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Abstract The onset of microalbuminuria (MA) heralds the on-

set of glomerulopathy in patients with glycogen storage disease

(GSD) type I. Unlike tubulopathy, which responds to improved

metabolic control, glomerulopathy in GSD I is considered refrac-

tory to medical intervention, and it is thought to inexorably prog-

ress to overt proteinuria and renal failure. Recent reports of re-

duced microalbuminuria following strict adherence to therapy

counter this view. In contrast to type Ia, little is known regarding

the prevalence of kidney disease in GSD Ib, 0, III, VI, and IX.

Subjects were evaluated with 24-h urine collections between

2005 and 2014 as part of a longitudinal study of the natural

history of GSD. ACE inhibitor therapy (AIT) was commenced

after documentation of microalbuminuria. Elevated urine albu-

min excretion was detected in 23 of 195GSD Ia patients (11.7%)

and six of 45 GSD Ib (13.3%). The median age of onset of

microalbuminuria in GSD Ia was 24 years (range 9–56); in

GSD Ib it was 25 years (range 20–38). Of 14 with GSD Ia

who complied with dietary and AIT during the study period,

microalbuminuria decreased in 11, in whom metabolic control

improved. All 135 patients with the ketotic forms of GSD (0, III,

VI and IX) consistently had normal microalbumin excretion.

Strict adherence to dietary therapy and maintenance of optimal

metabolic control is necessary to halt the progression of GSD Ia

glomerulopathy in patients treated with AIT. With optimal care,

protein excretion can be reduced and even normalize.

Abbreviations

ACE Angiotensin converting enzyme

AIT ACE inhibitor therapy

GSD Glycogen storage disease

MA Microalbuminuria

Introduction

The glycogen storage diseases (GSD) are a group of inborn

errors of metabolism associated with abnormal storage or uti-

lization of glycogen. The clinical spectrum of GSD depends

on the organ involved: liver, kidneys, heart, muscle or intes-

tines. Hypoglycemia is the hallmark of the hepatic GSDs. In

GSD I, the kidney is also involved, and deposition of glyco-

gen in the renal cortex leads to nephromegaly (Chen and Van

Hove 1995). The epithelial cells of the proximal convoluted

tubules have the greatest glucose-6-phosphatase activity, and

renal tubular dysfunction occurs (Van Schaftingen and Gerin

2002; Chen et al 1990). While not a site of glucose-6-

phosphatase activity, glomerular dysfunction is also observed.

The glomerulopathy of GSD type I is preceded by develop-

ment of hyperfiltration (Chen 1991; Martens et al 2009).

Without intervention, this process has been associated with

progression to focal segmental glomerulosclerosis, albumin-

uria, and renal failure (Chen et al 1988; Wolfsdorf et al 1997;

Reitsma-Bierens 1993). Other renal abnormalities associated

with GSD are nephrolithiasis secondary to hypocitraturia,
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hypercalciuria, nephrocalcinosis, and secondary amyloidosis

(Chen 1991; Weinstein et al 2001).

In 2002, the European Study on Glycogen Storage

Disease Type I (ESGSD I) found that renal disease oc-

curred in almost all adults with GSD Ia (Rake et al

2002). Several studies, however, have demonstrated that

improved metabolic control may delay or prevent devel-

opment of GSD nephropathy (Martens et al 2009;

Wolfsdorf et al 1997; Weinstein and Wolfsdorf 2002).

Even with advances in treatment, renal disease has con-

tinued to develop in some patients with GSD type I.

With progression from microalbuminuria to proteinuria,

the prognosis worsens, and many patients progress to

renal insufficiency and renal failure even with ACE in-

hibition (Melis et al 2005; Melis et al 2015). Previous

investigations have demonstrated that improved metabol-

ic control can prevent development of complications in

GSD I (Wang et al 2001; Minarich et al 2012). In

addition, adenoma regression has been documented to

occur with improved metabolic control (Beegle et al

2015). These investigations were designed to determine

if improved metabolic control combined with ACE in-

hibition can similarly reverse renal disease in GSD I

patients. In addition, the natural history of the ketotic

forms of glycogen storage disease were evaluated to

determine if similar renal complications develop.

