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This thesis aimed to perform studies that would serve as the first scientific steps towards precision 

medicine for GSDIIIa patients. The high variability in clinical presentations, treatment interventions 

and long-term complications in patients with GSDIIIa underline the need for implementation of 

precision medicine tools in the patient with this monogenic disorder. Furthermore, with changing 

healthcare landscapes and accelerated developments of laboratory techniques and technology, 

the ability to modify a disease specific treatment to a patient specific treatment is becoming more 

feasible. This discussion section will elaborate on the muscle phenotype (5.1), different follow-up 

and monitoring approaches (5.2) and alternative compositions of- and energy substrates in dietary 

management (5.3).

5.1 MUSCLE PHENOTYPE OF THE AGEING GSDIIIA PATIENT

Our first research question was: What is the natural history of GSDIIIa, and what are important 

issues regarding clinical presentation and follow-up into adulthood? The observational, retrospective, 

international multi-center cohort study described in Chapter 2a reveals that myopathy and exercise 

intolerance become important disease features from the third decade of life. Specifically, the 

GSDIIIa phenotype shifts from an acute fasting-intolerance and liver specific phenotype in 

childhood, to a progressive muscle phenotype in adulthood. These observations are in agreement 

with previous smaller cohort studies1–3, and therefore, the ISGSDIII confirmed the biphasic disease 

character of GSDIIIa. Notably, the median age of the ISGSDIII study population was 20.6 years, 

and only 52% of patients were followed up into adulthood. Together with median ages of onset for 

muscle involvement between 20 and 25 years, the frequency and severity of the muscle phenotype 

in this study could be an underestimation of the actual burden in adulthood.

This biphasic disease character emphasizes the importance of elucidating pathogenesis 

behind myopathy in GSDIIIa. Several pathophysiological mechanisms for the development 

of myopathy have been postulated in literature, such as: 1) muscle fiber disorganization and 

destruction due to excessive glycogen deposition2,4, 2) accelerated muscle breakdown to provide 

gluconeogenic substrates for hepatic glucose production5,6, and 3) cellular energy crisis within 

myocytes due to diminished glycogenolytic capacity7–9. More recently, authors reported the 

presence of prominent glycogen-containing autophagosomes and autophagy dysregulation in a 

deep morphological analysis of 30 muscle biopsies from adult GSDIIIa patients10. This suggests 

that dysfunctional autophagy could be another pathophysiological domain of myopathy, and an 

interesting pathway for targeted therapy11.

However, all described pathophysiological domains are unlikely to lead independently to a 

severe muscle phenotype. Observations in both animal and human studies showed no relation 

between the degree of muscle glycogen deposition and muscle phenotype7,12. Moreover, 

measurements of muscle glycogen content corrected for vital muscle tissue showed a decline 
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in muscle glycogen with ageing7. Also, no correlations were found between clinical severity and 

degree of vacuolar myopathy in a larger study analyzing muscle biopsies10. Case reports have 

indeed described reversal of muscle weakness with high protein diets13,14. Nevertheless, current 

guidelines including high protein recommendations do not seem to prevent all GSDIIIa patients from 

developing a myopathic phenotype. Lastly, metabolic abnormalities in muscle energy metabolism 

preceded visible muscle damage in a multi-parametric functional imaging and spectroscopy study 

in 18 GSDIII patients aged from 11 to 67 years7. This is in line with our observations in Chapter 

4b; here we found a characteristic abnormal muscle alkalinisation -assessed by 31-phosporus 

magnetic resonance spectroscopy (31P-MR) during exercise- in six adult subjects with GSDIIIa, 

which could not distinguish subjects with and without overt myopathy.

Collectively, these observations suggest that at a certain time point in life, the skeletal muscles 

cannot cope with the glycogen load leading to progressive and detrimental changes in muscle 

morphology in some GSDIIIa patients. Due to the lack of AGL genotype-phenotype relationships, 

there are likely several remaining genetic, environmental and dietary factors involved. It could be 

hypothesized that insulin insensitivity can aggravate already impaired muscle energy metabolism 

in GSDIIIa patients. In patients with diabetes mellitus type II (DM2), for example, a switch to a 

glycolytic muscle phenotype by increasing the number of type IIb fibers has been reported15. 

