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      Abstract


      Increased dopamine activity is thought to play a role in the pathophysiology of Tourette syndrome (TS). Since ketogenic diet (KD) is thought to change several neurotransmitter systems, we hypothesized that modified KD could be beneficial in treatment of tics.


      A single-site prospective study with intention-to-treat design was performed with 26 children with TS. After an observation period, participants were randomized into two groups: Group a started diet immediately, and group B started after a further observation period of 3-5 months. Participants were examined with validated diagnostic instruments to assess severity of tics and comorbidity at diet start, after one month and thereafter every three months. The mean number of days on diet was 65.62 days. The diet was well tolerated but difficult to maintain. There were no significant differences in effect of diet between the groups or over time, but a tendency towards positive effect of diet was seen (p = 0.1025).
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      Introduction


      Tourette syndrome (TS) is a chronic neurobiological movement disorder characterized by the presence of multiple motor and vocal tics persistent for more than one year [1]. Tic onset is usually around the age of 4-6-years [2,3] and tics usually have a waxing and waning course. The severity of tics declines during adolescence, but more than 80% of adolescents over 16-years still have tics [4]. TS is often associated with comorbidities. The most frequent comorbidities are attention deficit hyperactivity disorder (ADHD) and obsessive-compulsive disorder (OCD) [5].


      The complex pathogenesis of TS is not completely understood, but increased dopamine activity is thought to play a role in the development of tics [6,7].


      When to treat tics depends on subjective impairment of the patient. Some TS patients with objective severe tics only experience mild impairment, whereas others with only mild tics experience significant suffering [8]. European treatment guidelines suggest that pain or injury, social or emotional problems and/or functional interference caused by tics should lead to treatment [9].


      There are several treatment possibilities for tics, including pharmacological treatment and behavioral therapy [9,10]. Historically, pharmacological treatment has been the most commonly used strategy in the treatment of tic disorders, but the latest years treatment choice has changed towards non-pharmacological treatment as primary option partly to avoid a wide range of advers effects [11-13].


      Today European guidelines recommend behavioral therapy [14,15] as first-line interventions for tics for children and adolescents who experience mild-to-moderate tic severity [10,16]. While behavioral therapies have demonstrated their efficacy for managing tics, there are still some limitations using these in a clinical setting, among others a very limited number of clinicians trained in administering the treatment. Comorbidities and age can make this difficult, why alternative treatment options should be available.


      The ketogenic diets (KDs) - either classical or modified forms - are high fat, low carbohydrate and adequate protein diets used for treatment of severe medicine-intractable epilepsy [17]. The evidence in epilepsy is huge [17], where at least 50% of children with medicine-resistant epilepsy will achieve at least 50% reduction and even seizure freedom on the KD. However, there is increasing evidence that the KDs are potential treatments for many other neurological diseases [18,19] as the mechanisms of action of the KDs are various and diverse [20-22]. Although we do not understand all the mechanisms yet, there is already plenty of evidence on several of these mechanisms [22]. We know that the KD influences several systems in the brain that in the end will increase the mitochondrial energy capacity and stabilize the membrane of the neurons [21,22]. Other potential mechanisms of action are effects on the mammalian target of rapamycin (mTOR) pathway, increase of GABA [20-23] activity or modulation in Dopamine system [24].


      With this in mind and knowing that imbalanced dopamine activity is probably a pathogenic mechanism in tics, we hypothesized that a modified KD (Modified Atkins Diet = MAD) could be beneficial for children and adolescents with tics requiring treatment in reducing tics frequency and severity with fewer adverse effects than pharmacological therapy.


      Methods and Study Design


      Design


      Single-site study conducted at the national Danish Tourette Clinic at Herlev University Hospital, department for children and adolescents, Denmark, with an inclusion period between January 2014 and December 2015. The clinic is a centralized national Tourette clinic, that performs evaluation, treatment, follow up and research concerning children with TS and tic-related diseases. This study was a prospective study with intention-to-treat design. Written informed consent was obtained from all participants.