Methods

The studywas approved by the Institutional ReviewBoard of the

University of Florida, Gainesville. Written informed consents

were obtained from the patients and from the parent if less than

18 years old, prior to the study. Assent was obtained for all

children under 18 years of age.

Retrospective chart review was conducted on patients with

the hepatic forms of GSD being seen at the University of

Florida GSD Program. Patients have been followed prospec-

tively as part of a natural history protocol investigating wheth-

er improved metabolic control can prevent complications in

GSD. Study subjects included both children and adults aged 2

to 65 years enrolled between 2005 and 2014. A total of 375

confirmed GSD patients were enrolled in the natural history

study (195 GSD Ia, 45 GSD Ib, 59 GSD III, nine GSD VI, 58

GSD IX, nine GSD 0). Patients were admitted at least once per

year for metabolic evaluation. Timed 24-h urine collections

and biochemical markers of control were collected and docu-

mented at the time of admission. Microalbuminuria (MA) was

defined as excretion of albumin in the urine greater than 30mg

but less than 300 mg/24 h (approximately 20–200 mcg/min).

The 24-h urine specimens were analyzed for albumin concen-

tration by immunoturbidimetric assay with Cobas 8000 series

c 702 module (Roche Diagnostics, Indianapolis, USA).

Accuracy and precision information is available on line.

Participants were only considered to have MA if two or more

consecutive collections were found to be abnormal. Exclusion

criteria for the longitudinal study included lack of relevant

follow up data, non-compliance with prescribed corn starch

therapy (missing over 50% of prescribed cornstarch), acute

kidney injury from a non-GSD cause, and death. A total of

seven GSD Ia patients and six GSD Ib were excluded from the

study. Of note, no patient followed by the team has received a

kidney transplant or has required dialysis. None of the patients

excluded died from anything related to renal disease.

Triglycerides were obtained as a biomarker for metabolic

control as has been frequently used in GSD I studies (Wang

et al 2001; Beegle et al 2015). Fasting in glycogen storage

disease cannot be performed. Therefore, triglycerides were

measured on samples obtained in the morning prior to con-

sumption of food as far away from meals as possible.

Table 1 Demographics of GSD populations

GSD Ia with albuminuria

n = 23

GSD Ia without

albuminuria

n = 172

GSD Ib with

albuminuria

n = 6

GSD Ib without

albuminuria

n = 39

GSD Ia and Ib populations

Gender 12 F / 11 M 81F / 91 M 4 F / 2 M 22F / 17 M

Age range (years) 9–56 3–48 20–38 6–45

Age mean ± SD (years) 25.1 ± 10.9 18.9 ± 10.7 27.2 ± 7.6 18.9 ± 11.0

Age median (years) 24 16.5 25 17

GSD 0

n = 9

GSD III

n = 59

GSD VI

n = 9

GSD IX

n = 58

Ketotic GSD population

Gender 4F / 5 M 28F / 31 M 4F / 5 M 12 F /46 M

Age range (years) 7–25 3–62 6–20 3–56

Age mean ± SD (years) 14.8 ± 5.9 19.7 ± 14.7 11.6 ± 4.8 12.8 ± 8.5

Age median (years) 14 16 12 11
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Triglycerides were analyzed by an enzymatic colorimetric test

by Cobas 8000 series c 702 module (Roche Diagnostics,

Indianapolis, USA).