In the relatively young cohort of the ISGSDIII, 9% of GSDIIIa patients were diagnosed with DM2. 

Moreover, several case reports describe an association between DM2 and GSDIII16–19. Since a 

sedentary lifestyle is also associated with a shift to a glycolytic muscle phenotype, the physical 

activity level of the GSDIIIa patient will likely contribute to muscle status. In general, the liver-

muscle axis in GSDIIIa patients requires future investigation. A possible role of the liver in the 

process of muscle wasting by decreased availability of anabolic factors from liver to muscle, 

such as hormones and amino acids needs to be investigated. It could even be speculated that the 

major contributing physiological domains differ among patients and age groups. Hence, requiring 

different therapeutic approaches.

Based on the main findings of the ISGSDIII study, it is important that muscle phenotype is 

accurately monitored. It is interesting that increased blood creatine kinase (CK) concentrations 

-a marker for muscle destruction- are already reported in the first decade of life in most patients. 

This suggests that muscle involvement is part of the disease spectrum in childhood, but clinical 

muscle symptoms are likely overshadowed by liver phenotype, i.e. fasting intolerance. Moreover, 

subtle muscle weakness and exercise intolerance can easily be missed with a cautious attitude 

of caregivers to physical activities, and a general anamnesis by healthcare professionals. A recent 

study in 31 Tunisian GSDIII patients showed high prevalence of neuromuscular impairment in early 

childhood based on a physical impairment scoring system, electroneuromyography and manual 

muscle testing20. Although, to date myopathy is solely a clinically relevant problem in adult GSDIIIa 

patients, we propose to carefully monitor muscle status and function in pediatric GSDIIIa patients.

5
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Data on neuromuscular complications from the ISGSDIII were retrospectively retrieved 

from patient records from seven different countries. Besides electromyography outcomes, the 

occurrence of myopathy was reported based on physicians’ interpretations. For appropriate 

characterization of muscle phenotype, however, sensitive measurement tools are required. 

Both the international guidelines on GSDIII and the Dutch Care Pathway do not provide specific 

methods for the follow-up of muscle problems in both childhood and adulthood5,21. Several 

research groups described muscle phenotype in GSDIIIa patients using different measuring and 

imaging methods; i.e. muscle ultrasound, dynamometry, strength tests, and magnetic resonance 

imaging and spectroscopy7,22–25. All these studies reported a worsening of muscle quality and 

strength with age. In Chapter 4b, we introduced a unique 31P-MRS platform to continuously study 

in vivo energy metabolism of the quadriceps muscle during exercise. The utility of this platform to 

assess homeostasis of energy- and pH-balance in quadriceps muscle during exercise has also 

been described for pediatric patients26,27. Therefore, this non-invasive imaging method would be 

an additional measure to be used for further defining of muscle adaptations in ageing GSDIIIa 

patients. In the light of precision medicine, one could speculate about the ability of this 31P-MRS 

platform to be used for follow-up and outcome prediction of dietary interventions in individual 

patients.

5.1.1 Silent cardiac hypertrophy in pediatric and adult GSDIIIa patients

Cardiac hypertrophy was reported in 58% of the GSDIIIa patients in the ISGSDIII study (Chapter 

2a), with a median age of first presentation in childhood. However, only 15% met the criteria 

for the definition of cardiomyopathy, i.e. the presence of cardiac hypertrophy in combination 

with 1) exercise intolerance (and/or), 2) the use of pharmacological treatment for heart failure. 

Cardiac hypertrophy is a known feature in GSDIIIa patients and likely caused by the storage 

of limit dextrin (LD) in myocardial cells and between myofilaments bundles, which resembles 

hypertrophic cardiomyopathy (HCM) on echocardiograph28–30. In line with our observations, most 

GSDIIIa patients with cardiac hypertrophy, however, do not experience clinical symptoms, and 

cardiac function is often preserved29. On the contrary, a few cases with sudden cardiac death 

and glycogen deposition in cardiac tissue at autopsy have been described30–32. In Chapter 2a, we 

also reported deaths according to cardiac disease in one pediatric and two adult GSDIIIa patients, 

from which one adult case was previously reported33. Therefore, routinely cardiac screening with 

echocardiographs and ECG is still recommended as described in the current follow up guidelines 

of GSDIIIa patients5. To date, the effect of dietary management on cardiac hypertrophy has been 

insufficiently addressed34.

