-29. 

 
Figure 4-27.  Height z score versus β-hydroxybutyrate (BHB) in mg/dL in patients on KT 

evaluated prospectively. 
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Figure 4-28.  Height z score versus Glucose (Glu) in mg/dL in patients on KT evaluated 

prospectively. 

 

 
 
Figure 4-29.  Summary of anthropometrics data including the retrospective and prospective 

results. 
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Blood Lipids and Dyslipidemia 

Retrospective Results 

One-hundred and eight-seven patients from our medical center were initiated on KT from 

1995-2006. Of those patients, blood lipid data were available for 164 patients, and 3 of these 

patients were started on the diet twice. The mean age at initiation was 7.4±5.1 years, and there 

were 88 males and 76 females. For diet prescription analysis, blood lipids and diet prescription 

data were available for 76 patients, 42 males and 34 females. The mean age at initiation for this 

subgroup was 7.3±5.6 years, 7.9±6.1 for males and 6.6±5.1 for females. Two females were 

started on the diet twice. 

Time on diet 

Blood lipid levels appear to go up initially during the first year of KT, and return to levels 

similar to baseline the longer the patient is on KT. Each time period on diet was compared to 0 

months or baseline levels at initiation. For all time points, TG concentrations were significantly 

increased from baseline except at 84-100 mo on diet (Figure 4-30). For HDL, all were 

significantly decreased after 4 mo except 36-48 and >60 mo on diet (Figure 4-31); however none 

of the mean levels for each time period were below 40 mg/dL. For nonHDL, there were no 

significant increases detected and mean nonHDL levels trended to decrease over time on diet 

(Figure 4-32). Mean Total Chol and LDL levels were not significantly higher at any time periods 

compared to baseline, and at 48-60 mo on diet both Total Chol and LDL levels were 

significantly lower than baseline levels (Figure 4-33 and 4-34). Total/HDL was significantly 

higher at 4-12 (p=0.008), 12-24 (p=0.02), and 24-36 mo (p=0.03) on diet compared to 0 mo on 

diet (Figure 4-35).   

Similarly, the z-tiles appear to normalize for all lipids with time on KT. To determine if the 

data were skewed by the patients who had high lipids in the beginning of therapy and then were 
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taken off diet, 22 patients who were on diet for 48-60 months were graphed with their lipids 

versus time on diet and the same effect was seen (results not shown). 

Age and gender 

No definitive effect of age on blood lipids was observed. The only differences found were 

0-3yr olds had the highest mean TG, however, they were also on diet significantly less time; and 

Total Chol was found to be significantly higher in >15yr olds compared to 12-15yr olds 

(158.9±28, 183.3±42, p=0.05). There were no significant differences when comparing mean 

levels for males versus females for any of the blood lipids or time on diet (Table 4-8). 

Table 4-8.  Comparison of mean blood lipids for males versus females 
 Mean ± SD  

Parameter Males  Females  p-value 
TG (mg/dL) 136.5 ± 95.7 (n=88) 141.4 ± 84.9 (n=76) 0.73 
HDL (mg/dL) 53.3 ± 12.9 (n=87) 52.6 ± 12.8 (n=75) 0.72 
nonHDL (mg/dL) 123.1 ± 43.4 (n=87) 123.3 ± 42.1 (n=75) 0.97 
LDL (mg/dL) 98.0 ± 35.7 (n=80) 93.7 ± 35.5 (n=67) 0.47 
Total Chol (mg/dL) 176.3 ± 44.9 (n=88) 175.3 ± 46.2 (n=76) 0.93 
Total/HDL 3.5 ± 1.2 (n=87) 3.6 ± 1.2 (n=75) 0.97 
Time on diet (months) 10.3 ± 14.8 (n=88) 11.2 ± 15.1 (n=76) 0.70 

 

 
 
Figure 4-30.  Mean TG ± SD in mg/dL over time on diet in months. Dashed line indicates    

normal levels based on AHA recommendations. *p<0.05 using a t-test assuming 
unequal variances. 
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Figure 4-31.  Mean HDL ± SD in mg/dL over time on diet in months. Dashed line indicates 

normal levels based on AHA recommendations. *p<0.05 using a t-test assuming 
unequal variances. 

 

 
 
Figure 4-32.  Mean nonHDL ± SD in mg/dL over time on diet in months. Dashed line indicates 

normal levels based on AHA recommendations. *p<0.05 using a t-test assuming 
unequal variances. 
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Figure 4-33.  Mean Total Chol ± SD in mg/dL over time on diet in months. Dashed line indicates 

normal levels based on AHA recommendations. *p<0.05 using a t-test assuming 
unequal variances. 

 

 
 
Figure 4-34.  Mean LDL ± SD in mg/dL over time on diet in months. Dashed line indicates 

normal levels based on AHA recommendations. *p<0.05 using a t-test assuming 
unequal variances. 
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Figure 4-35.  Mean Total/HDL ± SD in mg/dL over time on diet in months. Dashed line 

indicates normal levels based on AHA recommendations. *p<0.05 using a t-test 
assuming unequal variances. 

Dyslipidemia 

Dyslipidemia was defined as a TG >150, HDL <40, nonHDL >190, LDL >110, Total/HDL 

>4.4 and/or Total Chol >170. To circumvent the issue of non-fasting levels, we considered 

values to be abnormal if the patient had dyslipidemia 2 or more times. The number of patients 

and percentage of the KT population with dyslipidemia are listed in Table 4-9.   

Table 4-9.  Patients in KT population presenting with dyslipidemia two or more times 
Dyslipidemia # of patients (% of population) 

≥ 2x  Males Females Total 
TG >150 (n=164) 32 26 58 (35.4) 
HDL <40 (n=162) 17 10 27 (16.7) 
nonHDL  >190 (n=162) 7 5 12 (7.4) 
LDL  >110 (n=147) 19  14 33 (22.4) 
Total Chol >170 (n=164) 35  28 63 (38.4) 
Total/HDL >4.4 (n=162) 16  14  30 (18.5) 

 
Diet prescription 

KetoCal 4:1® (Nutricia North America, Gaithersburg, MD) (KC), a commercially 

available product that represents one dietary option for patients on KT, is very high in 
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monounsaturated fat and trans fatty acids due to the use of hydrogenated soybean oil. 

Preliminary data suggested that the blood lipid levels are more abnormal for patients on KC 

compared to all other patients on KT; however, statistical significance was not observed perhaps 

because there were only 8 patients on KC (Table 4-10).  

Table 4-10.  Comparison of mean blood lipids for KetoCal patients and the entire KT population 
 Mean ± SD 
Blood Lipid Ketocal patients (n=8) All patients (n=164) 
TG (mg/dL) 145.8 ± 43.7 138.8 ± 90.6 
HDL (mg/dL) 47.4 ± 11.2 53.0 ± 12.8 
nonHDL Chol (mg/dL) 146.5 ± 43.3 123.2 ± 42.7 
LDL (mg/dL) 117.5 ± 40.1 96.1 ± 35.5 
Total Chol (mg/dL) 193.9 ± 50.2 176.1 ± 43.0 
Total/HDL 4.2 ± 0.9 3.5 ± 1.2 

 
Because we had a limited number of patients on KC and they were all on KC for different 

lengths of time, multiple comparisons were made. The lipid levels were averaged before KC and 

compared to lipids for the patient while they were on KC using a paired t-test. The same number 

of dates before and after KC was averaged for each patient. A trend towards a significant 

increase in LDL after KC compared to before (p=0.07) was observed in all 5 patients. When one 

patient who appeared to be an outlier was removed from the data set, significant increases in 

nonHDL, LDL, and Total Chol before versus during KC administration were detected (Figure 4-

36). We then compared the patients on KC to a matched control at a similar age, time on diet, 

ratio on diet and route of feeding. A significant increase in Total/HDL (p=0.02) for patients on 

KC compared to control patients was the only difference detected using a paired t-test (data not 

shown). 

Seventy-six patients who had been on KT for at least 1 year were stratified according to fat 

ratio (fat: Pro + CHO) and groups were defined as a ratio <3:1, 3:1, and >3:1. Each group was 
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Figure 4-36.  Average blood lipid levels in mg/dL before (B) and during (D) KetoCal for 5 

patients on KT.  

compared to each another using a t-test assuming unequal variances and no effect of ratio on 

blood lipids was observed (Table 4-11). Regression analysis was also examined for ratio, Fat%, 

CHO%, Fat (g/day), CHO (g/day), Fat/kg/day, and CHO/kg/day and each blood lipid parameter. 

No significant correlations were detected (data not shown). 

Patients were stratified between the high SFA orally-fed diet and the high omega 6 PUFA 

tube-fed diet and blood lipids were compared between groups. Orally-fed patients had 

significantly higher nonHDL (p=0.003), LDL (p=0.001) and Total Chol (p=0.002) compared to 

tube-fed patients (Table 4-12).  

Table 4-11.  Comparison of mean blood lipids for patients on different KT ratios 
Blood Lipid Ratio <3:1 (n=41) Ratio 3:1 (n=29) Ratio >3:1 (n=47) 
TG (mg/dL) 160.9 ± 95.2 203.9 ±198.3 213.5 ± 155.9 
HDL (mg/dL) 55.4 ± 14.9 51.0 ± 16.2 49.0 ± 15.1 
nonHDL (mg/dL) 126.3 ± 45.3 129.8 ± 47.1 118.3 ± 45.6 
LDL (mg/dL) 93.3 ± 40.3 93.2 ± 44.4 80.2 ± 40.6 
Total Chol (mg/dL) 181.8 ± 46.6 180.9 ± 49.8 168.8 ± 47.2 
Total/HDL 3.5 ± 1.2 3.8 ± 1.5 3.6 ± 1.3 
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Table 4-12.  Comparison of mean blood lipids for orally-fed and tube-fed patients on KT 
Blood Lipid Orally-fed (n=38) Tube-fed (n=37) 
TG (mg/dL) 174.1 ± 97.9 189.4 ± 142.7 
HDL (mg/dL) 52.3 ± 15.1 50.5 ± 13.2 
nonHDL (mg/dL) 142.1 ± 46.6 111.9 ± 39.1* 
LDL (mg/dL) 106.9 ± 47.5 76.5 ± 26.9** 
Total Chol (mg/dL) 195.6 ± 49.5 162.5 ± 37.2** 
Total/HDL 4.0 ± 1.6 3.5 ± 1.3 

*p<0.05, **p<0.001 
 
Summary of results 

Overall, dyslipidemia was present in this population and time on diet was a significant 

factor in the blood lipids examined. Additionally, ratio or amount of fat was not as important as 

the type of fat for effects on blood lipids based on the route of feeding comparison. A summary 

of the blood lipids and dyslipidemia results for the retrospective study is presented in Figure 4-

37. 

 
 

Figure 4-37.  Summary of lipid results for the retrospective study. 
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Prospective Results 

Refer to the Prospective Results in Anthropometrics and Growth Results section for 

demographic data of prospective study. Similarly to retrospective data, no effect of age and 

gender on experienced patient’s blood lipids was observed. 

Dyslipidemia 

Using the same definitions for dyslipidemia used in the retrospective study, some 

differences were documented between the retrospective and prospective study populations. In the 

prospective study population, there was a lower percentage of patients with an abnormal TG two 

or more times and a higher percentage of abnormal HDL two or more times. This result was 

most likely due to the issue of non-fasting which retrospectively, was unable to be controlled for, 

and TG is most affected by non-fasting (Table 4-13). 