Statistical analysis In GSD Ia patients followed longitudinally,

improvement in microalbuminuria was classified if the urine

albumin concentration fell to less than 50% of the maximum

value during the study. The differences between initial and final

triglyceride levels were analyzed for both the improving

microalbuminuria group (n = 11) and the worsening

microalbuminuria group (n = 3). The distribution of the differ-

ences was tested for normality. Box plot and normal Q-Q plots

suggested a normal distribution, as did the Shapiro-Wilk test. The

paired T-test (two tail) was used to determine statistical signifi-

cance at a level of 5%. The null hypothesis, that the mean of

these differences was no different than zero, was tested.

Table 2 Clinical information for

GSD patients with albuminuria Age at time

of study

Sex GSD

type

Age at

diagnosis of

GSD

Age when MAwas

detected (years)

Mutation 1 Mutation 2

41 F Ia 3 months 20 R83C R83C

36 M Ia 6 months 28 R83C R295C

32 F Ia 4 months 17 R83C R83C

54 M Ia birth unknown R83C R83C

61 F Ia birth 56 R83C Q347X

38 F Ia 18 months 17 R83C Q347X

35 F Ia 9 months 29 R83C R83C

25 M Ia 6 months 16 R83C R170Q

33 F Ia 3 months 19 R83C R83C

44 F Ia 11 months 25 R83C 202X

29 M Ia 2 months 23 R83C R83C

48 M Ia 5 months 17 R83C Q347X

53 M Ia 3 months 49 R83C Q347X

30 F Ia 2 months 21 R83C R83C

27 M Ia 5 months unknown R83C R83C

19 F Ia 13 years 9 Q347X Q347X

26 M Ia 9 months 16 979-81delTTC 979-81delTTC

48 M Ia No data 31 R83C R83C

29 F Ia 7 months 26 R83C R83C

40 M Ia 6 weeks 34 R83C R83C

31 M Ia birth 21 Q242X Q347X

36 F Ia 10 months 28 Q347X Q347X

44 F Ia 3 months 24 R83C R83C

21 M Ib 12 months 20 C381 +

1G > T

1042delCT

27 F Ib 2 months 24 W137X A373D

27 F Ib birth 26 G150R A356D

30 M Ib 2 months 20 G68 K 1103ins12

44 F Ib 4 months 35 G339C 1042delCT

41 F Ib 12 months 38 G339C 1042delCT

Table 3 Incidence of

microalbuminuria by age in

patients with GSD type Ia

Age

(years)

% GSD Ia with

microalbuminuria

% GSD Ib with

microalbuminuria

% GSD Ia + Ib with

microalbuminuria

0–5 0/21 (0%) 0/6 (0%) 0/27 (0%)

6–10 1/33 (3%) 0/9 (0%) 1/42 (2%)

11–15 0/36 (0%) 0/7 (0%) 0/43 (0%)

16–20 7/27 (26%) 2/5 (40%) 9/32 (28%)

21–25 5/23 (22%) 1/4 (25%) 6/27 (22%)

26–30 4/14 (29%) 1/6 (17%) 5/20 (25%)

31–35 2/17 (12%) 1/2 (50%) 3/19 (16%)

36–40 0/10 (0%) 1/4 (25%) 1/14 (7%)

41–60 2/14 (14%) 0/2 (0%) 2/16 (12%)
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Results

Prevalence and incidence of microalbuminuria

and proteinuria

Microalbuminuria was not detected in any of the 135 patients

with the ketotic forms of GSD (types 0, III, VI, IX), but was

detected in 23 of 195 GSD Ia patients (11.7%) and six of 45

GSD Ib patients (13.3%). The clinical characteristics of the

GSD populations with and without albuminuria are summa-

rized in Tables 1 and 2. The incidence of microalbuminuria is

shown in Table 3.

Longitudinal study of metabolic control and progression

of presumed glomerulopathy

Longitudinal data were available for 14 of the 23 participants

with GSD Ia. The reasons for excluding participants were as

follows: four patients lacked longitudinal data due to failure to

comply with study visits, three patients died (two drug over-

doses and one hepatocellular carcinoma), one developed leu-

kemia and chemotherapy induced acute renal injury, and one

discontinued ACE inhibition against medical advice. The

small number of GSD Ib patients precluded longitudinal anal-

ysis of this cohort.

