
REVIEW

Dietary Management of the Glycogen Storage
Diseases: Evolution of Treatment and Ongoing
Controversies
Katalin M Ross,1 Iris A Ferrecchia,1 Kathryn R Dahlberg,1 Monika Dambska,1 Patrick T Ryan,1 and David A Weinstein1,2

1Glycogen Storage Disease Program, Connecticut Children’s, Hartford, CT, USA; and 2Department of Pediatrics, University of Connecticut School of Medicine,
Farmington, CT, USA

ABSTRACT

The hepatic glycogen storage diseases (GSDs) are a group of disorders where abnormal storage or release of glycogen leads to potentially life-
threatening hypoglycemia and metabolic disturbances. Dietary interventions have markedly improved the outcome for these disorders, from a
previously fatal condition to one where people can do well with proper care. This article chronicles the evolution of dietary management and
treatment of the hepatic GSDs (types 0, I, III, VI, IX, and XI). We examine historic and current approaches for preventing hypoglycemia associated
with GSDs. There is a lack of consensus on the optimal dietary management of GSDs despite decades of research, and the ongoing controversies
are discussed. Adv Nutr 2020;11:439–446.
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Introduction
The hepatic glycogen storage diseases (GSDs) are a group
of inborn errors of metabolism caused by abnormalities of
the enzymes that catalyze the synthesis or degradation of
glycogen. The first GSD was described by Edgar von Gierke
in 1929 (1) and there are now at least 16 recognized types
(Table 1).

Hypoglycemia is characteristic of all hepatic GSDs due
to aberrant conversion of glycogen to glucose. The treat-
ment, however, varies depending on the metabolic pathway
involved. There are 3 major types of hepatic GSDs:

1) GSDs with defective glycogenolysis and gluconeogenesis
(types Ia and Ib)

2) GSDs with defective glycogenolysis but intact gluconeo-
genesis (types III, VI, and IX)

3) GSDs with altered storage of glycogen (types 0, IV, and
XI).

Type I GSD results from impaired glucose-6-phosphatase
activity and is the most severe of the liver forms of GSD
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from a euglycemic vantage point because the conversion
of glucose-6-phosphate to glucose is the final step for both
glycogenolysis and gluconeogenesis. Types 0, III, VI, and IX
are ketotic forms of GSD, and they present with less severe
hypoglycemia because lactate, amino acids, and glycerol
(from fatty acid oxidation) can serve as precursors for
gluconeogenesis. Type 0 GSD has abnormal synthesis of
glycogen, and type XI GSD is due to a defect in glucose
transport across the GLUT-2 glucose channel in the liver,
pancreas, kidneys, and intestines. Although GSD type IV
is also a hepatic form of GSD (branching enzyme activity),
it will not be discussed here because there is a paucity of
literature and evidenced-based recommendations on the role
and efficacy of nutritional therapy for this disorder, which
is often treated with a liver transplant. Given the variety of
pathophysiology, the treatment recommendations are vastly
different based on the underlying enzyme defect. However,
nutritional therapy is the mainstay of treatment across the
types of GSDs, and understanding the pathophysiology
allows better understanding of the role of nutrition in their
treatment.

Background
Nutritional therapy has remained the primary treatment
for GSDs over the past 50 y, and this article seeks to
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TABLE 1 Glycogen storage disease genetic and enzymatic overview1