      After obtained consent, all participants underwent an observation period of 2 months (Figure 1). Thereafter participants were blindly randomized into two groups: Group A that started diet immediately after randomization, and group B, who underwent a further observation period of 3-5 months, starting diet after this period. The design was chosen in order to minimize the influence of the natural fluctuating course of tics in children and adolescents with TS.


      Participants


      Study participants included children and adolescents aged five to seventeen years, with diagnosed TS and tics requiring treatment, according to the European treatment guidelines as described above [9]. Inclusion criteria furthermore included that patients should be willing to have a blood sample drawn before starting the treatment and again after three, six and 12 months. Exclusion criteria included children with fatty acid β-oxidation metabolic disorders, parents who were not able to read and/or understand oral and written information and children with other competing diagnoses.


      Screening and procedure


      Prospective participants and their families underwent a 1½-2-hour screening visit with clinical assistant (CBS) and/or the project nurse specialist (LA) after being informed about the project at a previous out-patient clinic visit with their responsible physician and showing interest in the project. This screening visit included 1) A presentation of the study and an example of diet plans; 2) Disease specific, demographic, medical and social history; 3) Data collection for body mass index (BMI); 4) Assessment of severity of tics with Yale Global Tic Severity Scale Score (YGTSS) [25]; 5) Information about blood samples that should be taken prior to starting the diet and after three, six and 12- months; 6) Handouts with comorbidity scales that should be handed in before next visit; 7) Information about tic-count at home by parents (three times per week in 15 minutes) and 8) written informed consent. CBS and LA assessed the first three patients together in order to minimize the inter rater variability.


      Participants and their families were instructed to eat their usual diets in the baseline period until randomization and the diet-conversation with an experienced KD dietician (HN or MM). After the two months baseline period participants were randomized to either start diet at this point in time (group A) or to an extra 3-5 months observation period before diet start (group B).


      At diet start participants were seen by either CBS or LA to a pre-starting conversation with 1) Assessment of severity of tics with YGTSS, 2) Handouts with comorbidity scales, 3) Data collection for BMI, 4) Information about how to check for urine ketosis minimum twice per week (to ensure ketosis) and delivery of urine ketosis sticks. Furthermore, participants and their families had a diet- conversation (2-3 hours) with HN or MM who initiated the diet in an outpatient setting. All children still had tics that required treatment at time of diet start, mainly based on severity and impact of tics. The different treatment possibilities for tics were discussed with the families and if they were still interested in treatment with MAD they were offered to be included in this study.


      We offered a MAD starting on 10 g carbohydrates (CH) per day, encouraging high fat and adequate protein [22]. CH could be increased after the first month on an individual basis up to 20 g per day. One researcher (CBS) was supporting the families throughout the whole period and families had the opportunity to contact this researcher daily. We had written diet material for the families, modified from what we use for families of children with epilepsy.


      Hereafter, patients were seen and assessed by either LA or CBS after 1 month on the diet and every 3rd month thereafter for one year (Figure 1). Diet compliance was determined by measuring urine ketones, which was done by the parents and they were instructed to contact CBs or LA if ketosis could not be achieved or fell.


      Outcome measurements


      We used validated diagnostic instruments to assess the severity of tics and the presence of comorbidities. YGTSS was used to assess the severity of tics [25]. The YGTSS is a clinician rated, multidimensional semi-structured scale. Multiple studies have shown good internal consistency, inter-rater reliability and validity in pediatric TS populations [26,27].


      Motor and vocal tics are rated separately and are each scored on a 0 to 5 scale across 5 dimensions; number, frequency, intensity, complexity, and interference caused in the last week. The scores from the 5 dimensions are summed and give the Total Motor Tic score (range 0-25) and the Total Vocal Tic score (range 0-25). By summing the Total Motor Tic score and the Total Vocal Tic score, Total Tic Severity score (range 0-50) is calculated. Patients are asked to rate the overall impairment (overall impact of tics, range 0-50) with 5 scoring anchors; 0 (none), 10 (minimal), 20 (mild), 30 (moderate), 40 (marked) and 50 (severe). Together the Total Tic Severity Score and the impairment score give the Total Yale Global Tic Severity Scale Score (range 0-100).