Table 4-13.  Patients in KT population presenting with dyslipidemia in the prospective study 
 TG HDL LDL Total Chol 

 #  %  #  %  #  %  #  %  
Values  10/160  6.3  49/160  30.6  42/159  26.4  49/160  30.6  
Patients  7/38  18.4  23/38  60.5  16/38  42.1  21/38  55.3  
Patients 2 or more 
times  1/38  2.6 15/38  39.5 12/38  31.6 15/38  39.5  

 
Patients were stratified based on whether or not they had abnormal lipid values two or 

more times and compared to the other patients with normal levels within each lipid parameter. 

Due to only one patient having an abnormal TG two or more times, the seven patients with at 

least one abnormal value were compared. No significant differences in dietary parameters were 

detected; results are represented in Table 4-14, 4-15, 4-16 and 4-17.  

Table 4-14.  Comparison of dietary parameters between patients with abnormal TG and normal 
TG in prospective study 

Diet parameter Abnormal patients (n=7) Normal patients (n=31) 
TG (mg/dL)  138.5  73.8*  
Age (yr)  8.1  10.6  
Time on diet (mo)  38.3  39.9  
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Table 4-14.  Continued.   
Ratio  3.1  3.1  
Fat g/kg/day  6.7  5.3  
CHO g/kg/day 1.0 0.62  
Fat (g/day)  132.2  144.3  
CHO (g/day)  16.8  14.6  
Fat % of cals  87.4  87.4  
Protein % of cals  7.8  8.9  
CHO % of cals  4.8  3.7  
Cal/kg/day  69.1  54.8  
Pro/kg/day  1.2  1.1  

*p<0.05 
 
Table 4-15.  Comparison of dietary parameters between patients with abnormal HDL and normal 

HDL in prospective study 
Diet parameter Abnormal patients (n=15) Normal patients (n=23) 
HDL (mg/dL)  36.1  54.9*  
Age (yr)  11.5  9.3  
Time on diet (mo)  47.5  37.0  
Ratio  3.2  3.1  
Fat g/kg/day  5.2  5.8  
CHO g/kg/day 0.58 0.76  
Fat (g/day)  149.6  137.1  
CHO (g/day)  14.2  15.6  
Fat % of cals  87.6  87.2  
Protein % of cals  8.8  8.6  
CHO % of cals  3.5  4.2  
Cal/kg/day  53.9  59.7  
Pro/kg/day  1.1  1.1  

*p<0.05 
 
Table 4-16.  Comparison of dietary parameters between patients with abnormal LDL and normal 

LDL in prospective study 
Diet parameter Abnormal patients (n=12) Normal patients (n=26) 
LDL (mg/dL)  136.0  87.7*  
Age (yr)  9.1  10.6  
Time on diet (mo)  28.6  46.4+  
Ratio  3.2  3.1  
Fat g/kg/day  5.8  5.5  
CHO g/kg/day 0.74 0.67  
Fat (g/day)  149.5  138.6  
CHO (g/day)  16.6  14.3  
Fat % of cals  87.6  87.3  
Protein % of cals  8.1  9.0  
CHO % of cals  4.3  3.8  
Cal/kg/day  59.8  56.3  
Pro/kg/day  1.1  1.1  

*p<0.05, +p=0.11 
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Table 4-17.  Comparison of dietary parameters between patients with abnormal Total Chol and 
normal Total Chol in prospective study 

Diet parameter Abnormal patients (n=15) Normal patients (n=23) 
Total Chol (mg/dL)  191.5  151.2*  
Age (yr)  10.5  10.0  
Time on diet (mo)  35.0  44.6  
Ratio  3.2  3.1  
Fat g/kg/day  5.9  5.4  
CHO g/kg/day 0.76 0.64  
Fat (g/day)  149.7  137.1  
CHO (g/day)  16.7  14.0  
Fat % of cals  87.6  87.2  
Protein % of cals  8.1  9.1  
CHO % of cals  4.3  3.7  
Cal/kg/day  60.6  55.3  
Pro/kg/day  1.1  1.1  

*p<0.05 
 
Time on diet 

Although no significant differences were observed in time ond diet when comparing 

abnormal patients to normal patients, it appeared for Total and LDL patients with abnormal 

levels were on diet less time. Additionally, Total and LDL Chol were significantly negatively 

correlated with time on diet, whereas TG and HDL were not, indicating the longer on diet, the 

lower the Total and LDL cholesterol (Figure 4-38 and 4-39). 

 
 
Figure 4-38.  Total cholesterol (mg/dL) versus time on diet in months for experienced patients on 

KT evaluated prospectively. 
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Figure 4-39.  LDL cholesterol (mg/dL) versus time on diet in months for experienced patients on 

KT evaluated prospectively. 

Diet prescription 

Similar to the retrospective study, nonHDL, LDL, and Total cholesterols were all 

significantly higher in the orally-fed patients compared to the tube-fed patients (Table 4-18). 

Additionally, Pro% of calories was found to be significantly lower in the orally-fed group. 

However, it is important to note, that time on diet was trending to be lower (p=0.053) in the 

orally-fed group as well. 

Table 4-18.  Comparisons between orally-fed and tube-fed patients on KT in prospective study 
Diet parameter Orally-fed (n=17) Tube-fed (n=21) p value 
Age (yr) 9.3 ± 5.8 10.8 ± 5.6 0.44 
Time on diet (mo) 28.1 ± 32.1 51.1 ± 38.7 0.053 
Ratio 3.2 ± 0.4 3.1 ± 0.4 0.76 
TG (mg/dL) 87.5 ± 34.0 84.3 ± 31.1 0.96 
HDL (mg/dL) 49.3 ± 16.0 46.0 ± 12.2 0.71 
nonHDL (mg/dL) 139.2 ± 62.7 103.8 ± 26.8 0.04 
LDL (mg/dL) 122.7 ± 61.3 87.0 ± 24.6 0.04 
Total Chol (mg/dL) 188.5 ± 70.2 149.8 ± 26.6 0.04 
Cal/kg/day  64.5 ± 25.6 51.7 ± 24.8 0.13 
Fat g/kg/day  6.3 ± 2.5 5.0 ± 2.4 0.25 
CHO g/kg/day  0.9 ± 0.6 0.6 ± 0.6 0.21 
CHO% of calories  4.7 ± 2.3 3.3 ± 2.3 0.06 
Pro% of calories 7.8 ± 2.1 9.4 ± 2.8 0.04 
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No effect of ratio on blood lipids was observed when comparing ratio groups using an 

unpaired t-test assuming unequal variances (Table 4-19), and no correlations were observed with 

BHB or ratio and any of the blood lipid parameters (Table 4-20). 

Table 4-19.  Comparison of mean blood lipids for patients on different KT ratios in prospective  
   study 

Blood lipid Ratio <3:1 (n=11) Ratio 3:1 (n=14) Ratio >3:1 (n=16) 

TG (mg/dL) 83.4 ± 43.5 88.4 ±27.7 83.2 ± 36.3 
HDL (mg/dL) 46.6 ± 9.7 41.3 ± 8.2 45.8 ± 10.4 
LDL (mg/dL) 85.3 ± 33.8 96.1 ± 34.7 100.6 ± 47.0 
Total Chol (mg/dL) 148.4 ± 36.3 155.2 ± 36.0 163.0 ± 47.5 

 
Table 4-20.  Regression analyses for blood lipids and ratio and BHB evaluated prospectively 

 Ratio BHB (mg/dL) 

Blood lipid r p value r p value 
TG (mg/dL) 0.09  0.60  0.07  0.67  
HDL (mg/dL) 0.07  0.66  0.01  0.95  
nonHDL (mg/dL) 0.10  0.55  0.10  0.55  
LDL (mg/dL) 0.10  0.56  0.11  0.52  
Total Chol (mg/dL) 0.11  0.51  0.09  0.58  

 
Naïve patients 

Preliminary evidence suggests age and other dietary factors besides ratio may be important 

to monitor in terms of percent change in blood lipids after starting KT. When examining all 

naïve blood lipids, age was significantly correlated to percent change in nonHDL (r=0.5, r2=0.2, 

p=0.02), LDL (r= 0.6, r2=0.3, p=0.002) (Figure 4-40) and Total Chol (r= 0.5, r2=0.2, p=0.01). 

When patients were stratified based on age, significant differences were only observed when 

comparing all data, not when averaged per patient (Table 4-21), most likely due to the small 

numbers within the groups. Additionally, although ratio or Fat % of calories was not correlated 

with blood lipids, a trend towards significance was observed for Fat g /kg/day and percent 

change in LDL cholesterol (Figure 4-41). 
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Table 4-21.  Percent change in blood lipids in naïve patients on KT and age in years (yrs) in 
prospective study 

 Averaged per patient  
 <10 yrs (n=7)  >10 yrs (n=3)   p value  
% change in TG  45.1  16.7  0.47  
% change in HDL  -2.2  -3.3  0.95  
% change in nonHDL  -1.1  73.1  0.16  
% change in LDL  -4.8  82.2  0.11  
% change in Total  -3.8  48.8  0.11  
 All data  
 <10 yrs (#=18)  >10 yrs (#=9)  p value 
% change in TG  63.3  10.1 0.07  
% change in HDL  -4.1  -11.8 0.37  
% change in nonHDL  7.7  60.8*  0.02  
% change in LDL  2.4  70.9*  0.01  
% change in Total  1.3  38.3*  0.01  

 
Despite the fact that there were a small number of naïve patients to compare groups, graphs 

of naïve patient’s blood lipids over time on diet were examined. Graphs were stratified by route 

of feeding, and the one solely tube-fed patient had reduced TG, Total and LDL cholesterol and 

increased HDL cholesterol over time (Figure 4-42, Figure 4-43, Figure 4-44, and Figure 4-45). 

 
 

Figure 4-40.  Percent change in LDL cholesterol in naïve patients on KT versus age in years 
evaluated prospectively. 
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Figure 4-41.  Percent change in LDL cholesterol in naïve patients on KT versus Fat in grams per 

kilogram body weight per day (Fat g/kg/day) evaluated prospectively. 

 

 
Figure 4-42.  Triglycerides (TG) in mg/dL over time on diet in months for individual naïve 

patients stratified by route of feeding and evaluated prospectively. Orange=Orally-
fed; Green= Tube-fed; Blue=Both orally-fed and tube-fed. 
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Figure 4-43.  Total cholesterol (Total Chol) in mg/dL over time on diet in months for individual 

naïve patients stratified by route of feeding and evaluated prospectively. 
Orange=Orally-fed; Green= Tube-fed; Blue=Both orally-fed and tube-fed. 

 

 
Figure 4-44.  LDL cholesterol (LDL Chol) in mg/dL over time on diet in months for individual 

naïve patients stratified by route of feeding and evaluated prospectively. 
Orange=Orally-fed; Green= Tube-fed; Blue=Both orally-fed and tube-fed. 
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Figure 4-45.  HDL cholesterol (HDL Chol) in mg/dL over time on diet in months for individual 

naïve patients stratified by route of feeding and evaluated prospectively. 
Orange=Orally-fed; Green= Tube-fed; Blue=Both orally-fed and tube-fed. 