Type Affected gene Chromosome location
Year disease

described

Type 0 GYS2 (glycogen synthase) Chromosome 12 (12p12.1) 1963
Type Ia (von Gierke disease) G6PC (glucose-6-phosphatase) Chromosome 17 (17q21.31) 1929
Type Ib G6PT1 (SLC37A4) (glucose-6-phosphate transporter) Chromosome 11 (11q23.3) 1978
Type II (Pompe disease) GAA (glucosidase alpha, acid) Chromosome 17 (17q25.3) 1932
Type IIIa (Forbes or Cori disease) AGL (glycogen debranching enzyme) Chromosome 1 (1p21.2) 1928
Type IIIb AGL (glycogen debranching enzyme; liver only) Chromosome 1 (1p21.2) 1928
Type IV (Anderson disease) GBE (glycogen branching enzyme) Chromosome 3 (3p12.2) 1956
Type V (McArdle disease) PYGM (muscle glycogen phosphorylase) Chromosome 11 (11q13.1) 1951
Type VI (Hers disease) PYGL (liver glycogen phosphorylase) Chromosome 14 (14q22.1) 1959
Type VII (Tarui disease) PFKM (muscle phosphofructokinase) Chromosome 12 (12q13.11) 1965
Type IXa PHKA2 (phosphorylase kinase alpha 2) Chromosome X (Xp22.13) 1969
Type IXb PHKB (phosphorylase kinase beta) Chromosome 16 (16p12.1) 1981
Type IXc PHKG2 (phosphorylase kinase, gamma 2) Chromosome 16 (16p11.2) 1982
Type IXd PHKA1 (phosphorylase kinase, alpha 1) Chromosome X (Xq13.1) 1986
Type X PGAM2 (phosphoglycerate mutase, muscle) Chromosome 7 (7p13) 1993
Type XI (Fanconi–Bickel syndrome) SLC2A2 (GLUT-2 glucose transporter) Chromosome 3 (3q26.2) 1949
Type XII ALDOA (aldolase A) Chromosome 16 (16p11.2) 1973
Type XIII ENO3 (β-enolase) Chromosome 17 (17p13.2) 2001
Type XIV PGM1 (phosphoglucomutase 1) Chromosome 1 (1p31.3) 2009
Type XV (glycogenin deficiency) GYG1 (glycogenin 1) Chromosome 3 (3q24) 2010

1Gene names and chromosome locations obtained from Online Mendelian Inheritance in Man (OMIM) website (2).

review the evolution of modern therapy for GSDs. The
primary goals of management of all the hepatic GSDs are
to prevent hypoglycemia and minimize acidosis. Glucose
homeostasis is finely regulated by a complex integration of
hormones (e.g. glucagon, growth hormone, epinephrine, and
cortisol) and metabolic pathways (e.g., glycogenolysis, glu-
coneogenesis, and fatty acid oxidation). Counterregulation
commences when glucose concentrations are <70 mg/dL.
In GSD type I, shunting of glucose-6-phosphate into
the alternative pathways leads to accumulation of lactate,
triglycerides, and uric acid. In the ketotic forms of GSD,
ketoacids (particuarly β-hydroxybutyrate) predominate in
the other forms of GSD due to increased fatty acid
oxidation.

Evolution of GSD Treatment
The first clue regarding the nutritional therapy for GSD dates
back to 1939 when a case study was published in which a
child with hypoglycemia and hepatomegaly demonstrated
no rise in blood glucose after oral or intravenous delivery
of galactose. Blood lactate concentrations, however, were
elevated enough to cause respiratory distress from metabolic
acidosis (3). In 1956, Schwartz et al. (4) demonstrated that
ingestion of fructose produced high lactate concentrations
and associated acidosis, as did galactose to a lesser degree.
As a result, some practitioners began restricting sugars that
required hepatic metabolism. A treatment was proposed with
a mixture of evaporated milk and water supplemented with
maltose and casein (a milk protein); however, there was no
guidance regarding how dosing of the formula should be
determined (4).

Portacaval shunts
In the 1960s, portacaval shunts were introduced as a way to
maintain blood glucose concentrations in the systemic cir-
culation (5–7). Portacaval shunting involved major surgery
and connected the hepatic portal vein to the inferior vena
cava diverting blood flow away from the liver. This shunting
resulted in 75% of dietary carbohydrates bypassing the
liver. This, in turn, limited glycogen storage, and preserved
dietary carbohydrate for use as an energy source for the
brain and body. Following this procedure, high-carbohydrate
diets were encouraged. Although this intervention allowed
prolonged intervals between feeds, nocturnal hypoglycemia
continued to occur (8). GSD continued to be almost univer-
sally fatal until continuous glucose therapy was introduced in
1972.