      In this study we used the Total Motor Tic score, Total Vocal Tic score, Total Tic Severity score and Total Yale Global Tic Severity Scale Score.


      Secondary outcome measures were effect on comorbidities and co-occurring symptoms; ADHD, OCD, rage attacks, sleeping disturbances, symptoms of depression and effect on quality of life. ADHD-Rating Scales (ADHD-RS) [28] and Children's Yale-Brown Obsessive Compulsive Scale (CY-BOCS) [29] were used to assess the presence of ADHD and OCD respectively. Quality of Life was examined by the Pediatric Quality of Life Inventory (PedsQL) [30].


      Statistics


      Descriptive statistics were used to assess age, sex, duration of diagnosis, duration of tics, baseline YGTSS scores, comorbidity scores, and quality of life scores.


      A t-test was used to assess the effect of diet by comparing the different measurements times. To try to overcome the problem of missing data, a repeated measure model (GEE) was employed. In this model we assumed that for group A, children were dieting on measures 1 and 3 months but not dieting at baseline measurement. For group B, children were dieting at months 3 and 6, but not dieting at baseline and start measurement.


      Results


      In total, 26 children were included. After an observation period of 2 months, children were randomized blindly into 2 groups, starting MAD immediately (group A) or after 3-6 months (group B). Tics were assessed after 1 month on the diet and every 3rd month thereafter for 1-year. Mean age at time of inclusion was 10.89 years (5.11-16.31, SD 2.82) and 69.2% were boys (N = 18) and 30.8% girls (N = 8).


      The mean age at diagnosis was 7.90 years (4.0-13.0, SD 2, 19) and the mean age at onset of tics 5.04-years (2.0-8.0, SD 1.62). The mean duration of tics at inclusion was 5.93 years (1.41-13.31, SD 2.75), and the mean duration of diagnosis TS at inclusion was 2.99-years (0.41-6.74, SD 2.25).


      6 children (24%) received medical treatment at time of inclusion and 3 (12%) had previously received medical treatment. One received treatment with Methylphenidate and Atomoxetin, 1 with Clonidine, one with Pimozide, one with Aripiprazole, one with Clonidine and Melatonin, and one with Seroquel.


      As depicted in Figure 2, 24 children were randomized at baseline. Two patients dropped out before randomization - one due to severe tics that needed acute treatment and one due to comorbid OCD. 13 Children (54.2%) were randomized to group A and 11 children (45.8%) to group B. For the total cohort, the mean number of days in baseline period was 55.18 days (32-69, SD 8.72) and the mean number of days on diet was 65.62 days (0-343, SD 93.47).


      Baseline characteristics of the total cohort, and the characteristics of the participants in group A and B respectively, are reported in Table 1. There were no statistically significant differences between the included participants in group A and group B with regard to age at inclusion, baseline YGTSS scores, baseline comorbidity, baseline quality of life, duration of tics or number of days on diet (Table 1).


      After one month on diet, 66.67% (N = 8) reported side effects, after three months on diet 87.5% (N = 7), after six months on diet 50% (N = 1), and after 12 months none. The side effects were mild and the most commonly reported were tiredness, nausea, constipation, enuresis nocturna and nosebleeds.


      In total, 6 children were on diet for 100 days or more. The characteristics of these 6 children are described in Figure 3. The mean age of these six children was 8.04 years (range 5.11-11.91, SD 2.75) and 66.7% was male (N = 4) and 33.3% female (N = 2).