Summary of results 

Results from the prospective study were similar to those in the retrospective study for 

blood lipids. Time on diet still appears to be important, but more so for Total and LDL Chol than 

for TG and HDL. While type of fat remains important and ratio or amount of fat still does not 

appear to effect blood lipid levels, in examining the percent change in lipids in the naïve group, 

age as well as other dietary factors, such as Fat g/kg/day, need to be further evaluated in a larger 

sample. Other dietary factors besides the ratio, which is routinely evaluated clinically, may help 

in determining risk of dyslipidemia. A summary of the blood lipids and dyslipidemia results for 

the retrospective and prospective studies is presented in Figure 4-46. 
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Figure 4-46.  Summary of lipid results of retrospective study with addition of prospective study 

results. 

Meal Challenge 

Prospective Results 

Demographics 

Data were available for 23 patients with mean age of 10.2±5 years and time on diet of 

51.4±38 months. There were 7 males and 16 females. Eight patients were solely tube-fed (TF), 5 

were fed orally and via a g-tube (Both), and 10 were orally-fed (Oral). Mean and standard 

deviations for BHB and Glu at all time points are listed in Table 4-22. Mean percent changes at 

30 min, 1 hr, and 2 hr for both BHB and Glu were all less than 10% (Table 4-23).  
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Table 4-22.  Mean BHB and Glu in mg/dL at fasting and after ingestion of a ketogenic meal 
 Mean (mg/dL) ± SD  Mean (mg/dL) ± SD 

Fasting BHB (n=23) 34.2 ± 11.4 Fasting Glu (n=22) 72.4 ± 6.6 
BHB at 30 min (n=22) 32.9 ± 9.7 Glu at 30 min (n=21) 75.3 ± 11.1 
BHB at 1 hr (n=23) 31.8 ± 10.5 Glu at 1 hr (n=21) 74.9 ± 7.9 
BHB at 2 hr (n=23) 34.9 ± 12.4 Glu at 2 hr (n=22) 74.6 ± 8.5 

 
Table 4-23.  Mean percent changes of BHB and Glu after a ketogenic meal 

 Mean percent change ± SD (n=23) 
 BHB (%) Glu (%) 

30 minutes -1.7±19.6 3.0±14.1 
1 hour -3.7±32.8 2.3±10.3 
2 hour 6.5±46.8 2.1±10.2 

 
Time on diet 

Patients were stratified by time on diet in months, which ranged from 11-118 mo. Patients 

on the diet for 11-40 mo (n=12) were compared to patients on the diet >40 mo (n=11). There 

were no significant differences for percent changes in glucose. Percent change of BHB at 30min 

was significantly lower for 11-40 mo group compared to >40 mo (-9.4; 7.5; p=0.05). In addition, 

time on diet correlated to percent change of BHB at 30 min (r=0.5, r2=0.3, p=0.01) (Figure 4-47).   

 
Figure 4-47.  Percent change of β-hydroxybutyrate (BHB) at 30 minutes versus time in diet in 

months in patients on KT evaluated prospectively. 
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Age 

Patients were stratified by age in years (range 2.5–19.2 yrs). Patients <10 yr (n=11) were 

compared to patients >10 yr old (n=12). Younger patients had higher fasting, 30min, and 2hr 

BHB/Glu (Table 4-24). Fasting BHB/Glu was negatively correlated with age (r= -0.5, r2=0.2, 

p=0.03) (Figure 4-48). 

 
Table 4-24.  Effect of time after meal and age on BHB/Glu 

 BHB/Glu 
 All (n=23) <10yr (n=11) >10yr (n=12) 

Fasting 0.49±0.2 0.60±0.2 0.38±0.1* 
30 minutes 0.46±0.2 0.55±0.2 0.38±0.2* 
1 hour 0.45±0.2 0.51±0.2 0.38±0.2# 
2 hour 0.49±0.2 0.60±0.2 0.39±0.2* 

*p<0.05, #p=0.09 comparing <10yr and >10yr 
 
 

 
Figure 4-48.  Fasting β-hydroxybutyrate (BHB)/glucose (Glu) versus age in years in patients on  

KT. 
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Route of feeding 

Patients were stratified by route of feeding. Orally-fed (Oral) patients (n=10) were 

compared to tube-fed (TF) patients (n=13). Patients who were fed both orally and via G-tube 

were grouped with the TF patients for comparison. Route of feeding did not affect BHB/Glu at 

any time point (Table 4-25). Percent changes appear to be different for route of feeding 

comparisons, but there is large variability in the data, which may be why no statistical 

significance was detected. However, when patients were stratified according to age and route of 

feeding, there was a significant difference in the younger group (<10yrs) when comparing orally-

fed versus tube-fed patients for percent change of Glu at 30 min (14.2±8.2%; -7.8±14.0%, 

p=0.01) (Table 4-26). 

Table 4-25.  Effect of time after a meal and route of feeding on BHB/Glu  
 BHB/Glu  
 All (n=23) Oral (n=10) TF (n=8) TF/Both (n=13) 

Fasting 0.49±0.2 0.48±0.1 0.50±0.2 0.43±0.2 
30 minutes 0.46±0.2 0.43±0.2 0.48±0.2 0.40±0.2 
1 hour 0.45±0.2 0.41±0.1 0.47±0.2 0.41±0.2 
2 hour 0.49±0.2 0.49±0.2 0.48±0.3 0.46±0.3 

 
Table 4-26.  Effect of age and route of feeding on percent change of BHB and Glu 

Age and route of feeding <10 yr >10 yr 
Oral (n=5)  TF (n=6)  Oral (n=5)  TF (n=7)  

% change of BHB at 30 min  -5.8±23.2 -11.8±7.1 -0.8±13.9 11.0±25.3 
% change of BHB at 1 hr  -16.4±14.0 -12.3±5.6 -0.4±11.7 10.5±57.1 
% change of BHB at 2 hr  12.7±41.4 -6.1±12.0 4.7±10.5 14.2±80.2 
% change of Glu at 30 min  14.2±8.2 -7.8±14.0* 3.7±13.8 6.4±12.0 
% change of Glu at 1 hr  4.7±6.7 -2.4±8.6 2.0±6.6 6.6±16.6 
% change of Glu at 2 hr  1.2±5.4 -2.4±8.3 5.1±5.9 4.8±16.2 

*p=0.01 
 
Diet Prescription 

Regression analyses were performed for BHB/Glu and percent changes and ratio, 

Cal/kg/day, fat, carbohydrate, and protein % of calories, fat and carbohydrate in g/kg/day. All 

correlations (r) were found to be less than 0.5 and r2 less than 0.3. Ratio and fat% of calories 
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seem relatively important for percent change of Glu, but not percent changes of BHB. 

Correlations for ratio and percent change of Glu were as follows: at 30min (r= -0.3, r2=0.1, 

p=0.16) at 1 hr (r= -0.3, r2=0.1, p=0.16) and at 2 hr (r= -0.4, r2=0.14, p=0.09) (Figure 4-49). In 

addition, a weak, but significant correlation was found for CHO% of calories and fasting 

BHB/Glu (r=0.4, r2=0.2, p=0.04) (Figure 4-50). There was a trend for the CHO% of calories to 

be higher in younger (<10 yr, 5.05%) compared to older patients (>10 yr, 2.87%) (p=0.07). 

Comparison of data 

Data were available for 15 patients to compare after meal response during a second 

inpatient EEG visit at the GCRC to their first visit. An example of a patient’s BHB and Glu 

response at their first visit compared to their second visit 1 year later is represented in Figure 4-

51. There was both inter- and intra-patient variability within the data. 

 
Figure 4-49.  Percent change of glucose (Glu) at 2 hours versus diet prescription ratio (fat: 

protein +carbohydrate) in patients on KT. 
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Figure 4-50.  Fasting β-hydroxybutyrate (BHB)/glucose (Glu) versus carbohydrate (CHO) 

percentage of calories in patients on KT. 

 

 
Figure 4-51.  Comparison of after meal blood levels of BHB and Glu in patient KG0040 at 1 

year and 2 years on study. F=Fasting, 30m=30 minutes, 1hr=1 hour, 2hr= 2 hour, 
BHB=β-hydroxybutyrate during first year, BHB2= β-hydroxybutyrate during 
second year, Glu= Glucose during first year, Glu2=Glucose during second year. 
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Summary of results 

Overall, while there was much variability in the data, small percent changes in BHB and 

glucose were observed after a ketogenic meal (Table 4-23). On average, Glu was 3% higher at 30 

minutes after ingestion of a ketogenic meal, a much lower percentage than typically observed 

after a meal. Results suggest that after a meal, patients on KT may not be stimulating the normal 

insulin response and are not experiencing a rapid rise in blood glucose. This stabilization of 

metabolism may be important in mechanism of action. Age contributed to BHB, but not Glu, and 

route of feeding was not a significant factor in BHB or Glu. A summary of the prospective study 

meal challenge results is presented in Figure 4-52. 

 
 
Figure 4-52.  Summary of results for mechanism of action. Dashed lines represent data that is not  

confirmed and is still in progress of validation and identification. 
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Metabolomics 

A system was developed and utilized for preliminary metabolomics based analyses. 

Through analyzing the data both manually and with multiple software systems, it is clear how 

many different conclusions can be drawn depending on factors such as data processing, 

normalization techniques, and setting tolerance limits for mass, retention time, and other 

parameters. Without understanding the data fully, it is difficult to make decisions regarding these 

factors. Therefore, this issue is being handled within our system by having continuity in some of 

the investigators from beginning to the end. 

Plasma from subjects on a ketogenic diet was prepared for analysis by our research staff 

and analyzed by the UF Metabolomics Core . Identifying changes in metabolites after ingestion 

of a ketogenic diet may lead to a better understanding of changes in specific metabolic pathways. 

Additionally, in the future, changes in the metabolome will be compared to samples obtained 

from patients receiving KT before and after diet. Ultimately these results may lead to questions 

that can be tested regarding the mechanism of action of KT. 

Preliminary Results 

Processed data were available for 10 female subjects before and after diet, 5 PUFA and 5 

SFA and 3 replicates each for a total of 60 samples for further metabolomics analyses, Figure 4-

53.   

Untarged metabolomics 

After uploading all 60 samples into MetaboAnalyst, a total of 243,515 peaks were 

identified with an average of 4,059 per sample. Following peak matching and alignment 1,812 

peak groups were detected. Processed data were downloaded, and then replicates were averaged 

per subject and re-uploaded into MetaboAnalyst. Of the 1,812 peaks per sample, 1,796 peak 

groups were formed. 
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Figure 4-53.  Diagram of plasma samples analyzed for preliminary metabolomics analyses using 
MetaboAnalyst and manual searching in excel. Set I, II, and III indicates when the 
samples were run. A total of 20 biological samples and 3 technical replicates each 
were run through the analyses for a total of 60 samples. 

To further limit variation, subjects were stratified based on diet group into PUFA (n=5) 

and SFA groups (n=5) and uploaded into MetaboAnalyst. Of the 30 PUFA samples, 123,239 

peaks were identified with an average of 4,108 per sample. A total of 1,903 peak groups were 

formed. For the averaged data, 1,884 peak groups were formed. Of the 30 SFA samples, 120,276 

peaks were identified with an average of 4,009 per group. A total of 1,882 peak groups were 

formed. For the averaged data, 1,854 peak groups were formed.  

Univariate analyses, including fold change, t-test, and volcano plot, were performed to 

compare before and after diet peaks among all groups. Paired analyses were performed for the 

averaged data. The top 50 peaks (mz/rt) or potential compounds identified by fold change, t-test, 

and volcano plot analyses for before/after comparison of all data are listed in tables in Appendix 

C. Additionally, multivariate analysis was performed using PCA and PLS-DA. Detailed figures 

for each MetabAnalyst comparative analysis can also be found in Appendix C. The number of 
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significant masses identified by each comparison and in each group is listed in Table 4-27. 