Continuous feeds
In 1972, dextrose, a component of total parenteral nutrition
(TPN), was found to ameliorate all metabolic abnormalities
associated with type I GSD. Within 4 wk of initiation of TPN,
patients experienced euglycemia, reduction in hepatomegaly,
and improved biochemical markers of metabolic control (9).
Subsequent studies demonstrated that high glucose intake
exceeding the estimated glucose requirements using dietary
carbohydrate intake also resulted in reduced lactate and
triglyceride concentrations (10). Burr et al. (11) concluded
that intragastric feeding was as efficacious as both parenteral
nutrition and portacaval shunting without the added risk of
invasive intervention. They also concluded that shunting of
substrate and/or hormones from the liver, as in portacaval
shunt and parenteral nutrition, is not essential for reversing
the anomalies associated with GSD, but rather continuous
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nutrition per se would achieve the same ends (11). Medi-
cal management with high-glucose intragastric continuous
feeding around the clock, or a regimen with nocturnal drip
feeds combined with starchy meals every 3 h during the day,
was proposed in lieu of surgery (10). Continuous intragastric
feeds, however, were associated with severe hypoglycemia if
the feed was interrupted, and children suffered from frequent
episodes of hypoglycemia, seizures, and even death due to
pump failures.

Although it became apparent that higher doses of
carbohydrates were required to mitigate the laboratory
abnormalities, quantification of the precise needs did not
occur until 1976, when Bier et al. (12) published the
results of isotope studies demonstrating the threshold for
glycogenolysis. Glucose requirements were found not to
be linear with age or weight, but rather correlated with
brain size. The following mathematical equation was created,
which is still used today to estimate glucose requirements in
children aged ≤8 y:

Y = 0.0014X3 − 0.214X2 + 10.411 X − 9.084,

where Y = milligrams glucose per minute and X = body
weight in kilograms.

The formula had several limitations, however, and it
deviated from the demonstrated isotope estimates when
weight exceeded 30 kg. The formula was also found to
underestimate requirements during puberty, and adults were
found to require less glucose per kilogram per minute than
young growing children (13).

Cornstarch
In the 1970s, investigations centered on finding slow-
release carbohydrate sources that could maintain glucose
concentrations for more than 3 h. Numerous starches and
carbohydrates were tested, and cornstarch was found to be
the most effective alternative therapy (14). Cornstarch had
several advantages over other starches and continuous feeds.
First, it resulted in lower insulin concentrations compared
with continuous feeds (15). As a result, lower amounts
of cornstarch could be used, and glucose doses equivalent
to 5.3–7.6 mg/kg/min could maintain euglycemia whereas
continuous feedings required 8–10 mg/kg/min to maintain
normal glucose concentrations. Intermittent cornstarch dos-
ing was also found to decrease glycogen storage (15).

Cornstarch also has the advantage of being neuroprotec-
tive when hypoglycemia occurs. Pump failure or leakage oc-
curring in a high-insulin state causes rapidly falling glucose
concentrations. In addition, insulin suppresses formation
of alternative fuels (i.e., ketones and lactate), and thus
seizures are common from pump interruptions. In contrast,
cornstarch has a slower rate of fall, and the lower insulin
concentrations allow lactate to accumulate in GSD type
I, which helps to protect against seizures or neurological
damage. In GSD types 0, III, VI, IX, and XI when glucose
levels decrease, ketones are created from fatty acid oxidation,
and the ketones can serve as an alternative fuel. Although
other forms of starch absorb faster or slower than cornstarch,

the latter has the advantage of most closely matching the basal
metabolic needs thus avoiding excessive glycogen storage or
hypoglycemia.