      The effect of diet was assessed by comparing different measurements times in the two groups. Group A was on diet from baseline to the measurement three months while group B was on diet from month 3 and 3 months onwards. The results can be seen in Table 2. There were no significant differences between the groups or over time.


      Any conclusions about tendencies in the data would be untrustworthily due to the high missing fractions.


      To try to overcome the problem of missing data, a repeated measure model (GEE) was employed. This model yielded a tendency towards a positive effect of diet (p = 0.1025) between treatment groups. The effect estimate is -0.6423 indicating that the diet group is around 0.5 unit lower in YGTSS on average.


      Discussion


      The aim of our study was to investigate whether a MAD could be beneficial for children and adolescents with tics requiring treatment, in reducing tics frequency and severity with fewer adverse effects than pharmacological therapy. We used a randomised approach with 2 groups of children with TS who started KD at different time points.


      We found a reduction in tics severity and frequency in few children who stayed on the diet up to 1-year. However, we could not show a significant statistical difference between the groups, but a trend towards positive diet effect (p = 0.1025). The effect estimate of the diet was found to be - 0.6423 indicating that the diet group is around 0.5 unit lower in YGTSS on average, which is a very little effect on the total YGTSS score.


      The original design turned out to be difficult to complete according to protocol. There was planned a YGTSS score at baseline and at diet start, but some families did not want to come to the hospital in order to be YGTSS scored and were started on the diet at home after a visit of the dietician.


      Furthermore, the parents were asked to count tics at home once a week to monitor the fluctuation of tics, but it was only performed by a few families, and therefore these measures could not be included in the statistical analyses. Many children were not able to complete the study, and this is probably one of the main reasons for not being able to conclude whether the MAD influences tic severity in patients with TS or not.


      The high dropout rate could probably be explained by several reasons. First, radically dietary changes are difficult in all ages, but are probably better maintained in very young children with for example intractable epilepsy, where parents are highly motivated to carry out the treatment in the hope of eliminating harmful seizures and improving quality of life [31]. For most of the participants in our study, difficulties in keeping the diet seemed to be a bigger hurdle, higher than the difficulties experienced by having the disease and even being highly motivated before inclusion.


      Parents reported that the diet was very time-consuming, expensive, that their children didn't like the food and that the social impediments were too big compared to the positive treatment effect.


      Participants often reported that they missed being like the other children in school, being able to eat the same kind of food in lunch breaks and at birthday parties.


      Secondly, we didn't choose a cut-off value on tics severity to enter the study. Perhaps participants with higher impairment and Total Yale Global Tic Severity Scale Score on the YGTSS would have been more motivated to carry out the treatment. For example, one of the patients who remained on diet for 343 days had Total Global Yale Tic Severity Scale score of 54 at baseline, 34 after one month on diet, 9 after three months on diet, 9 after six months on diet and 15 after 9 months.


      Regarding adverse effects, none of the children or adolescents experienced severe adverse effects and the diet was generally well tolerated. With regard to reported adverse effects we cannot confirm or deny a causal link, but we have registered the prevalence of accompanying symptoms.


      Participants were followed with blood samples every three months; in none of the cases we found changes that required termination of the diet.


      A previous study using a MAD for treating headaches [32] experienced similar limitations because of difficulties in maintaining the diet. However, some participants experienced some positive effects and continued the diet. In our study we have experiences with a few children who stayed on the diet for up to 1-year. Whether an initial effect of the diet on tics was the main motivating factor for continuing in the study or whether maintaining the diet enough time resulted in a positive effect we cannot answer. However, there were insufficient study completers to analyze statistically for any potential beneficial aspects of those who seemed to respond.


      Previous studies have examined the effect of complementary therapies in patients with TS such as omega-3 fatty acids supplementation (O3FA) [33,34] and dietary changes with gluten free diets [35]. Clinical observations have suggested an effect of O3FA in patients with TS, but a placebo controlled trial with 33 children and adolescents was not able to show a reduction in tic scores [34]. A prospective pilot study looked at the effect of a gluten free diet and found that children and adults who maintained the diet for one year had a marked reduction in tics and OCD [35].