Clearly, reducing the variation in the samples by analyzing the diet groups separately produced 

more significant masses with the fold change and volcano plot. 

Table 4-27.  Number of significant masses identified by univariate analyses in Metaboanalyst 
 Fold change t-test Volcano plot 

All data Averaged 
data 

All data Averaged 
data 

All data Averaged 
data 

Paired 

Before/after 
(n=10, 3 
replicates, 60 
samples) 

273 269 426 163 181 84 14 

PUFA  
(n=5, 3 
replicates, 30 
samples) 

426 418 340 104 340 59 37 

SFA  
(n=5, 3 
replicates, 30 
samples) 

394 388 352 65 223 40 25 

 
Volcano plot analysis takes into account both the fold change and the t-test, therefore, it 

represents the most significant provisional compounds. These are defined as provisional because 

further validation is needed to confirm identification of the compound. Significant masses 

resulting from the volcano plot in the paired analyses were searched in HMDB in positive mode 

with 5-10 ppm tolerance to identify provisional compounds. In the averaged data before/after 

comparison, 58 provisional compounds, including isomers were identified in HMDB. One-

hundred and fifty six provisional compounds were found in HMDB for the comparison of the 

averaged data before/after in the PUFA group and 97 for the SFA group. Specifically for 

acylcarnitines, Table 4-28 represents the provisional acylcarnitines identified with the HMDB 

search including possible adducts. As expected, different acylcarnitines were observed in the 

before/after comparisons for the SFA group compared to the PUFA group. Additionally, more 
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provisional acylcarnitines were detected when diets were analyzed as a separate group compared 

to uploading all data for before/after comparison (Table 4-29).  

Table 4-28.  Provisional acylcarnitines identified by searching significant compounds identified  
by fold change, t-test, and volcano plot analyses comparing all data before and after 
values in HMDB with a 5-10 ppm tolerance range. 

Name Acyl chain 
length MW mz 

Hexanoylcarnitine C6 259.1778 260.1848 
L-octanoylcarnitine C8 287.2091 288.2161 
Decanoylcarnitine C10 315.2404 316.2474 
Dodecanoylcarnitine C12 343.2717 344.2787 
Cis-5-tetradecenoylcarnitine C14 371.303 372.31 
Trans-hexadec-2-enoyl carnitine, palmitoleoylcarnitine C16 397.3187 398.32565 
Stearidonylcarnitine C18 433.3187 434.32565 
Arachidylcarnitine C20 455.3969 456.40389 
Clupanodonylcarnitine, cis-docsapentaenoylcarnitine C22 473.3499 474.35694 
Trans-docosa-4,7,10,13,16-pentaenoylcarnitine C22 473.3499 474.35694 
Adrenylcarnitine C22 475.3656 476.37259 

 
Table 4-29.  Provisional acylcarnitines identified by searching significant compounds identified   

by both volcano and fold change analyses comparing before and after values in 
HMDB with a 5-10 ppm tolerance range. 

Data compared Statistical test Possible acylcarnitines and direction of change 
Before after avg data Paired, volcano Decanoylcarnitine (up) 
PUFA avg data Paired, volcano 3-methylglutarylcarnitine (down) 

Decanoylcarnitine (up) 
PUFA avg data Paired, FC 3-methylglutarylcarnitine (down) 

Decanoylcarnitine (up) 
Stearidonyl carnitine (up) 

SFA avg data Paired, volcano L-octanoylcarnitine (up) 
4,8 dimethylnonanoyl carnitine (up) 

SFA avg data Paired, FC Arachidonyl carnitine (up) 
L-octanoylcarnitine (up) 
4,8 dimethylnonanoyl carnitine (up) 
Hexacosanoyl carnitine (up) 

 
Furthermore, other provisional compounds identified in the search were different among 

the SFA and PUFA groups. Some expected provisional compounds in each dietary group such as 

palmitate in the SFA group and a number of oxidized lipids, such as hydroperoxylinoleic acid in 

the PUFA group, were observed. Phosphatidylcholine (PC) was the only provisional compound 
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identified in all 3 comparison groups. Some of the differences observed in provisional 

compounds between dietary groups were that the significant compounds in the SFA group were 

mostly PC and diglycerides, whereas the significant compounds in the PUFA group were mostly 

phosphotidylinositol (PI), phosphatidlyethanolamine (PE) and monoglycerides. In addition, the 

potential acylcarnitines identified were different with L-octanoylcarnitine and 4,8 

dimethylnonanoylcarnitine in the SFA group and 3-methylglutarylcarnitine in the PUFA group. 

Provisionally, decanoylcarnitine was only detected in the before/after comparison of all the data. 

Targeted metabolomics 

After searching the raw data for provisional carnitines in all 60 samples, all isomers with 

the same mass were considered the same carnitine, therefore there was a total of 68 possible 

carnitine structures. Out of 68, 44 were identified as provisional carnitines that occurred in at 

least 1 sample replicate. Twenty-five were found in at least 2 replicates of one sample (Figure 4-

54). 

Only dimethylnonanoylcarnitine was identified in at least 2 replicates of all females both 

before and after diet. Dodecenoylcarnitine was identified in at least 1 replicate of all samples 

both before and after diet and dodecanoylcarnitine in at least 1 replicate of all samples both 

before and after diet except for 1 subject before diet. Aspartylcarnitine, 

hexadecanedioylcarnitine, and arachidonoylcarnitine were only found before diet. 

Citrylcarnitine, palmitoylcarnitine, stearidonoylcarnitine were only found after diet. 

Docosahexaenoyl-L-carnitine or cervonylcarnitine was identified in 4 out of 10 females after diet 

and only 1 before diet. Stearoylcarnitine was identified in 3 out of 10 females before diet and 

only 1 after diet. 
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Overall, more acylcarnitines were possibly identified after diet compared to before; 61 

provisional acylcarnitines were identified in at least 2 replicates before, whereas 79 provisional 

acylcarnitines were identified in at least 2 replicates after diet. 

 
 
Figure 4-54.  Manual targeted identification of acylcarnitines. X-acylcarnitine was found in at 

least 2 out of 3 replicates; MW=molecular isotopic weight; F1-F10=Female 1-
Female 10; orange=before diet, acylcarnitine was only found before diet; 
blue=after diet, acylcarnitine was only found after diet. 

Additional Results 

 Samples from both females and males were prepared by our lab and analyzed using 

Agilent Quantitative analysis software (Agilent Technologies, Inc., Santa Clara, California) and 

internal standards for free carnitine and 10 acylcarnitines by Soledad Cerutti, a PhD student in 

the Chemistry department and within the UF Metabolomics Core. The following results were 

obtained by her and adapted with her permission.  

The % of total peak area counts was obtained for each sample and represented as a ratio of 

after diet to before diet (A/B) in which values above 1.0 represent an increased response after 

diet compared to before diet. Likewise, all values below 1.0 represent a decreased response after 
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diet. Values were averaged for the 3 replicates within each sample and represented in Figure 4-

55 and Figure 4-56. 

Overall, the male samples showed larger changes in these specific acylcarnitines compared 

to the females after diet. In the males, C6 (hexanoylcarnitine) and C18 (stearoylcarnitine) on 

average had the largest increase after diet and C3 (propionylcarnitine), on average, was the only 

acylcarnitine that showed a decrease after diet. 

In females, C8 (octanoylcarnitine), C10 (decanoylcarnitine), C14 (myristoylcarnitine), and 

C16 (palmitoylcarnitine) on average decreased after diet, and the largest increase after diet was 

observed in C4 (butyrylcarnitine), C6, and C18 (Figure 4-55). For C2, or ALC, on average in 

both males and females, there was an increase after diet (Figure 4-56). Seven out of 10 females 

and 6 out of 10 males had an increase in C2. 

Summary of results 

In general, acylcarnitines increased after diet. The acylcarnitines, as well as significant 

provisional compounds identified, were different among diet groups using both an untargeted 

and targeted approach. In both males and females, on average, ALC was increased after diet. A 

summary of the results regarding mechanism of action of KT, including the meal challenge test 

and metabolomics based approach is presented in Figure 4-52. Validation and identification of 

provisional compounds are ongoing. Additionally, samples have been collected from patients 

receiving KT and will be used for comparison against samples from healthy subjects. The system 

for the use of metabolomics in this patient population was developed and preliminary analyses 

have been conducted in healthy subjects receiving the ketogenic diet. 
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Figure 4-55.  Average After diet/Before diet (A/B) ratio response of the % total peak area counts 
versus free carnitine (C0) and acylcarnitines in female and male samples. All 
values above the dashed line at 1.0 indicate higher response after diet compared to 
before. [Adapted with permission from Cerutti S, Johnson J, Borum P, Yost R, 
Powell D. Metabolic Profiling in Plasma samples of Patients Before and After 
Ketogenic Diet Therapy by Monolithic-C18LC/(+)ESI-MS. 57th ASMS 
Conference on Mass Spectrometry and Allied Topics ThP 065 (2009) (304).] 
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Figure 4-56.  Average After diet/Before diet (A/B) ratio response of the % total peak area counts   

for each female and male sample for C2 or acetyl-l-carnitine (ALC). All values 
above the dashed line at 1.0 indicate higher response after diet compared to before. 
[Adapted with permission from Cerutti S, Johnson J, Borum P, Yost R, Powell D. 
Metabolic Profiling in Plasma samples of Patients Before and After Ketogenic Diet 
Therapy by Monolithic-C18LC/(+)ESI-MS. 57th ASMS Conference on Mass 
Spectrometry and Allied Topics ThP 065 (2009) (304).] 
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CHAPTER 5 
DISCUSSION AND CONCLUSIONS 

Conclusions 

Growth 

Children treated with KT for seizures show significant changes in height over time on diet 

as well as age or possibly length of epilepsy. In general, the age of onset of epilepsy in this 

patient population is less than 1 year old; therefore, correlations with growth and age may be 

related to length of epilepsy or time of disease. Consequently, these changes in height may not be 

directly due to diet composition. Strong correlations were not detected for calorie or protein 

intake or percentage of the DRI or RDA and growth parameters, similar findings to a recent 

study by Neal et al. (2008). Due to the wide variation in percent of recommended calories and 

lack of significant correlations between growth parameters, these data suggest we are unable to 

accurately assess energy needs in this population using current equations for healthy children. 

Additionally, we found ambulation status to be important in growth parameters and calorie 

prescription and the youngest age groups had the most significant impact of KT on growth. 

Similarly, Neal et al. (2008) found ambulation status and age to be contributing factors to poor 

growth in patients on KT. Likewise, other severely disabled children in the youngest age group 

have been found to be at greatest risk for poor nutritional and growth status (99).With more data 

on calorie needs and energy expenditure in this patient population, calories could be better 

optimized for growth. Currently, there are no data on the energy expenditure caused by seizure 

activity. Estimating the optimal calorie prescription in this patient population may need to 

include age, ambulation status, disease and activity factors, as well as seizure frequency and 

intensity. 
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While diet ratio is a common factor considered to be important in this patient population, 

neither ratio of fat: protein + carbohydrate, nor blood BHB had significant effects on growth 

parameters. In contrast, a recent paper reported weight, height, BMI, and height velocity were 

affected by KT and height velocity was negatively correlated to BHB (122). Our data indicate 

closer attention should be made to the diet prescription, and that other dietary factors calculated 

from the diet prescription, such as CHO and Fat in g/kg/day, need to be evaluated further for 

their role in KT and growth. 