Although cornstarch remains the mainstay in maintaining
euglycemia in GSD, dosing has changed over the years.
When introduced, 2 primary treatment strategies were used:
large doses given 2 times per day or 1.75 g/kg given
every 6 h. Although these strategies allowed survival to
occur, patients continued to struggle with poor metabolic
control (16). Adding dextrose to cornstarch was attempted,
but this accentuated insulin production and led to greater
instability (17). Critics of cornstarch raised concerns about
the ability of patients and/or family members to adhere to
this demanding schedule, the palatability, and the lack of
nutritional completeness of cornstarch (18). Complications,
such as gut dysbiosis, low intestinal pH, and inflammation,
have also been suggested by some investigators to be due to
the therapy itself (19). With time, it became apparent that
smaller doses administered more frequently resulted in in-
creased euglycemia, decreased hypoglycemia, and improved
metabolic control. With cornstarch administered every 3–4 h
around the clock and proper nutrition, normal biochemical
markers of metabolic control can be achieved (20).

Despite concerns about the nutritional deficiencies result-
ing from dietary restrictions and dependence upon nonfood
products (cornstarch) (21), frequent daytime treatment with
uncooked cornstarch became widely accepted in the 1990s,
beginning at age 6–12 mo. Younger infants lack suffi-
cient production of pancreatic amylase to digest uncooked
cornstarch. Oral glucose delivery in infants aged <6 mo
was recommended every 1.5–2.5 h (22, 23), whereas oral
cornstarch delivery for older children was recommended at
5–6 feedings per day (24).

Extended-release cornstarch (Glycosade)
Treatment with traditional cornstarch improved the markers
of metabolic control for patients with GSD of all types.
The median duration between cornstarch doses was 4.25
h, which required at least 1 feeding in the middle of
the night (20). Starch with a slower rate of absorption
was needed to extend sleep periods for people with GSD.
The efficacy of a new waxy maize starch (Glycosade) was
demonstrated in overnight trials in patients with GSD I
(25). The new product effectively lengthened the time of
euglycemia between nocturnal feedings and added safety
through avoidance of an overnight feed. Sleep and quality
of life also improved by omission of the middle-of-the-night
feeding (26). The extended-release waxy maize has been
approved in countries worldwide since 2009. In the United
States, the extended-release preparation has been approved
for nocturnal use in GSD patients who are aged ≥5 y. All
patients with GSD 0, III, VI, and IX tolerated the waxy maize
starch; however, the majority of patients with GSD Ib, who
are prone to inflammatory bowel disease, discontinued use
of the starch due to increased abdominal pain, flatulence,
and diarrhea. Additionally, the strong taste of corn and its
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granular texture were cited as reasons for discontinuing use
of the waxy maize starch across the types (27, 28).

Controversies in GSD I management
GSD I is caused by deficiency of glucose-6-phosphatase
(GSD Ia) or the glucose-6-phosphate transporter (GSD Ib).
The main symptoms are hypoglycemia, hyperlactatemia, hy-
pertriglyceridemia, hyperuricemia, hepatomegaly, and short
stature. Inflammatory bowel disease and immunodeficiency
are specific for GSD Ib. Although there has been substantial
progress in the care of people with GSD I, there continue to be
controversies surrounding the appropriate dietary approach
to managing this disorder. Seven of the primary controversies
are discussed: 1) appropriate dietary restrictions; 2) dosing of
dietary carbohydrates; 3) daily cornstarch dosing; 4) use of
the extended-release waxy maize starch; 5) use of continuous
feeds; 6) ketogenic diet in GSD I; and 7) supplementation in
GSD I.

Dietary restrictions.
Researchers have known since the 1950s that dietary sucrose,
fructose, and galactose in GSD I result in elevated lactate
concentrations and acidosis (4, 29), yet there is no consensus
on the amount of these nonutilizable sugars to restrict
(30). No formal study, however, has been performed to
determine the precise threshold where fructose and galactose
cause biochemical abnormalities in GSD I. Through an
institutional review board–approved natural history study
and >20 y of clinical and research experience, our center
has found that limiting the amount of nonutilizable sugars
to <2.5 g/meal is essential to optimize metabolic control.
In addition to all fruits, which contain a high amount
of fructose, it is recommended that patients restrict other
foods (vegetables, dairy) that contain high concentrations
of natural sugars. Alcohol must also be restricted due to
liver inflammation and aberrant alcohol metabolism. All
sugary drinks should also be avoided. It is important to
note that artificial sweeteners can also impact metabolic
control. In particular, sorbitol is converted to fructose during
digestion, whereas other sugar alcohols (i.e., maltitol) can
have a laxative effect.