      Secondary outcome measures were effect on comorbidities. Due to missing data and too few study completers, there were not enough data to analyze statistically for potential beneficial aspects on comorbidities. One of the reported comorbidities in our study participants was ADHD. A previous prospective study of children with epilepsy reported that after one year on the KD, there was a statistically significant improvement of both attention and social functioning [36]. Whether this is related to the reduction of seizures or it might be an independent effect, we don't know. However, some epilepsy studies have reported positive effect of the KD on sleep, behaviour, and alertness among others, even in the lack of effect on seizures [37-39]. However, to our knowledge, there are not specific studies on ADHD and KD that show a statistically significant effect of the KD on ADHD [40]. Evidence regarding ADHD and KD in humans is lacking, but a randomized, placebo- controlled study compared the effects of KD and a standard diet on behavior in 21 dogs with epilepsy and comorbid ADHD [41]. When the KD was compared with the standard diet, it showed a significant improvement in ADHD-related behaviors.


      Study strengths were that all the children were scored by 2 experienced clinicians in TS (CBS, LA) who evaluated the children in a very systematic way. Likewise, the 2 dieticians were dedicated KD dieticians with many years of experience with KD in epilepsy. That meant very close and dedicated support; new recipes individually adapted to the children's preferences and frequent counselling were available throughout the whole study period.


      Certain study weaknesses should be mentioned. First, as mentioned before, there were many withdrawals. Second, there were many missing data primarily due to missing data delivery from participants, especially comorbidity assessment scales. This could probably have been improved if these assessment tools were filled out in the clinic during the scheduled appointment.


      We indirectly monitored patient adherence by training participants and/or families to self-monitor urine ketone levels with urine dipsticks at home. We chose urine dipstick tests over blood ketone levels due to the age of the participants and for the sake of simplicity. We did not get these results from the participants, which could have helped us determine whether missing ketosis could explain for example lack of effect, though our impression is that parents contacted CBS if ketone levels where low to ensure guidance in restoring ketosis.


      KDs will, in the near future, hopefully become a part of our non-pharmacological treatment options at the Tourette clinic at the department of Paediatrics, Herlev University Hospital. The MAD could be a "rescue choice" for short periods of severe tics, instead of medicines. The treatment might be repeated more than once throughout infancy, if needed in periods with severe tics. The side effects were few and mild. In our experience, a few weeks are sufficient for showing potentially beneficial effects.


      Conclusion


      In conclusion, the diet was well tolerated but difficult to maintain for many children, even experiencing reduction in tics. We found a reduction in tics severity and frequency in few children who stayed on the diet for up to 1-year. However, we could not show a significant statistical difference between the groups, but a trend towards positive diet effect (p = 0.1025).


      This is, to our knowledge, the first study where a KD is tried in a randomized prospective way in children with TS. As the compliance was low, this treatment option is probably not preferable for the majority of patients with TS, but might be an option in selected cases, also depending on the parental motivation. In a future study, we suggest that patients with affected quality of life or severe tics will be included in order to increase the compliance of the families and the homogeneity of the included patients. Randomized trials with adequately powered sample size and control group are needed in the future before KD might be offered as part of routine practice. Our goal is to offer MAD as rescue therapy in short periods for selected children with severe tics and maybe perform a larger study. Research materials can be accessed by contacting the corresponding author.
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        Figure 1: Study design of Modified Atkins Diet in treatment of severe tics.

        TS = Tourette syndrome. View Figure 1

      


      
        Figure 2: Flowchart of included participants. View Figure 2

      


      
        Figure 3: Tic scores of the participants (N = 6) who have been on diet for 100 days or more. View Figure 3

      


      
        Table 1: Characteristics of included participants in the total cohort at baseline, and divided in group A (started diet immediately after randomization) and group B (started diet after an observation period of 3-5 months). View Table 1
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