Malnutrition, growth abnormalities and micronutrient deficiencies are common in patients 

with intractable epilepsy not on KT (92, 93). Subsequently, these patients are recommended to 

start KT, a nutritional treatment for their seizures. This therapy then needs to be designed to 

provide the nutrients needed to grow, stop seizures and correct existing malnutrition. While 

patients are on KT, their growth and nutritional status are more intensely monitored. In addition, 

if seizures improve, the need for AEDs, which also affect growth and bone density (90, 91) is 

decreased. Therefore the diet could actually be part of the solution to the growth issues and 

improving the nutritional status in this population instead of the cause. Data from our naïve 

strata, patients in which baseline data were available, indicate growth parameters may actually 

improve over time on KT. Prospectively, diet and calorie prescription were more closely 

controlled and monitored as compared to the restrospective study. One complicating factor is the 

majority of the naïve group were ambulatory.  Additionally, one example in the literature is 

improved vitamin D status in patients after initiation of KT due to supplementation and closer 

monitoring (305). Overall, more attention needs to be given by the nutrition community to this 

issue of growth and nutrition in this population. 
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Given that the patient population with intractable epilepsy on KT is very diverse and has 

numerous underlying pathologies, the issue of growth in this population most likely is multi-

factorial. Therefore, the potential effect of KT on growth, calorie restriction, epilepsy, and 

AEDs/medications, as well as the potential interaction of these factors need to be elucidated. 

Controlled, randomized clinical trials are needed to investigate the issue of growth retardation in 

epilepsy patients with and without KT and to determine the direct role of KT in growth with and 

without calorie restriction. Spulber et al. (2008) found no correlations between growth and 

seizure response (122). Furthermore, no studies have found growth retardation to be necessary 

for effectiveness of therapy. Ultimately, in KT the same nutrients used to treat seizures are 

needed for the growth of the patient, and therefore, the therapy should be designed to optimally 

facilitate both roles.  

Lipids 

Patients on KT in general have some problems with dyslipidemia and time on therapy does 

play a role in the blood lipid profile of patients receiving KT. Abnormal lipids appear to be more 

of a factor initially, yet data suggest levels normalize as the length of time on KT increases. 

There may be an adaptation of metabolism involved with consuming such a high fat intake for 

extended periods of time. Additionally, results suggest that orally-fed patients have higher non-

HDL, LDL, and total cholesterols as compared to tube-fed patients. Importantly, the ratio, or 

amount of fat, was not found to have an impact on blood lipid levels. This may be due in part to 

the fact that the total fat percent is not very different between ratios, e.g. 3:1 is approximately 

87% fat versus a 4:1 is approximately 90% fat. In addition, a 4:1 ratio has been shown to be 

more effective against seizures compared to a 3:1 ratio in a randomized trial (9). However, 

decreasing the ratio is often a first line of therapy for abnormal lipids in patients receiving KT. A 

recent study reported that use of lowering the ratio as an intervention for hypercholesterolemia in 
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a child on KT resulted in increased seizures (147). They also reported 60% of patients on KT 

presented with hypercholesterolemia, defined as >200mg/dL, which is higher than our data; 

however, they calculated it based on a patient’s single highest follow-up value. Therefore, the 

type of fat may be more important than the amount of fat for increasing the risk of dyslipidemia 

in this patient population. Consequently, dyslipidemia may not be a necessary side effect of the 

therapy and the fatty acid profile should be optimized for KT. In clinical practice, modifying the 

type of fat may be a more useful option for alleviating dyslipidemia in individual patients on KT 

than changing the ratio. 

 The blood lipid data from our preliminary study evaluating KetogGatorNog, a new 

dietary formula with a balanced fatty acid profile, compared to traditional therapy are consistent 

with the hypothesis that altering the fatty acid blend results in less severe dyslipidemia. There 

was no indication that a balanced fatty acid blend altered clinical tolerance to the therapy or 

altered seizure reduction in response to the therapy. Additionally, there have been conflicting 

results in the literature in terms of blood fatty acid levels and seizure response (124, 128). The 

results of this very preliminary study provide data needed to calculate sample sizes for a clinical 

trial to compare these two approaches to KT for seizures. The ability of our new formula to 

maintain lower TG levels compared to traditional therapy, to increase the levels of HDL 

cholesterol and to decrease the levels of LDL cholesterol, could be the beginning of improving 

the overall nutrient intake of the patients on KT. In addition, a stable emulsion was created using 

the fat blend that may provide a less expensive and more user-friendly application for KT and 

potentially increase compliance on therapy.   

 Despite the fact that atherogenic lipids are present in this population, there are some 

patients who present with normal lipids throughout KT; therefore other factors aside from diet, 
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such as genetics, may also be playing a major role. The issue of fasting, as well as diet 

composition and genetic variation may account for the large standard deviations seen with mean 

blood lipid values in this population. Further studies should be designed to compare fatty acid 

intake of KT patients and their effect on seizure control to determine if there is an optimal fatty 

acid profile for efficacy and tolerability while minimizing potential adverse effects. 

Meal Challenge 

Overall, BHB and Glu levels are maintained relatively constant after the ingestion of a 

ketogenic meal. An average response of glucose after a glucose tolerance test in normal children 

is 53% at 30 min, 30% at 1 hr, and 14% at 2 hr (306). Even though the meal was low in 

carbohydrate and would not be expected to increase the blood glucose to the same extent as a 

glucose tolerance test, the lack of effect on blood glucose of the KT meal may be an important 

characteristic of KT. Similarly, clinical experience has shown that cheating, or ingestion of 

carbohydrates can result in a rapid rise in blood glucose levels, a shift in the metabolism to 

glycolysis, and an increase in break-through seizure activity (1, 61, 79, 80). Therefore, 

maintaining low glucose levels throughout the day may be important for seizure control. Average 

fasting glucose was 72.4±6 mg/dL in this population, compared to approximately 79±26 mg/dL 

in normal children (306) and on average increased by 3% at 30 minutes after ingestion of the 

ketogenic meal. This stabilization of energy metabolism may be a factor in the mechanism of 

action against seizures. 

Additionally, our data also suggested younger patients had higher BHB compared to older 

patients, which has been illustrated before (51, 61, 62). Research suggests that children’s ability 

to extract ketones is approximately 4–5 times greater than adults, as reviewed in Chapter 2 (51).  

While there is variability among patients on KT in their response to a ketogenic meal, 

overall the changes in BHB and Glu are relatively small. It is unknown what the ideal metabolic 
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response after a meal should be for effectiveness of therapy. Future studies should be designed to 

test the changes in metabolites after a meal before and after initiation of ketogenic therapy and in 

comparison to seizure response. In addition to the variability across patients in this group, the 

meal consumed during the meal challenge was specific to each patient and their individual diet 

prescription. Therefore, this added to the variability within and across patients. Further analyses 

are currently underway in our lab to examine the meal consumed during the visit using the 

Nutrient Data Systems for Research (NDSR) (Minnesota database), to determine if specific 

dietary components can account for the variability. 

Metabolomics 

As seen in the results in Chapter 4, many conclusions could have been drawn depending on 

the stratification of samples, statistical test used, or the type of software. While many significant 

masses were observed in the over 240,000 peaks identified, there is a lot more to understanding 

these differences and validating identification. Ultimately, in order to define biologically relevant 

conclusions specific understanding of the whole process is necessary. It is still early in the 

process, but this project has started the optimization of the system of metabolomics. Using both 

manual methods and specific software programs, it is clear there are differences in metabolites 

before and after diet and between different dietary fat groups. However, at this point it is difficult 

to make definitive conclusions regarding the differences. As expected, acylcarnitines were found 

to be increased after diet as compared to before. Additionally, provisional compounds identified 

for the SFA group were different than the PUFA group, indicating that type of fat is important in 

overall alterations in metabolism during KT, as well as dyslipidemia.  

Diseases, as well as dietary interventions, are known to disrupt metabolism and lead to 

changes in metabolic profiles. As a result, metabolomics can lead to a more comprehensive 

understanding of mechanism of disease, to new diagnostic biomarkers, and ultimately contribute 
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to both biomedical research and clinical practice (271). After viewing metabolomics data both 

manually and through multiple software programs, it is clear that results and conclusions 

published in this field should be reviewed carefully. This project established a system for 

analysis of metabolomics data and established the importance of continuity throughout the 

workflow: formulate hypothesis – design study – collect samples – prepare and analyze samples 

to identify compounds – analyze data – evaluate hypothesis and generate hypotheses – apply to 

patient care. Further research is underway to identify and validate significant compounds. 

Additionally, samples have been collected and stored for analysis of patients with intractable 

epilepsy before and after initiation of KT. The mechanism of KT is still unknown. Metabolomics 

is a new tool that is ideal for answering questions regarding alterations in the metabolism before 

and after a ketogenic diet and will lead to further hypothesis generation and hopefully lead to 

insight into mechanism of action. 

Implications for Future Research 

Due to the wide variation in percentage of recommended calories and lack of clear 

correlations with calorie and growth parameters, traditional formulas used for calculating calorie 

needs in the healthy population are not adequate for the intractable epilepsy population on KT. 

Future research should be designed to understand energy expenditure before and after initiation 

of KT. Use of indirect calorimetry to predict resting energy expenditure has been shown to be 

more accurate than formulas and should be used in this population (307). It is also unclear how 

much energy is expended during seizure activity. In the future, calorie adjustments may also 

need to be made based on seizure activity changes. Additionally, prospective, controlled trials 

need to be designed to further understand the issue of growth in the patient populations with and 

without KT and with adequate calorie prescriptions. 
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 Furthermore, since the results indicate that type of fat is an important risk factor in the 

blood lipid profile, future research should focus on improved fatty acid blends for both health 

and efficacy of therapy. Based on the preliminary results, larger intervention trials should be 

designed to investigate the incorporation of a balanced fat blend on both the fatty acid profile and 

on seizure control. 

 Although this study examined the after meal labs in patients already on KT and 

stabilization of Glu and BHB was observed, it is not clear if the stabilization was directly due to 

the diet and if the changes in Glu and BHB are related to seizure response. More research is 

needed to test the after meal labs in patients before and after initiation of KT and compare the 

Glu and BHB response to seizure frequency and severity. 

Based on the literature review on ALC’s role in neuroprotection and the preliminary results 

from the metabolomics indicating an increase in ALC in healthy subjects receiving a ketogenic 

diet, more research is needed to investigate ALC’s role in patients on KT. Further research is 

already underway to compare the changes in the metabolome of patients with intractable 

epilepsy before and after diet initiation to these healthy subjects. Additionally, future studies 

should be designed to investigate the use of ALC for improved seizure control in this patient 

population. 

Design of future studies 

Based on these results, a change to the IRB/GCRC protocol was made to add the use of 

indirect calorimetry in this patient population once per year and to extend the length of time in 

order to gather the energy data and to increase the number of naïve patients enrolled. In addition, 

a balanced fat emulsion similar to the one used in the preliminary study is in the process of being 

developed. An intervention trial to be conducted in the GCRC has been designed to test the 
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incorporation of this emulsion on blood lipids and the use of ALC supplementation on seizure 

response. The research plan and methods are discussed below.   