Use of continuous feeds.
Beginning in the 1970s, continuous gastric feeds were
attempted to treat GSD until cornstarch was attempted (10).
Although continuous feeds were effective, extraneous prob-
lems such as pump failures, tube dislodgements, and tube
leaks still led to undertreatment, or even catastrophic failures
leading to patient deaths. Despite decades of discussion,
no consensus on the use of continuous nighttime feeds
versus intermittent cornstarch dosing around the clock has
been achieved (18, 31). Some recommend that the decision
be left to patient preference (18), whereas other clinicians
point out that due to the high insulin state resulting from
continuous feeds, it is more advantageous to use a starch
preparation (27).

Cornstarch dosing.
In many centers, cornstarch is dosed by volume (i.e., table-
spoons or scoops) instead of by weight. Although commonly
performed, dosing in this manner leads to a lack of precision,
and the recent guidelines prefer weighing cornstarch by
weight on a gram scale instead of by volume (32). In GSD
I, it is best to mix the cornstarch with water or a sugar-free
beverage until completely dissolved and then immediately
consume. The container used for mixing the cornstarch
should be rinsed and the rinsing consumed to ensure that
the prescribed amount is taken. Cornstarch should also be
stored in a sealed container at room temperature and should
be consumed within 1 mo of opening.

Regular titration and evaluation of metabolic control
is essential in both children and adults to accommodate
changing metabolic needs. Times of increased metabolic
demand, such as puberty, physical activity, and acute illness,
need to be compensated for either with snacks or by
adjustment of cornstarch dosing in order to maintain proper
metabolic control. Further study is needed in adult patients
to determine the effects of aging on cornstarch dosing and its
effect on metabolic control.

Whereas the initial publications reported cornstarch
dosing every 6 h, more recent studies have demonstrated
improved metabolic control with cornstarch dosing every
3–5 h (20). Increasing the dose amount does not prolong
the duration of its action for >5 h, and increased coun-
terregulation occurs when the interval dosing of cornstarch
is spaced beyond this threshold resulting in higher triglyc-
eride and lactate concentrations. Because of this limited
dosing interval, there was a need for longer-term solutions,
leading to the development of waxy maize extended-release
cornstarch.

Use of waxy maize extended-release cornstarch.
There is no consensus regarding the age when the extended-
release preparation should be used. In many countries it
is approved for use at ≥2 y, but in the United States the
extended-release formulation is limited to patients aged ≥5
y (27, 28). However, even in the United States, some centers
are using it for an off-label indication at an earlier age. There
has been no study published to date that demonstrates safety
and efficacy in the younger cohort. A short-term pilot study
illustrated no difference between cornstarch and Glycosade
in the length of time that euglycemia could be maintained
in children aged 3 and 4 y (33). Possible reasons for this
difference are gastrointestinal tolerance of the waxy maize
starch and rapid growth.

Although the extended-release preparation has now been
used for >8 y, dosing guidelines have not been published.
Some patients are unable to tolerate the volume required to
maintain euglycemia through the night, and taste, texture,
cost, and insurance coverage are continuing problems.
Due to inflammatory bowel disease and problems with
gastrointestinal intolerance, caution is advised in the use
of the waxy maize starch in GSD type Ib (27). To date,
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there are few data demonstrating efficacy of the extended-
release preparation during the daytime period (27, 34),
but an international investigation assessing daytime use
of the extended-release formulation is presently underway
(clinicaltrials.gov NCT02318966). Because energy demands
during the day are greater than at night, the slow-release waxy
maize starch might not be digested fast enough to meet the
daytime needs.