In our center, we have performed targeted next-generation sequencing (NGS) for a set of 60 

genes35 (Cardiokit version 2.0) known to be involved in the development of cardiomyopathy (data 

not included in this thesis). No pathogenic or likely pathogenic variants were identified in eight 

GSDIIIa patients. Therefore, we were unable to identify an additional genetic risk factor for HCM 
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in GSDIIIa patients. This finding could be explained by the fact that the Cardiokit mainly includes 

sarcomeric proteins, and that possible predictive factors for developing HCM in GSDIIIa patients 

could be found in genes encoding cardiac glycogen metabolism enzymes. On the other hand, one 

could also hypothesize that a variant classified as likely benign for the general population, could 

be an additional risk factor for patients with a pathogenic variant in the AGL gene. Genetic network 

models are required to link metabolic pathways with genetic variant interpretation36.

5.1.2 GSDIIIa; hepatic and muscle GSD

Whether the cardiac hypertrophy and the progressive myopathy in the current adult population are 

part of the natural history of GSDIIIa, or the result of dietary management is currently unknown. 

On the contrary, one could question to what extent dietary management can prevent or reverse 

muscle phenotype. Prescribed dietary management was very diverse in the ISGSDIII study, which 

complicated correlation analysis between long-term outcome and type of dietary management. In 

recent years, various case studies have described reversal of cardiac hypertrophy and myopathy 

in response to high protein13,14 and/or ketogenic diets37–39. In all reports, because of macronutrient 

distribution within total isocaloric intake, carbohydrate intake decreased significantly. Whether 

carbohydrate reduction, difference in hormonal signaling or the (absolute or relative) quantities of 

macronutrients as lipids and protein are responsible for the clinical improvement in these patients 

remains unknown. A better understanding of the factors responsible for the muscle phenotype 

would help to tailor individual follow-up and treatment, and perhaps to prevent sudden cardiac 

deaths and progression to severe muscle phenotypes in adult GSDIIIa patients. For the latter, 

GSDIIIa should be recognized as both a hepatic and muscle GSD. Close monitoring of muscle 

status with clinical, biochemical and imaging approaches in follow-up of patients with GSDIIIa is 

essential. Furthermore, significant progress in understanding of metabolic alterations in patients 

with and without severe myopathy could be achieved by collaborations with experts in the field 

of metabolic myopathies, and possibly sport and movement scientists.

5.2 FOLLOW-UP AND MONITORING OF THE INDIVIDUAL PATIENT 
WITH GSDIIIA

The main goal of intensive dietary management for GSDIIIa patients is to maintain normoglycemia, 

and to prevent hyperketonemia and long-term complications as much as possible. Several studies 

describe the relation between metabolic control and long-term complications in different hepatic 

GSD types40–44. However, levels of evidence are low and to scientifically prove causality remains 

challenging in an ultra-rare inborn error of metabolism, such as GSD45. Our second research 

question was: ‘How can follow-up and monitoring of the individual GSDIIIa patient be optimized ’?

5
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Recommendations regarding dietary management and follow-up of long-term complications 

have been provided in the current international GSDIII guidelines and care pathways5,21. To date, 

the definition of good metabolic control in GSDIIIa patients is determined by a combination of 

clinical (growth, neuromuscular development) and biochemical parameters as plasma glucose, 

transaminases (AST/ALT), triglycerides, cholesterol, CK and ketones. Yet, monitoring and follow-up 

of metabolic control in patients with GSDIIIa is complicated by several factors. Firstly, biochemical 

markers in plasma reflect whole-body, intracellular perturbations relatively far from the primary 

metabolic block, and interpretation is complicated by confounding factors. Secondly, GSDIIIa 

requires daily dietary management, therefore, outpatient clinic visits with random blood samples 

are not representative of daily metabolic control. Lastly, monitoring of dietary management and 

subsequent clinical effect is complicated by non-compliance and poor documentation. Thus, 

considerable profit could be achieved by the identification of sensitive prognostic biomarkers 

and efficient monitoring approaches. Moreover, the identification of biomarkers is essential for 

the development of clinical endpoints for intervention studies, and the assessment of clinical 

efficacy of telemedicine tools.