Research plan and methods  

The following are a research plan and methods for a randomized, controlled trial involving 

two patient strata. Stratum 1 patients have been on KT at UF for varying periods of time and 

stratum 2 patients are referred for initiation to KT. Efficacy of KT will be evaluated by assessing 

seizures and requirements for AEDs. Adverse effects of KT will be evaluated by assessing 

dyslipidemia and growth. Both strata will attend a baseline clinic visit to determine blood levels 

and energy needs from indirect calorimetry before randomization. Stratum 1 will be randomized 

to receive a balanced fat emulsion incorporated into their ketogenic meals with and without 

acetyl-l-carnitine supplementation. For stratum 2, the baseline visit will be used to determine 

energy expenditure for assessing calorie needs. They will be randomized to be initiated to either 

standard therapy, or therapy with the new balanced fat emulsion. The specific aims and their 

implementation are briefly described below.   

• Specific Aim: Use the GCRC Sample Processing Laboratory to obtain fasting blood and 
the sublicense for the Nutrition Data System for Research (NDSR) of the GCRC Metabolic 
Research Unit to analyze daily food diaries to determine the effect of balanced fat blend on 
blood lipid profile. 
 
o Specific Aim A-Comparision of change in fatty acid profiles based on food diaries 

and change in blood lipids from baseline will be conducted in Stratum 1 
o Specific Aim B-Comparison of blood lipids among groups in Stratum 2 
 

• Specific Aim: Use of a newly designed seizure score and AED medication score to 
determine the effect of balanced fat blend on efficacy of KT. 
 
o Specific Aim A- Comparison of seizure score and AED score among groups in 

Stratum 1 
 

o Specific Aim B- Comparison of seizure score and AED score for among groups in 
Stratum 2 
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• Specific Aim: To determine the effect of balanced fat blend on tolerability by evaluating 
gastrointestinal disturbances (diarrhea, vomiting, constipation, nausea) and taste 
preferences from questionnaires obtained at follow-up clinic visits. 
 
o Specific Aim A-Compare tolerability issues among groups in Stratum 1 
o Specific Aim B- Compare tolerability issues among groups in Stratum 2 

 
• Specific Aim: Use of a newly designed seizure score and AED medication score to 

determine the effect of acetyl-l-carnitine on efficacy of KT. 
 
o Specific Aim- Comparison of seizure score and AED score among groups in Stratum 

1 
 

• Specific Aim: To determine the effect of acetyl-l-carnitine on tolerability by evaluating 
gastrointestinal disturbances (diarrhea, vomiting, constipation, nausea) and taste 
preferences from questionnaires obtains at follow-up clinic visits. 
 
o Specific Aim A-Compare tolerability issues among groups in Stratum 1 
o Specific Aim B- Compare tolerability issues among groups in Stratum 2 

 
• Specific Aim: Use of the GCRC TrueOne® 2400 Metabolic Measurement System and 

GCRC nursing staff to perform indirect calorimetry to improve estimation of energy needs 
and compare to growth parameters. 
 
o Specific Aim A-Compare current calorie prescription to predicted REE and monitor 

growth parameters (height, weight, BMI, skinfolds, BIA, waist circumference) 
among patients in Stratum 1 based on calorie changes. 
 

o Specific Aim B-Evaluate REE and 3 day food record at baseline for determination of 
calorie needs at initiation in Stratum 2.  Monitor growth parameters (height, weight, 
BMI, skinfolds, BIA, waist circumference) among patients over time on diet. 
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APPENDIX A 
ALC AND KT 
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Table A-1.  Acetyl-l-carnitine (ALC) and Ketogenic Therapy (KT) similar neuroprotective mechanisms. 
 ALC KT 
Energy 
Metabolism 

Lactate and inorganic phosphate levels were significantly 
reduced and ATP and creatine-phosphate were elevated 
after ALC treatment. (Aureli et al. 1994, 1990). 

KD increases total brain ATP (DeVivo et al., 1978) and PCr/Cr 
or PCr/ATP energy reserve (Pan et al., 1999; Bough et al., 
2006). 
PCr/ATP ratio correlated with the recovery of the membrane 
potential following a stimulus train, which was inversely 
correlated with granule cell bursting in human temporal lobe 
epilepsy. (Williamson et al., 2005) 

Increase in the levels of ATP, PC, and normalized PME 
levels and high energy phosphate levels were observed in 7 
Alzheimer’s disease patients administered ALC (Pettegrew 
1995) 
 

Ketones may be a more efficient source of energy per unit 
oxygen than glucose. (Veech 2001) 
An elevation in PCr:Cr energy-reserve ratio in both animals and 
humans (Bough et al., 2006)-animals,humans (Pan et al., 1999). 

ALC feeding to unloaded rats upregulated expression of 
mitochondrial transcripts (COX-I, ATP6, NDP6, 16 S 
rRNA) and resulted in an increase of transcript level for 
factors involved in mitochondrial biogenesis (PGC-1α, 
NRF-1, TFAM) in SM. (Cassano et al., 2006) 

Microarray expression studies demonstrated that KD induces a 
coordinated up-regulation of several dozen metabolic genes 
associated with ox phos. (Noh et al., 2004) 
KD treatment stimulated mitochondrial biogenesis, resulting in a 
46% increase in the number of mitochondria in rat 
hippocampus.(Bough et al., 2006) 

ALC- reduction in cerebral glycolytic flux (Benzi et al., 
1984) 
ALC could restore mitochondrial function and/or improve 
use of energy from glycolysis (Virmani and Binienda et al., 
2004) 
ALC is providing an acetyl group for metabolism in the 
brain, promoting oxidative energy production and 
minimizing glycolysis and lactic acidosis (Zanelli et al., 
2005) 

Reduction in glycolysis (DeVivo et al., 1978; Puchowicz et al., 
2005; Melo et al., 2006; Stafstrom et al.2005;Garriga-Canut et 
al.,2006) 
KD induces UCP expression, stimulates mitochondrial 
biogenesis, and enhances energy production. (Sullivan et al., 
2004) 
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Table A-1.  Continued. 
 ALC KT 
Anti-oxidant ALC also seems to provide protection during metabolic 

stress, such as ischemia, hypoxia, aging, alcohol, and brain 
injury (Virmani and Binienda 2004). 

Ketones reduce glutamate-induced free radical formation by 
increasing the NAD+/NADH ratio and enhancing mitochondrial 
respiration in neocortical neurons. (Maalouf M et al., 2007) 

LC inhibited the decrease in mitochondrial membrane 
potential and generation of ROS in hippocampal neuronal 
cells cultured in glucose-deprived medium (Hino et al., 
2005). 
ALC led to the up-regulation of Hsp60,72, SOD, and a high 
expression of the redox-sensitive transcription factor Nrf2 
(Calabrese et al. 2005;2006). 
Restored GSH/GSSG ratio and reversed the inhibition of 
complex IV. ALC decreases both HNE formation and I 
protein carbonyls. (Calabrese et al. 2006) 

Ketones potently decrease ROS generation (Veech et al. 2001; 
Veech et al. 2004) 

Treatment with ALC improved nerve conduction velocities 
and reduced MDA content in diabetic rats. (Lowitt et al. 
1995) 

KD induces GPX activity in the rat hippocampus. (Ziegler et al. 
2003) 

Anti-apoptotic Toxicity and cell damage, as assessed by LDH release was 
significantly reduced in cultured rat cortical neurons by 
both L-C and ALC. (Virmani et al. 1995) 

KD was protective against apoptosis in neurons of the 
hippocampus of male mice. (Noh et al. 2003) 
 

Protection against mitochondrial alterations and cell death 
from cytokines along with an increased expression of HO-1 
was found in primary rat cortical astrocytes treated with 
ALC (Calabrese et al. 2005). 

Calbindin is increased in mice on the KD (McIntosh et al. 1998; 
Noh et al. 2005)-neuroprotective activity through its capacity to 
buffer intracellular calcium, which is a mediator of cell death 
(Mattson et al. 1995; Bellido et al. 2000). 

ALC and LC have been shown to reduce apoptosis through 
the mitochondrial pathway. (Pillich et al. 2005; Ishii et al. 
2000) 

KD prevented kainic acid-induced accumulation of the protein 
clusterin-(Noh et al., 2005), clusterin can act as a prodeath 
signal (Jones and Jomary, 2002). 
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Table A-1.  Continued. 
 ALC KT 
Neuro-
modulatory/ 
Neurotrophic 

Hyperpolarization and a significant increase in the 
afterhyperpolarization in the neurons injected with 2mM 
ALC a few days before.  They also indicate that ALC’s 
action is most likely due to the sustained effect on Na+/K+ 
ATPase activity. (Lombardo et al. 2004) 

Glucose restriction during KT activates ATP-sensitive 
potassium (KATP) channels (Schwartzkroin et al. 1999; Vamecq 
et al. 2005) 

Diabetic rats, ALC for 4mo corrected the Na+/K+ ATPase 
defect, 63% prevention of the nerve conduction defect. 
(Sima A et al. 1996) 

ACA and acetone may activate K2P channels (Vamecq et al. 
2005) PUFAs may activate a lipid-sensitive class of K2P 
potassium channels 

Gene for mitochondrial VDAC is positively modulated by 
treatment with ALC.  (Traina et al. 2006) 

PUFAs may enhance the activity of the Na+/K+-ATPase (Wu et 
al. 2004) 

Microarray study of gene expression in the hippocampus of rats 
fed KD change in the transcripts of a total of 39 genes. Most 
transcripts were reduced, including the VDAC  subunits (Bough 
et al. 2006) 

Abbreviations: Ketogenic therapy (KT), ketogenic diet (KD), acetylcarnitine (ALC); L-carnitine (LC); polyunsaturated fatty acids 
(PUFA); acetoacetate (ACA), beta-hydroxybutyrate (BHB), reactive oxygen species (ROS), phosphocreatine-to-creatine (PCr:Cr); 
Uncoupling proteins (UCP), GPX-glutathione peroxidase; reduced/oxidized glutathione (GSH/GSSG); oxidative phosphorylation (ox 
phos); voltage-dependent anion channel (VDAC); lactate dehydrogenase (LDH); malonyldialdehyde (MDA); skeletal muscle (SM); 
phosphomonoester (PME); Heat shock protein (Hsp); superoxide dismutase (SOD); 4-hydroxytransnonenal 
(HNE); Heme-oxygenase 1 (HO-1)  
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APPENDIX B 
BLOOD ASSAY 

Purpose 
The purpose of the Standard Operating Procedure (SOP) is to provide standard procedures that 
are used in the Metabolic Assessment Laboratory (MAL) as required by Section 58.81 of the 
Good Laboratory Practice for Non-clinical Laboratory. 
 
Scope 
This procedure provides instructions for the human blood assay procedure 
 
Reagents and Materials 
1. Methanol 
2. Acetonitrile 
3. 5 ¾ inch Pasteur pipets 
4. Glass beakers 
5. P1000 Pipette 
6. P200 Pipette 
7. 1000 uL Disposable pipette tips 
8. 200 uL disposable pipette tips 
9. Deionized water 
10. Microcentrifuge tubes 
11. Transfer pipettes 
12. Glass green cap vial 
13. Glass black cap vials 
 
Equipment  
1. Laminar Flow Hood 
2. Microcentrifuge 
3. Mixer 
4. Evaporating Manifold 
5. Nitrogen Tank 
6. Scale 
7. Face mask 
8. Gloves 
9. Long Sleeve Lab Coat 
 
Safety precautions 
Members of the MAL have been trained extensively in the procedures described in this SOP. 
 