Dietary carbohydrates.
Historically, there was no limit to the amount of dietary
carbohydrates consumed in GSD I. Carbohydrates were
given to maintain euglycemia. It is now understood that if
the combined energy of the carbohydrate from cornstarch
and from food exceeds energy used, glycogen will be stored,
leading to hepatomegaly. Importantly, excessive carbohy-
drate intake also results in hyperinsulinemia, which can
cause rebound hypoglycemia. GSD patients who consume
more energy than they need will be overweight, and
they can experience a glycemic “rollercoaster,” which can
exacerbate hyperlipidemia, elevate hepatic transaminases,
and cause general metabolic instability. As such, it is
recommended that patients consume complex carbohy-
drates instead of simple carbohydrates. Although no formal
studies have been published, our center recommends no
more than 15 g of total carbohydrates to be consumed at
each meal and only 5 g carbohydrates prescribed at each
snack.

Ketogenic diet in GSD I.
Ketogenic diets are now commonly used in many metabolic
disorders (35). Consuming a low-to-no-carbohydrate diet
results in breakdown of fat as an energy source producing
ketones as a by-product. Although limited carbohydrate
intake is recommended in GSD type I, ketogenic diets have
been associated with poor outcomes. It is important to note
that GSD I is a hypoketotic disorder, presumably due to
malonyl CoA–induced suppression of lipolysis (36, 37). Use
in the GSD Ia population has been associated with severe
hypoglycemia, neurological injury, and strokes due to the
combination of hypoglycemia and low alternative fuels
(D Weinstein unpublished data, 2019).

Supplementation in GSD I.
Due to the deficiencies in important nutrients and vitamins
that such dietary restrictions incur, it is recommended that
all GSD I patients take regular sugar-free multivitamin
and calcium supplements. Vitamin D supplementation is
often recommended to prevent osteoporosis, which has
heretofore been a sequela of GSD I (38, 39). Daily vitamin
E supplementation is also recommended in GSD Ib to
support neutrophil formation and function (40). Additional
supplementation can be required on an individual basis, in
consultation with the patient’s physician.

Ketotic forms of GSD (types 0, III, VI, IX, and XI)
GSD III, also known as Cori disease or Forbes disease, is
a defect in the debrancher enzyme and presents with hep-
atomegaly, ketotic hypoglycemia, impaired growth, myopa-
thy, and neurological concerns. Over time, in the absence of
strict adherence to dietary regimens, there is a propensity to
develop cirrhosis and hypertrophic cardiomyopathy (41, 42).
GSD VI, also known as Hers disease, and GSD IX result from
disruptions in phosphorylase activity. Prolonged fasting or
illness often results in ketosis and mild hypoglycemia because
gluconeogenesis is still intact (43). Type IX GSD was once
considered a benign condition due to its mild presentation;
however, there is a wide range of clinical severity (44). It
generally presents early in childhood, with hepatomegaly and
growth failure. Hepatic fibrosis and cirrhosis can occur but
can regress with optimal treatment (39).

In the ketotic GSDs (III, VI, IX), a consistent exogenous
supply of glucose and protein serves as an alternative fuel in
gluconeogenesis. Infants can require more frequent daytime
feedings and nighttime continuous feeds. Historically, the
diet in GSD III, VI, and IX focused on remediating
hypoglycemia with carbohydrates, and simple sugars were
not restricted. Replacing some carbohydrates with protein
improved growth and reversed myopathy (41). The GSD
III consensus guidelines published by the American College
of Medical Genetics recommend approximately 3–4 g pro-
tein/kg/d (42). Cornstarch is also used, but dosing must be
precise. Undertreatment results in ketone formation, whereas
overtreatment contributes to excessive glycogen storage and
cardiomyopathy (43). In younger children, ketosis inhibits
growth, and chronic acidosis contributes to development of
osteoporosis. Lack of sufficient dietary protein can manifest
in exercise intolerance, muscle fatigue, and muscle cramps
(45). Alcohol must be strictly avoided because it inhibits
gluconeogenesis and can lead to severe hypoglycemia and
seizures.