5.2.1 Monitoring of daily glucose homeostasis

In Chapter 3a we presented that ketonemia may precede hypoglycemia in GSD types III, VI and 

IX. In Chapter 2a we also demonstrated that hypoglycemia was the initial clinical presentation 

in only 53% of GSDIIIa patients. Significant ketosis during fasting in GSDIII patients was already 

described in 1972 by Fernandes and Pikaar and reflects increased gluconeogenesis and fatty acid 

oxidation46. In line with what has been described in patients with GSDVI and IX, we demonstrated 

that glucose concentrations can be normal under hyperketonemia conditions. Therefore, we 

propose that ketotic GSD types should be added to the differential diagnosis of normoglycemic 

ketonemia and emphasize the importance of regular, incidental KB monitoring in patients with 

ketotic GSD types47,48.

Glycemic control in patients with GSDIII requires strict hour-to-hour dietary management. 

Dietary management is demanding, especially for caregivers of young children with high 

endogenous glucose requirements. Furthermore, our international questionnaire on safety issues 

and complications associated with dietary management showed that most complications occur 

at night resulting from human errors49. Here, the introduction of continuous glucose monitoring 

(CGM) systems has opened doors for more accurate and less invasive assessment of glycemic 

control in GSD patients. Several studies reported an improvement on glycemic control in hepatic 

GSD patients with the use of CGM; both unrecognized nocturnal hypoglycemia and periods of 

hyperglycemia were detected50–55. Together with hand-held ketone meters, glycemic control can 

nowadays easily be monitored at home and individualized adjustments can be made accordingly. 

Future studies are needed to assess the effect of CGM on long-term outcomes and quality of life 

of both patients and caregivers. The integration of CGM data and reports on adrenergic and/or 
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neuroglycopenic symptoms could be helpful for recognition of hypoglycemia or hyperketonemia by 

patients and/or caregivers. For adequate symptom registration, we have developed a hypoglycemia 

module in the current version of the GSD App (Chapter 3b).

5.2.2 Repurposing of old and identification of new biomarkers

In this section, old and new biomarkers are discussed based on longitudinal collection of blood 

and urine samples in a recently diagnosed GSDIIIa patient in our expertise center. Figure 1A and 

C show a substantial decrease in ALT and NT-proBNP after establishment of the diagnosis and 

dietary management. This effect is likely achieved by improved nutritional status, glycemic control 

and introduction of complex carbohydrates. On the contrary, CK concentrations initially increased 

after the introduction of dietary management (Figure 1B, Figure 2). This could be explained by 

increased physical activity due to a combination of improved energy, muscle strength and 

achieving developmental, motoric milestones, or timing of blood sampling. Yet, it is important to 

realize that a newly diagnosed GSDIIIa patient withstands a radical shift in energy metabolism, i.e. 

from an energy-deprived, protein depleted and fat dependent system to an anabolic, high-protein, 

glucose dependent system. This shift could possibly (transiently) increase glycogen storage in 

muscles of GSDIIIa patients as a sort of ‘refeeding’ phenomenon.

Pre-albumin is used in some centers to titrate adequate protein intake. Nevertheless, we 

observed a normal pre-albumin concentration before diagnosis, that decreased after the 

introduction of dietary management in our patient (Figure 1D, Figure 2). Severe liver disease is 

also associated with increased pre-albumin concentrations and likely has affected pre-albumin 

concentrations in this patient. Pre-albumin concentrations are also affected by infections, and 

therefore clinical interpretation of this marker is challenging, especially in childhood. To date, no 

studies on the relation between pre-albumin, protein intake and muscle status in GSDIII patients 

exists. Therefore, pre-albumin should be used with precaution as a biomarker for protein intake.

5
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Figure 1. Biomarkers in a young GSDIIIa patient before (dark grey) and after establishment of diagnosis and 
introduction of dietary management. Grey, horizontal lines represent local references range.