A decrease by over 50% in the daily protein excretion

occurred in 11 of the 14 participants (Fig. 1). The patients with

decreased protein excretion all experienced marked improve-

ment in their metabolic control with a 55% decrease in their

triglycerides (p < 0.05) (Table 4). In contrast, the three partic-

ipants who worsened while on ACE inhibition had no change

in their metabolic control from baseline. None of the 14 pa-

tients with abnormal albumin excretion developed chronic

kidney disease stage III or greater.

Discussion

Over the past two decades, the care of patients with GSD Ia

has improved through restriction of non-utilizable sugars, in-

tense dietary counseling, more frequent cornstarch dosing,

and use of an extended release overnight cornstarch prepara-

tion (Burda and Hochuli 2015; Chen and Weinstein 2016;

Ross et al 2016). There is increasing evidence that the com-

plication rate in GSD has decreased with improved metabolic

control (Wang et al 2001; Minarich et al 2012; Beegle et al

2015). This study adds to the growing literature which dem-

onstrates that development of renal disease can be delayed and

possibly prevented with good metabolic control (Martens et al

2009; Wolfsdorf et al 1997; Weinstein and Wolfsdorf 2002).

The ESGSD I study found that 100% of GSD Ia patients

had developed microalbuminuria or proteinuria by 24 years of

age (Rake et al 2002). In contrast, the prevalence ofMA in our

cohort was 11.7%, and the median age of its onset was

24 years. Surprisingly, we did not find the incidence of MA

to increase with age. There are several factors which may

explain this unexpected finding. The incidence of MA in

GSD types Ia and Ib was greatest between ages 16 to 20 years

(Table 3). This late teenage group is recognized to have the

poorest compliance with medical therapy for many chronic

medical conditions (Taddeo et al 2008; Storch et al 2009).

Taken together, these finding suggest that compliance with

dietary therapy may be an important factor that contributes

to the development of MA. The older population may also

be phenotypically milder with partial enzyme activity. This

not only allowed the older patients to survive before modern

care was initiated, but it may have helped protect against de-

velopment of the complication. A genotype-phenotype corre-

lation can only be hypothesized, however, since this study is

much too small to assess this correlation.

Fig. 1 Decreasing microalbuminuria in GSD Ia population

Table 4 Triglyceride vs

microalbuminuria status at start

and end of treatment

Triglyceride concentration in

patients with decreased

microalbuminuria

(mg/dL)

Triglyceride concentration in

patients with increased

microalbuminuria

(mg/dL)

Initial 667 ± 353 802 ± 119

Final 370 ± 196 800 ± 342

Initial minus final (Δ) 280 ± 337 2.3 ± 224

Δ, p value 0.038 0.99
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AIT has been shown to slow progression of kidney disease of

diverse etiologies, and is particularly effective in proteinuric glo-

merular disorders associated with hyperfiltration, including dia-

betic nephropathy, glomerulosclerosis, and conditions associated

with reduced nephron mass (Giatras et al 1997; Remuzzi et al

2006; Neild et al 2004; Yang and Fogo 2014). Prior studies in

GSD, however, have demonstrated that pharmacologic therapy

alone does not prevent progression of the renal disease. Themain

objective in this study was to evaluate longitudinally whether

intense dietary therapy combined with ACE inhibition therapy

(AIT) would improve the outcome in a cohort who had already

developed increased albumin excretion. As recommended in the

North American consensus guidelines for GSD I management,

all patients received AIT once MA was documented (Kishnani

et al 2014). Of the 14 patients followed longitudinally, all but

three had improved MA excretion at the end of the study period.