GSD 0 is associated with hypoglycemia that tends to be
milder than in other GSD types (46). Short stature, failure to
thrive, and laboratory abnormalities also occur. Postprandial
lactic acidosis and fasting ketosis are characteristics of the
disease. The liver is of normal size. Treatment consists
of cornstarch, protein supplementation, and limiting of
dietary carbohydrates. Patients with GSD 0 should also be
supplemented with calcium and vitamin D due to the risk of
osteoporosis (46).

GSD XI (Fanconi–Bickel syndrome) was first described
in 1949. This disorder classically presents with short stature,
hypoglycemia, hepatomegaly, hypophosphatemia rickets,
postprandial hyperglycemia, and proximal renal tubular
dysfunction (47). Treatment for GSD type XI consists of
dietary modifications that include removal of glucose and
galactose. Small amounts of fructose are allowed (47) to
correct acute hypoglycemia. To prolong euglycemia between
meals, uncooked cornstarch is recommended in small
doses around the clock. Supplementation with vitamin D,
phosphate, and bicarbonate is often required (47, 48).

Dietary management of GSDs: ongoing controversies 443



Controversies in GSDs with defective glycogenolysis but
intact gluconeogenesis (types III, VI, and IX) and GSDs with
altered glycogen storage (types 0 and XI) include: 1) protein
requirements, 2) carbohydrate requirements, and 3) use of
ketogenic diet.

Protein requirements.
Understanding the role of a protein-enriched diet has evolved
over the years. Fernandes and Huijing (49), as early as
1968, advocated for frequent small feeds high in protein
for GSD III. Ten years later, Leonard et al. (50) described
a diet with twice the normal intake of protein for age to
prevent secondary metabolic abnormalities. Even the use of
continuous high-protein enteral therapy has been proposed
(42, 51). The GSD III consensus guidelines recommend 3–
4 g protein/kg of body weight. The effect of diet on blood
glucose should be monitored and adjusted individually.
Protein supplementation is titrated to ameliorate muscle
symptoms, lower creatine kinase concentrations, and nor-
malize nutritional markers (total protein and prealbumin).
Critics of high protein intake have raised concerns about the
impact of protein on renal function, but Okechuku et al. (52)
showed that there were no significant renal complications
related to high protein intake in the ketotic forms of GSD.
The recommendation for protein for types 0, VI, and IX is
2–3 g protein/kg body weight/d (53) and for GSD type XI
is 2–2.5 g protein/kg/d (48). Protein serves as an alternative
energy source that reduces glycogen storage and increases
prealbumin concentrations (48).

Carbohydrate requirements.
Dagli and Weinstein (43) recognized the possibility of
carbohydrate overtreatment in ketotic GSDs. The consensus
guidelines for GSD III (42) recommended that infants and
children be treated with cornstarch to remediate hypo-
glycemia; however, much less cornstarch is required than for
GSD type I (32). For types VI and IX carbohydrates should be
∼45–50% of the daily intake. Basal metabolic needs change
with aging, and carbohydrate and protein protocols should
be adjusted with age (12). Monitoring of blood glucose and
ketones is essential to determine the optimal balance of
protein and cornstarch at any stage of development. For GSD
types 0 and XI there is a lack of literature recommending the
specific amounts of carbohydrates.

Ketogenic diet.
Several publications have emphasized positive outcomes
of high-protein or even ketogenic diets in management
of ketotic GSD types 0, III, IV, VI, IX, and XI (39, 54,
55). The reversal of cardiomyopathy, and improvement of
hepatomegaly and myopathy have been reported with a
ketogenic diet (54). No article to date has defined the optimal
β-hydroxybutyrate concentration should a ketogenic diet be
used. High ketone concentrations can also worsen hepatic
transaminase elevation, delay growth, and contribute to
osteoporosis.

Conclusions
Diet and nutrition have turned GSD from a once fatal
disorder to one with an outstanding prognosis (56). Diet,
not medications, remains the primary treatment. Due to the
rarity of the GSDs, a multicenter collaboration would be
helpful in studying a larger group of patients across cultural
backgrounds. Sharing treatment regimens that produce
efficacious outcomes will improve the quality of life and
increase the body of knowledge for children and adults who
live with these rare diseases.
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