Definitions 
Standard Operating Procedure (SOP) – Standard Operating Procedure is a document that 
provides instructions for completing a specific task in the lab. Metabolic Assessment Laboratory 
(MAL) – The Metabolic Assessment Laboratory is the laboratory that will use this SOP. Day 0- 
Preparation of RBC hemolysate. Day 1- Preparation of RBC hemolysate/plasma carnitine 
extracts and the Hemoglobin hemolysate standard. Day 2- Protein separation and evaporation. 
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Procedure 
 A.  Setup 

A.1.  Prepare labels in the laminar flow hood according to the label template for 
hemolysate samples.  
 A.1.a. Be sure to label the hemolysate plastic tubes with the date prepared, 

and sample ID number 
 A.1.b. Remember to use gloves, a long sleeve lab coat and a facemask 

when handling tubes and vials containing sample material 
B.  Blood separation 

B.1.  Prepare plasma and RBC from blood sample according to SOP describing 
blood preparation on day of collection.  
B.2  Make sure all blood separation is also performed in the laminar flow hood 

C.  Day 0 - Preparation of RBC Hemolysate – Prepared under a laminar flow hood 
 C.1.  Fill black ice buckets with ice from pilot plant 

C.1.a. Obtain a plastic beaker and fill with water and ice for thawing 
C.2  Bring all materials needed to the laminar flow hood 
 C.2.a.  Obtain appropriate RBC/Plasma tubes from freezer 
C.3.  Add approximately an equal amount of deionized water to the tubes of 
RBCs 

C.3.a. Remember to use gloves, lab coat and a facemask when handling 
tubes and vials containing sample material 

C.4.  Thaw the RBCs slowly and completely until the mixture is homogeneous 
C.4.a.  Rub the tube between hands quickly, and swirl in the beaker of ice 
water.  However, do not allow the tube to become too warm.  There 
should be a piece of ice in the tube for as long as it is out of contact with 
ice and the liquid should always be in constant movement. 

C.5.  Vortex, and freeze overnight 
C.5.a.  Tubes can be combined after the addition of water with a transfer 
pipette to make more appropriate volumes about 2/3 full.  However, do not 
fill the tubes too much as the liquid will expand in the freezer.  
C.5.b.  Remember to use gloves, a lab coat and a facemask when handling 
tubes and vials containing sample material.  Also, remember that all 
procedures should be performed under the laminar flow hood 

D.  Day 1 - Preparation of RBC hemolysate/plasma carnitine extracts and the 
Hemoglobin hemolysate standard 
 D.1.  Thaw hemolysate/plasma samples according to procedures described in B 

D.2.  Prepare a plastic tube of Hgb corresponding to each hemolysate tube used. 
D.1.a.  Label a HgB plastic test tube for each hemolysate tube.  Include the 
organism ID, sample ID, HgB, and date the HgB was made 
D.1.b.  Pipet 450µL deinozied water into the HgB tube 
D.1.c.  Pipet 50µL of a hemolysate sample into the HgB tube 
D.1.d.  Vortex the HgB tube for 10 seconds and freeze overnight 

  D.3.  Prepare a 100µL sample of RBC hemolysate and/or plasma for carnitine  
   analysis 

 D.3.a.  Prepare and label 1.6mL microcentrifuge tubes for each sample. 
D.3.a.i.  Label “Organism ID + Sample # + Assay ID + Batch 
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Number” 
D.3.a.ii.  Remember to perform the procedure in a laminar flow 
hood and use gloves and a facemask when handling tubes and vials 
containing sample material  

 D.3.b.  Prepare the Acetonitrile/Methanol solution  
   D.3.c.  Pipet 1mL of 3:1 A/M solution to each microcentrifuge tube 

D.3.d.  Under the laminar flow hood, vortex the hemolysate/plasma tube, 
and pipet 100µL of hemolysate/plasma into the microcentrifuge tube once 
thawing is complete 

D.3.d.i.  In order to make things go smoothly, one person should 
pipet the sample, while the other vortexes and opens the test tubes 

    D.3.d.ii.  Change pipet tips in between each volume of blood  
    pipette 

D.3.d.iii.  Remember to use gloves, a lab coat and a facemask 
when handling tubes and vials containing sample material.   

   D.3.e.  Vortex thoroughly to mix, and freeze overnight 
D.3.f   Once samples have been added to the A/M solution, all possibly 
infectious agents will be deactivated. 

 E.  Day 2 – Protein separation and evaporation 
  E.1. Remove the samples from the freezer 
  E.2. Prepare the samples for the first centrifugation 
   E.2.a. Place samples on centrifuging rack and balance on the beam balance 
 E.2.a.i. Use empty microcentrifuge tubes filled with water in each 

rack to balance properly 
 E.2.b. Place the racks into the centrifuge making sure that the samples are 

arranged properly in the rack so that they balance in the centrifuge 
  E.2.b.i. The tubes should be positioned so that when they are 

placed in the centrifuge, the racks are 180 degrees apart and the 
tubes are on the same row in the rack but in the position exactly 
alternate the one in the other rack.  

 E.2.c. Set the centrifuge to speed “12” (12,000rpm), at 15 minutes. Turn 
on the centrifuge, push the time button, and flip the start button 

 E.2.E. While the centrifuge is running, prepare the microcentrifuge tubes 
for the second centrifugation 

    E.2.E.i. Label accordingly 
    E.2.E.ii. Prepare Pasteur pipets with bulbs for each sample 

E.2.E.iii. Remember to use gloves and a facemask when handling 
tubes and vials containing sample material 

 E.2.e. When the first centrifugation is finished, remove the samples 
carefully from the centrifuge without jostling the pellets 

 E.2.f. Remove the supernatant from the sample and transfer to the 
microcentrifuge tubes for the second centrifugation 

 E.2.f.i. Uncap the empty tube and while holding both tubes in one 
hand, transfer the supernatant from the first tube into the second 
tube 

 E.2.f.ii. Make sure to obtain the entire liquid sample while 
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avoiding the pellet 
 E.2.f.iii. Slant the tube with the supernatant to one side so that the 

liquid can be drawn out of the tube without disturbing the 
supernatant. Also make sure the pipette is touching the side of the 
tube without residue to avoid pulling in the pellet 

 E.2.f.iv. Be sure to record the appearance of the pellet and 
supernatant in the research notebook page 

 E.2.f.v. Remember to use gloves and a facemask when handling 
tubes and vials containing sample material 

E.2.g. Repeat for all samples and replace them in the centrifuge rack to 
balance on the balance beam. 
E.2.h. Centrifuge a second time for 15 minutes at 12,000rpm. 
E.2.i. Prepare microcentrifuge tubes labeled with initials and sample 
number for the third centrifugation 

E.2.i.i. Remember to use gloves and a facemask when handling 
tubes and vials containing sample material 

E.2.j. Remove samples from the centrifuge and repeat steps E.2.e-E.2.g 
 E.2.j.ii. Record whether or not there was pellet in the sample tube 
E.2.k. Centrifuge a third time for 15 minutes at 12,000rpm. 
E.2.l.  Remove the supernatant from the sample and use a plastic transfer 
pipette to place the supernatant in the black glass vial labeled with the 
date, sample ID and assay ID. 
E.2.m.  Place samples in the freezer until evaporation. 

 F. Evaporation of samples 
F.1.  Setup: 

F.1.a.  Prepare Nitrogen tank for useF.1.a.i.  Make sure nitrogen tank is 
full or more than 100 lb/psi before use; any less may not be enough for the 
evaporation. 

F.1.a.ii.  Record the start time and starting pressure on the nitrogen 
tank tracking sheet. 
F.1.a.iii.  Tips for Using Nitrogen Tank 

F.1.a.iii.a.  Any tank with air should be bolted down to the 
ground using an appropriate harness. 
F.1.a.iii.b.  The main valve is used to turn the tank on/off. 
F.1.a.iii.c.  The regulator increases/decreases the nitrogen 
pressure as needed. 
F.1.a.iii.d.  The gauge shows the pressure of the air being 
released. 
F.1.a.iii.e.  At 1000 lbs/psi, reorder nitrogen  

F.1.b.  Prepare the block manifold for use: 
F.1.b.i.  Attach Nitrogen tank to the manifold using tubing. The 
tubing is attached to a spigot on the back of the block manifold 
F.1.b.ii.  Determine number of samples that will be evaporated and 
arrange needles on the nitrogen air releasing apparatus. Space them 
evenly and plug the remaining unused air releasers. 

    F.1.b.iii.  Place the sample vials in the block holder 
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F.1.b.iv.  Lower the air releasing apparatus into the sample vials so 
that the bottom of the needle is not lower than the neck of the vial. 
F.1.b.iv.a.  The needle should not come in contact with the liquid. 
F.1.b.iv.b.  Use a technique of taping the appropriate height for the 
needle to be placed into each vial.  
F.1.b.v.  Turn on the nitrogen tank 

F.1.b.v.a.  Turn the main valve in the open direction. 
F.1.b.v.b.  Adjust the pressure to between 2,000 and 2,500 
lb/psi using the regulator.  
F.1.b.v.c.  Adjust the knob on the manifold so that the 
nitrogen is being released through the needles and into the 
sample. The sample should not be bubbling under the 
nitrogen air. A puddle should be formed where nitrogen is 
hitting the sample uniformly. 

F.1.b.vi.  Allow the sample to evaporate with the fume hood 
completely down, checking the samples every 15 minutes until the 
sample is dry. 

F.1.b.vi.a.  Lower the needles so that the samples are 
constantly under efficient evaporation but not to the point 
of bubbling. 

F.1.c.  Turn off nitrogen tank. 
F.1.c.i.  Decrease the pressure by turning the regulator. 
F.1.c.ii.  Turn off the main valve by rotating the valve to the close 
position. 
F.1.c.iii.  Increase the pressure by turning the regulator to aspirate 
any nitrogen in the tank through the opening of the manifold by 
bleeding the line. 
F.1.d.  Record the stop pressure and time on the nitrogen tank 
tracking sheet. 
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APPENDIX C 
METABOANALYST TABLES AND FIGURES 

Before/After diet comparison of all data 
 
Table C-1.  Summary of data processing results in MetaboAnalyst for all 60 samples, before and 

after for female subjects. 
Samples Peaks (raw) Missing/Zero Peaks (processed) 

AfterF001-FK 1  4025  0 1812 
AfterF001-FK 2  3971  0 1812 
AfterF001-FK 3  3751  0 1812 
AfterF002 FL 1  4307  0 1812 
AfterF002 FL 2  4692 0 1812 
AfterF002 FL 3  3726  0 1812 
AfterF003 FM 1  4096  0 1812 
AfterF003 FM 2  4462  0 1812 
AfterF003 FM 3  3818  0 1812 
AfterF004 FN 1  4138  0 1812 
AfterF004 FN 2  3945  0 1812 
AfterF004 FN 3  4137  0 1812 
AfterF005 FO 1  3964  0 1812 
AfterF005 FO 2  3820  0 1812 
AfterF005 FO 3  3803  0 1812 
AfterF006 FP 1  4086  0 1812 
AfterF006 FP 2  3802  0 1812 
AfterF006 FP 3  4479  0 1812 
AfterF007-FQ 1  4008  0 1812 
AfterF007-FQ 2  4047  0 1812 
AfterF007-FQ 3  3794  0 1812 
AfterF008 FR 1  4319  0 1812 
AfterF008 FR 2  3683  0 1812 
AfterF008 FR 3  3693  0 1812 
AfterF009 FS 1  4112  0 1812 
AfterF009 FS 2  3455  0 1812 
AfterF009 FS 3  4740  0 1812 
AfterF010-FT 1  4044  0 1812 
AfterF010-FT 2  4004  0 1812 
AfterF010-FT 3  3886  0 1812 
BeforeF001-FA 1 4093  0 1812 
BeforeF001-FA 2  3969  0 1812 
BeforeF001-FA 3  3952  0 1812 
BeforeF002 FB 1 3674  0 1812 
BeforeF002 FB 2  4525  0 1812 
BeforeF002 FB 3  3866  0 1812 
BeforeF003 FC 1  3697  0 1812 
BeforeF003 FC 2  4239  0 1812 
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Table C-1.  Continued. 
Samples Peaks (raw) Missing/Zero Peaks (processed) 