In Chapter 4b, we analyzed glucose tetrasaccharide (Glc4) excretion in urine samples collected 

throughout standardized exercise protocols from six adult GSDIIIa subjects. Glc4 is a sensitive 

marker for amylolytic breakdown of intravasal glycogen from damaged tissues and is used as 

a prognostic biomarker for monitoring of enzyme replacement therapy in patients with Pompe 

disease (GSDII,  OMIM #232300)56–58. Likewise, urinary Glc4 excretion has been suggested a 

potential diagnostic biomarker for hepatic GSD types, such as GSDIII59–62, VI60 and IX61,63. In our 
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controlled study, we found that Glc4 excretions were increased (fi ve times above local reference 

values) in three patients with a severe muscle phenotype, independent of treatment intervention. 

Whereas, Glc4 excretions were in the normal range in the three subjects without overt myopathy. 

These fi ndings suggest that Glc4 originates from muscle tissue in the adult population. This is 

in line with a conference abstract presenting a signifi cant correlation between Glc4 and serum 

CK in adult GSDIIIa patients, but not in GSDIIIa pediatric patients64. The suggestive origin of Glc4 

from muscle is also strengthened by the fi nding that Glc4 excretions are less increased in patients 

with GSDIIIb65.

Figure 2. Absolute and relative macronutrient distributions. Dotted line in left panel represents the minimal 
absolute protein intake according to management guidelines.

A recent study in 22 GSDIIIa patients aged between 0-23 years (50% < 10 year of age) 

showed a decrease in urinary Glc4 excretion with age, which correlated with a decline in liver 

transaminases65. Therefore, the authors suggested that Glc4 in these patients was primarily 

derived from hepatic glycogen. Moreover, in our expertise center for hepatic GSD we recently 

measured highly increased (30-40 times above local reference values) urinary Glc4 excretions in 

an infant with GSDIIIa before diagnosis. After establishment of dietary management, this patient 

showed a remarkable decline in Glc4 that correlated with a decline in transaminases, but not CK 

(Figure 1A, B, and E). Thus, although the application of urinary Glc4 as both a diagnostic and follow-

up marker seems promising, more studies need to be conducted to evaluate the interference of 

dietary management and exercise66, and the origin of Glc4 in both pediatric and adult GSDIIIa 

patients.

Plasma biotinidase activity is another proposed diagnostic biomarker for patients with hepatic 

GSD67–70. Increased biotinidase activity probably refl ects an increased need of biotin as enzymatic 

cofactor. The role of biotin as a cofactor of several enzymes in gluconeogenesis, branched-chain 

amino acid metabolism and fatty acid synthesis, and the role as expression regulator of several 

genes including glucokinase and phosphoenolpyruvate carboxykinase refl ects an important 

role of biotin in energy metabolism. In our case, this biomarker was not above local reference 

5
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values before diagnosis (Figure 1F). Higher biotinidase activities, however, were measured after 

establishment of diagnosis and subsequent dietary management (Figure 1F, Figure 2). In current 

literature, biotinidase activity was only assessed in GSDIII patients after diagnosis, hence, a 

potential role of dietary management on biotinidase activity could be expected.

5.2.3 A changing healthcare landscape enables new follow-up approaches

In March 2017, the first European Reference Networks (ERNs) were established by the European 

Commission. The aim of ERNs is to improve highly specialized healthcare for patients with rare 

diseases by facilitating the exchange of knowledge, experience, medical research, education and 

resources across European borders71. The ERN for Hereditary Metabolic Diseases (MetabERN) 

is one out of 24 ERNs and specifically dedicated to rare hereditary metabolic diseases (https://

metab.ern-net.eu/). The section of metabolic diseases of the Beatrix Children’s Hospital at the 

University Medical Center Groningen is a nationally endorsed center of expertise for patients with 

hepatic GSD. Due to this centralization of expertise, the organization of healthcare delivery for 

the individual patient with a rare disease enables new approaches of shared care models and 

(international) data handling.

Telemedicine platforms like the GCP may require strict CE-mark assessment before its 

application in other metabolic centers with the new legalization on medical software that will 

apply in 2020 (i.e., the Medical Device Regulation MDR 2017/745). This is challenging, since all 

functionalities within the GCP -such as the emergency protocol generator- by this means should 

be evidence-based. Ideally, the GCP would be further developed under the scope of one single-

responsible legal entity, such as a patient organization or MetabERN. Here the GCP could also take 

a role in virtual counseling, data exchange and clinical research. Members of MetabERN have the 

potential and shared obligation to harmonize emergency protocols in order to increase awareness 

of emergency protocols in local hospitals. The inclusion of an international accepted emergency 

protocol in the Vademecum Metabolicum (http://evm.health2media.com/#/spnsr-splash) could 

be an important way of valorization. Thereafter, prospective, longitudinal registration on safety and 

efficacy is warranted. Especially, the ability of the generic emergency protocol to safely prevent 

hospitalization would be of interest regarding quality of life of our patients.

5.3 ALTERNATIVE ENERGY SUBSTRATES FOR DIETARY 
MANAGEMENT

As outlined in the introduction, dietary management for GSDIIIa patients is an interplay of 

macronutrients. For some patients, however, traditional dietary management -consisting of 

high protein diets supplemented with complex carbohydrates- does not seem to prevent the 

development of HCM and myopathy. For these patients, alternative dietary interventions to fuel the 
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GDE deficient system seem promising. Therefore, our third research question was: ‘Which patients 

may benefit from alternative composition of - and energy substrates in dietary management? ’.

5.3.1 Dietary lipids

In Chapter 4a, we present that cardiomyopathy and myopathy were main indications to start a high 

fat diet in GSDIIIa patients. Biochemically, we observed a significant lower mean CK concentration 

after dietary lipid intervention in GSDIIIa patients, and a decrease in echocardiographic 

interventricular septum dimensions in pediatric GSDIIIa patients. These findings suggest that 

a high fat diet can have beneficial effects on muscle phenotype in GSDIIIa patients, but it also 

showed a possible age-specific effect on outcome. In other words, the effect of a high fat diet 

seems to have a beneficial effect on cardiac hypertrophy in particular pediatric GSDIIIa patients.

After our literature search in December 2018, one additional report has been published 

describing improvement in cardiac and skeletal muscle function in an adult GSDIIIa patient with 

the introduction of a modified Atkins diet39. In line with our observations, this case report used 

relatively basic outcome measures to define skeletal muscle function, i.e. blood CK concentrations 

and daily step count. Interestingly, however, it was one of the first studies to assess the effect of 

dietary intervention on quality of life.

Although, the effect of high fat diet on muscle outcome seems promising in GSDIIIa patients, 

the mechanism behind this effect is currently not well understood. In all reported dietary 

interventions studies, carbohydrates were replaced by lipids. Thus, the observed effect could 

theoretically also derive from the decrease in carbohydrates. Similar observations have recently 

been reported in mice on a glucose-free/high-protein diet72. In addition, one could also expect an 

improvement in dietary compliance, regardless of the type of intervention. Therefore, it would be 

interesting to study if improved metabolic control with strict glycemic ranges and appropriate 

dietary protein intake would have the same effect on biochemical and clinical parameters.

5.3.2 Exogenous ketone bodies

The role of exogenous ketone bodies as a therapy for patients with inborn errors of metabolism 

has gained significant interest. Already in 2003, a successful treatment with sodium-D,L-3-

hydroxybutyrate was reported in life-threatening ill patients with multiple acyl-CoA dehydrogenase 

deficiency (MADD)73. Since then, the potential therapeutic implications of ketones has been 

described in several other inborn errors of metabolism (IEM)74,75. Valayannopoulos and colleagues 

were the first to report a successful treatment of severe cardiomyopathy with a high protein, 

ketogenic diet supplemented with sodium-D,L-3-hydroxybutyrate in a 2-month old infant with 

GSDIIIa37.

Recently, a novel ketone-ester (KE) of D-beta-hydroxybutyrate and R-1,3-butanediol was 

registered as food supplement by the Federal Drug Administration of the United States. This 

KE induces acute nutritional ketosis after ingestion without sodium loading. A cross-over study 

5
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in professional athletes described an improvement in time-trial performance after KE-intake, 

which was attributed to a reduced reliance on glycolysis and an increase in fat oxidation76. The 

preferential oxidation of ketones over both fatty acids and pyruvate suggests that exogenous 

ketone supplementation may be beneficial during conditions in which normal substrate use is 

compromised. In Chapter 4b, we found first evidence of a phenotype-specific effect of acute 

nutritional ketosis on muscle energy metabolism. Specifically, GSDIIIa patients with a severe 

muscle phenotype showed a beneficial improvement in muscle energy metabolism as assessed 

by 31P-MR spectra, whereas this effect was not found in three subjects without overt muscle 

phenotype.