BeforeF003 FC 3  3741 0 1812 
BeforeF004 FD 1  4280  0 1812 
BeforeF004 FD 2  4070  0 1812 
BeforeF004 FD 3  3739  0 1812 
BeforeF005 FE 1  4195  0 1812 
BeforeF005 FE 2  4127  0 1812 
BeforeF005 FE 3  3957  0 1812 
BeforeF006 FF 1  4246  0 1812 
BeforeF006 FF 2  4240  0 1812 
BeforeF006 FF 3  3953  0 1812 
BeforeF007-FG 1  3965  0 1812 
BeforeF007-FG 2  3879  0 1812 
BeforeF007-FG 3  3769  0 1812 
BeforeF008 FH 1  4921  0 1812 
BeforeF008 FH 2  5039  0 1812 
BeforeF008 FH 3  3933  0 1812 
BeforeF009 FI 1  4410 0 1812 
BeforeF009 FI 2  4580  0 1812 
BeforeF009 FI 3  3478  0 1812 
BeforeF010-FJ 1  4170  0 1812 
BeforeF010-FJ 2  4010 0 1812 
BeforeF010-FJ 3  3991 0 1812 

 
Table C-2.  Top 50 features identified by fold change analysis of all 60 samples comparing   

before and after for female subjects. 
Peaks (mz/rt) Fold Change log2(FC) 
542.076/5 0.022 -5.5035 
391.109/29 0.0349 -4.8411 
729/37 0.037 -4.7549 
540.209/31 0.0467 -4.421 
572.46/28 0.0472 -4.4039 
481.29/29 0.0524 -4.2544 
595.922/29 0.0789 -3.6638 
530.213/29 0.0827 -3.596 
683.976/4 0.0938 -3.415 
845.451/26 10.5421 3.3981 
551.447/35 10.2173 3.3529 
546.266/32 0.0988 -3.339 
671.573/40 10.0715 3.3322 
490.192/33 0.1001 -3.3205 
583.902/32 0.1014 -3.3021 
348.995/11 0.1124 -3.1528 
936.669/31 8.6513 3.1129 
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Table C-2.  Continued. 
Peaks (mz/rt) Fold Change log2(FC) 
705.595/35 8.5473 3.0955 
586.505/29 0.1219 -3.0357 
634.224/32 0.1294 -2.9499 
521.109/28 0.1296 -2.9478 
494.235/33 0.1333 -2.9068 
478.014/5 0.1374 -2.8633 
882.603/37 6.7341 2.7515 
569.889/5 0.1488 -2.7486 
695.569/35 6.6719 2.7381 
997.643/27 6.3228 2.6606 
653.476/36 6.2761 2.6499 
630.487/29 0.1645 -2.6042 
734.49/32 0.1649 -2.6004 
674.438/29 0.1658 -2.5927 
683.559/42 5.6722 2.5039 
480.003/5 0.1768 -2.4995 
327.358/26 0.1802 -2.4721 
704.964/4 5.4058 2.4345 
760.458/33 0.1979 -2.3375 
996.685/30 0.1996 -2.3245 
664.461/28 4.9925 2.3197 
839.551/31 4.8741 2.2851 
855.225/40 4.8357 2.2737 
500.351/28 0.21 -2.2514 
780.613/30 4.7497 2.2478 
747.587/34 4.7268 2.2409 
549.439/36 4.6896 2.2295 
289.667/45 0.214 -2.2245 
745.599/42 0.2142 -2.2232 
669.47/33 4.642 2.2147 
916.561/33 0.218 -2.1974 
647.488/37 4.3785 2.1304 
130.178/16 0.2285 -2.1299 

 
Table C-3.  Top 50 features identified by t-test analysis of all 60 samples comparing before and     

after for female subjects. 
Peaks (mz/rt) p value -log10(p) 
583.902/32 0 6.07847 
191.181/26 0 5.76796 
729/37 1.00E-05 5.01904 
286.203/25 2.00E-05 4.71271 
403.24/28 2.00E-05 4.65552 
615.333/33 8.00E-05 4.08118 
209.191/26 2.30E-04 3.6387 
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Table C-3.  Continued. 
Peaks (mz/rt) p value -log10(p) 
373.235/28 2.60E-04 3.58048 
575.366/32 3.50E-04 3.45391 
724.929/4 4.30E-04 3.36215 
183.102/21 5.30E-04 3.27912 
236.223/27 5.30E-04 3.27472 
389.232/27 5.60E-04 3.254 
312.228/27 5.90E-04 3.23158 
144.089/6 5.90E-04 3.23155 
330.26/26 6.30E-04 3.19753 
1095.652/44 7.30E-04 3.13655 
587.86/5 7.50E-04 3.12708 
649.451/30 8.00E-04 3.0981 
693.478/30 0.00104 2.9824 
569.889/5 0.00111 2.95647 
471.941/5 0.00132 2.88017 
629.476/37 0.00133 2.87571 
424.018/4 0.00136 2.86709 
351.217/22 0.00139 2.85844 
511.936/5 0.00141 2.85097 
396.01/5 0.00156 2.80552 
615.469/34 0.00157 2.80493 
396.237/34 0.0016 2.7961 
910.589/32 0.00164 2.78459 
653.476/36 0.00168 2.77574 
839.551/31 0.00173 2.7624 
381.232/30 0.00176 2.75435 
352.254/30 0.00177 2.75166 
480.003/5 0.00189 2.72443 
321.236/30 0.0019 2.72149 
109.1/24 0.0019 2.72139 
641.46/33 0.00196 2.70865 
434.22/30 0.00198 2.70331 
595.922/29 0.00199 2.70061 
1045.659/27 0.00207 2.68435 
89.065/17 0.00212 2.67442 
996.685/30 0.00215 2.66849 
95.084/22 0.00221 2.65536 
359.5/31 0.00232 2.63534 
258.113/16 0.0025 2.60203 
319.231/28 0.00283 2.54763 
130.178/16 0.00284 2.54704 
539.06/5 0.00286 2.54417 
280.094/6 0.00287 2.54178 
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Table C-4.  Top 50 features identified by volcano plot analysis of all 60 samples comparing 
before and after for female subjects. 

Peaks (mz/rt) FC log2(FC) p value -log10(p) 
583.902/32 0.101 -3.302 0 6.078 
729/37 0.037 -4.755 0 5.019 
286.203/25 0.35 -1.513 0 4.713 
575.366/32 0.488 -1.036 0 3.454 
724.929/4 0.436 -1.198 0 3.362 
236.223/27 0.271 -1.886 0.001 3.275 
389.232/27 0.38 -1.396 0.001 3.254 
144.089/6 0.369 -1.437 0.001 3.232 
1095.652/44 3.865 1.951 0.001 3.137 
587.86/5 0.383 -1.386 0.001 3.127 
649.451/30 0.496 -1.011 0.001 3.098 
693.478/30 0.488 -1.036 0.001 2.982 
569.889/5 0.149 -2.749 0.001 2.956 
471.941/5 0.365 -1.456 0.001 2.88 
629.476/37 2.522 1.335 0.001 2.876 
424.018/4 0.237 -2.08 0.001 2.867 
351.217/22 2.725 1.446 0.001 2.858 
511.936/5 0.389 -1.362 0.001 2.851 
396.237/34 0.44 -1.183 0.002 2.796 
910.589/32 2.476 1.308 0.002 2.785 
653.476/36 6.276 2.65 0.002 2.776 
839.551/31 4.874 2.285 0.002 2.762 
480.003/5 0.177 -2.499 0.002 2.724 
641.46/33 3.481 1.799 0.002 2.709 
595.922/29 0.079 -3.664 0.002 2.701 
1045.659/27 0.277 -1.854 0.002 2.684 
89.065/17 0.369 -1.437 0.002 2.674 
996.685/30 0.2 -2.324 0.002 2.668 
359.5/31 0.371 -1.43 0.002 2.635 
130.178/16 0.228 -2.13 0.003 2.547 
539.06/5 0.362 -1.466 0.003 2.544 
135.108/25 0.434 -1.205 0.003 2.522 
882.603/37 6.734 2.751 0.003 2.516 
671.482/32 3.902 1.964 0.004 2.449 
289.366/28 0.326 -1.617 0.004 2.385 
648.327/27 2.219 1.15 0.004 2.349 
356.022/5 0.269 -1.892 0.005 2.272 
846.577/27 3.135 1.649 0.005 2.269 
442.363/34 2.174 1.12 0.006 2.243 
600.482/31 2.002 1.001 0.006 2.24 
333.147/20 0.407 -1.298 0.006 2.216 
338.573/46 2.497 1.32 0.006 2.204 
445.311/31 0.494 -1.019 0.006 2.198 
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Table C-4.  Continued. 
Peaks (mz/rt) FC log2(FC) p value -log10(p) 
836.558/29 3.23 1.692 0.007 2.166 
466.236/26 0.462 -1.116 0.007 2.153 
452.233/33 0.47 -1.09 0.007 2.149 
456.28/31 0.492 -1.025 0.008 2.111 
869.586/30 0.361 -1.469 0.008 2.106 
660.964/5 0.382 -1.39 0.008 2.086 
1167.658/27 3.235 1.694 0.008 2.086 

 

 
 
Figure C-1.  Box plots and kernel density plots produced in MetaboAnalyst before and after  

normalization of all before and after samples from female subjects.  
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Figure C-2.  Fold change analysis of all 60 samples comparing before and after diet with a 

threshold of 2. Red circles indicate features above the threshold. 

 
Figure C-3.  Features identified by t-tests with a threshold of 0.1 comparing before and after diet 

for all samples from female subjects. Red circles represent features above the 
threshold. P values were transformed by -log10 so that the more significant features 
were be plotted higher on the graph. 
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Figure C-4.  Features identified by volcano plot analysis with fold change threshold (x) 2 and t 

tests threshold (y) 0.1 comparing before and after diet for all samples from female 
subjects. Red circles represent features above the threshold. Note both fold changes 
and p values are log transformed. 
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Figure C-5.  Score plot between the selected principal components (PC) in all 60 samples 

comparing before and after diet of female subjects. The explained variances are 
shown in brackets. Red triangles represent after diet samples and green + represent 
before diet samples. 
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Figure C-6.  Partial least squares discriminant analysis (PLS-DA) 3D score plot between selected 
principal components in all 60 samples comparing before and after diet of female 
subjects. The explained variances are shown in parentheses. Red triangles represent 
after diet samples and green + represent before diet samples. 
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