Recent work suggest that KE can increase the muscle’s capacity to oxidize fat as reflected by 

a decrease in intramuscular triglycerides and lower respiratory exchange ratios during exercise 

after KE intake77,78. The observations of an increase in Pi/PCr ratios in subjects without overt 

myopathy after KE intake compared to a carbohydrate drink would support the hypothesis that 

GSDIIIa patients without overt myopathy have adapted their skeletal muscles fiber composition to 

the oxidation of fatty acids, i.e. slow-twitch oxidative (SO) muscle fibers. The latter would be in line 

with a selective loss of mitochondria-rich muscle fibers reported in GSDIIIa patients with severe 

myopathy2,7. However, future research is needed to confirm this hypothesis.

Initially, the KE study as presented in this thesis was designed to test the theoretical potential 

for the application of exogenous ketones in clinical management for GSDIIIa patients. However, 

with the high heterogeneity in clinical picture and therapy responses among adult GSDIIIa patients, 

this study taught us again that future research should focus on detailed phenotyping of the 

individual patient in order to identify most suitable treatment, rather than to aim for disease-specific 

treatments. The 31P-MRS platform could play a role in further phenotyping of the individual patient.

Although exogenous ketones seem promising for some GSDIIIa patients and other inborn 

errors of metabolism in which ketone production is diminished75, long-term data on the safety of 

KE supplementation are currently lacking. The most recent safety and tolerability study studied 

24 healthy adults, aged 18-70 years who drank 25 ml of the KE three times a day for 28 days79. No 

effects on anthropomorphic measures, fasting blood glucose, lipid and electrolyte concentrations, 

nor blood pH and kidney function were found. Notably, this study was performed in healthy 

subjects and by scientists with a substantial conflict of interest. Another challenge will be the 

effective translation of an FDA approved food supplement to an affordable and safe therapy for 

patients. In this process, the Fair Medicine concept in which patients, healthcare professionals and 

pharmaceutical companies are all equal stakeholders seems hopeful. To conclude, the KE has 

a very bitter taste, and several gastro-intestinal symptoms have been reported80. Thus, research 

on long-term safety and possibilities of other esters and administration forms are warranted.
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5.4 FUTURE PERSPECTIVES

Recently a top-11 research agenda was created for hepatic GSD based on the James Lind 

Alliance priority setting partnership methodology together with patients, caregivers and health 

care professionals81. This research agenda included among others the following priorities: how to 

monitor metabolic control, how to manage emergency situations, what are best monitor methods 

for metabolic control, and how to anticipate dietary treatment to physical activity. For all these 

priorities, this thesis has provided (preliminary) work.

Ideally, an international patient registry would facilitate future studies analyzing worldwide 

clinical features and dietary or pharmacological treatments in larger numbers of GSDIIIa patients. 

In addition, an international patient registry could help identify suitable candidates for clinical trials. 

The set up and maintenance of such a registry, however, is complicated by the simultaneous 

introduction of different, non-communicating national electronic health record systems, 

uncertainties regarding data ownership and high software and personnel costs. Currently, a unified 

European registry for inherited metabolic disorders (U-IMD) is being developed as a tool within 

MetabERN. The fact that patients are involved in MetabERN potentially allows the registration of 

important patient reported outcomes.

Patient participation is becoming increasingly important in the development of healthcare 

processes in ultra-rare diseases and has shown to improve patient safety. Patient participation 

was applied in different parts of this thesis. For example, focus group meetings with GSDIIIa 

patients were organized before the KE study protocol was drafted. In addition, the GCP in Chapter 

3b was developed by and with patients and caregivers. Patient participation can also be applied 

on an individual, clinical level. Nowadays, patients can monitor trends in glucose concentrations 

on their mobile phone and notice the effect of dietary interventions at home. This phenomenon 

of self-tracking with technologies is termed quantified self. Quantified self allows patients to be 

even more in the lead of their disease management and learn from their actions. With the GCP we 

set first steps towards the facilitation of quantified self for hepatic GSD patients by including CGM 

and activity tracker data entries in the GCP. Future research should analyze if quantified self can 

have a positive effect on metabolic control and/or the prevention of metabolic decompensations.

Biomarkers that correlate with disease severity, prognosis and/or treatment outcomes are 

strongly warranted, as discussed in section 5.2.2. A wider assessment of individual biochemical 

profiles is becoming more feasible with the introduction of different omics technologies. The use 

of targeted metabolomics to study potential biomarkers as Glc459–62 and biotinidase67–70, and 

untargeted metabolomics to identify novel biomarkers seems promising82. Moreover, fluxomics 

approaches with the application of stable isotopes could add to the understanding of disease 

mechanisms, alternative pathways and effects of dietary or pharmacological interventions83. 

Prospective collection of blood and urine samples together with CGM reports and clinical 

outcome parameters are required to link the biochemical profile to the patient’s phenotype. Further 
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reasoning, the identification of a biomarker that can be quantified using dried bloodspots would 

further facilitate home site monitoring and perhaps, even population newborn screening.

At present we have insufficient clinical data on the natural history of muscle phenotype 

from pediatric to adult GSDIIIa patients. Close monitoring of muscle quality, for example with 

non-invasive platforms like the 31P-MRS platform used in Chapter 4b, should be performed to 

elucidate pathophysiological factors underlying muscle phenotype in adulthood. A promising 

therapeutic approach for GSDIIIa patients may be exercise training. Exercise can improve oxidative 

capacity, proliferation of muscle capillaries and has been shown to have a positive clinical and 

biochemical effect on exercise intolerance in patients with McArdle disease, the classical muscle 

GSD (myophosphorylase deficiency, OMIM#232600, GSDV)84,85.

Many uncertainties remain on the effect of dietary management on long-term outcome 

parameters. Analyses of dietary intake are complicated by poor documentation and compliance 

issues. Furthermore, discrepancy between described and actual used diet often exists. These 

factors make it challenging to identify possible correlations between diet and long-term 

complications. For the assessment of dietary intake, the GCP as presented in Chapter 3b, could 

be a valuable tool. Currently, a multicenter clinical trial is being conducted to compare efficacy of 

Glycosade® with the traditional uncooked cornstarch in hepatic GSD patients (ClinicalTrials.gov 

identifier: NCT02318966). Furthermore, although a high protein diet is widely accepted as first 

dietary management approach in GSDIIIa patients, little evidence and information is available on 

the preferable type of protein, amount and how to titrate efficient protein intake.

To date, genomic medicine provides a promising therapy for inborn errors of metabolism. A 

phase 1/2, open-label safety and dose-finding study of adeno-associated virus serotype 8 (AA8)-

based gene replacement in adults with GSDIa is currently being conducted in centers in the United 

States of America, Canada, Spain and the Netherlands. Preliminary results on fasting duration 

are hopeful. Gene therapy for GSDIIIa, however, faces several challenges86. First, gene therapy 

needs to target both liver and muscle. Second, the AGL gene is a large gene of 85 kB, which 

makes it difficult to find a suitable vector. Lastly, little clinical longitudinal data of GSDIIIa patients 

and the effects of different treatments are available in literature. This makes it difficult to define 

clinical endpoints for the confirmation of treatment efficacy in future clinical trials. The potential of 

exogenous application of messenger RNA (mRNA) as an alternative genomic therapy for GSDIIIa 

patients requires further investigation87.

5.5 CONCLUDING REMARKS

High heterogeneity in clinical presentation and response to dietary intervention in GSDIIIa patients 

strengthen the theory that the patient’s phenotype and therapy response are not restricted to 

defects in a single gene, but rather the result of multiple factors88. This thesis described the 
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muscle phenotype of the ageing GSDIIIa patient, illustrated and assessed different follow-up 

and monitoring tools and studied alternative composition of - and energy substrates in dietary 

management. All of this has opened doors for future studies regarding precision medicine for 

the individual GSDIIIa patient. We are at a crossroads were likely not only patients, healthcare 

professionals and scientists, but also software developers, data analysts and policy makers should 

be involved to improve healthcare for ultra-rare diseases. Considering the accelerated advances in 

genomics and metabolomics, and the introduction of different telemedicine tools, it is likely only 

a matter of time and effort before precision medicine will play an integral role in management 

of patients with different IEMs. But within this, doctors must not lose sight of the patient’s and 

caregivers’ needs.
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