All of the patients who had decreased protein excretion experi-

enced improvement in their metabolic control. Compliance with

diet, medication, and return visits, however, was much poorer in

the three subjects who experiencedworsening of their proteinuria

based on self-reporting. These results support that maximizing

metabolic control is needed in addition to pharmacologic therapy.

There are several important questions, however, that still

have not been addressed. First, use of prophylactic AIT prior

to development ofMA has been proposed, but long-term stud-

ies to assess the efficacy of prophylaxis still need to be per-

formed (personal communication, Professor Peter Smit,

Groningen, Netherlands). Second, while the combination of

improved metabolic control and ACE inhibition appears to be

beneficial over AIT alone, the study does not address whether

good metabolic control without AIT can ameliorate protein-

uria as was seen for hepatic adenomas. A genotype-phenotype

correlation may also exist, and there may be a subset of pa-

tients who benefit more from the interventions.

Screening for renal disease is recommended for the other

types of GSD, but there is a paucity of literature on this topic

(Kishnani et al 2010). There has been concern about the risk of

renal disease in the ketotic forms of GSD in particular since a

diet which is very high in protein has been recommended

(Kishnani et al 2010; Derks and Smit 2015; Tsilianidis et al

2013). High protein diets have been associated with

hyperfiltration and worsening renal function in diabetic ne-

phropathy, conditions with reduced nephron mass, and with

advanced chronic kidney disease (Friedman 2004; Ko et al

2017). However, we failed to detect MA in any patient with

the ketotic type of GSD who have been treated with a high

protein diet (3–4.5 g/kg/day). Of note, a diet with over 3 g/kg/

day of protein is traditionally consumed by the general popula-

tion on the Faroe Islands, and no kidney disease has been doc-

umented in this population (personal communication, Dr. Ulrike

Steuerwald). The absence of renal disease in these populations

with extremely high protein intake is notable, and further studies

are warranted to better understand how protein intake impacts

renal disease. It is important to note that the population studied

in our study still is relatively young. Complications in GSD

usually develop during or after puberty, and many of the partic-

ipants in our population are at or below the age where compli-

cations typically develop. Additional studies assessing the nat-

ural history of renal disease in the ketotic forms of GSD are

needed, and patients should continue to be followed carefully

until more definitive studies are performed.

A major limitation of this study is its observational nature

and use of historical controls. Another is the possibility of

orthostatic proteinuria contributing to a higher proportion of

MA detected in the late teenage group. The extent that this

would alter MA results in 24 h urine collections is question-

able. The exclusion of several study subjects due to other

health problems, lack of data, and insufficient compliance

with therapy is also a concern.

In conclusion, strict metabolic control that results from ad-

herence to appropriate dietary counseling appears to lower the

incidence and prevalence of GSD I renal disease. Our findings

add to the growing literature which supports that development

of GSD nephropathy can be delayed. Once established, max-

imizing medical management in addition to pharmacologic

therapy is recommended.
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Abstract
Cornstarch has been the primary treatment for glycogen storage disease type Ia

(GSD Ia) for over 35 years. When cornstarch was first described as a treatment,

few people survived beyond early childhood. As the prognosis for this population

has improved, the need to ensure appropriate cornstarch dosing for different age

groups has become imperative. Records from 115 patients (10-62 years of age)

with GSD Ia evaluated at our center between 2015 and 2017 were reviewed. Data

collected included weight, age, genetic mutation, amount and frequency of corn-

starch doses, body mass index, gender, 24-hour glucose and lactate concentrations,

and biochemical markers of metabolic control. The data demonstrate that adult

treatment needs vary greatly from younger age groups, and the required cornstarch

support decreases with age (P < .001). The required number of doses, however,

did not change with a mean of six doses (range 4-8) daily in all age groups. Gen-

eral laboratory findings across time demonstrate that significantly reducing the

amount of starch required to maintain euglycemia with aging can be done without

sacrificing metabolic control. Carbohydrate requirements decrease with aging, and

older patients were found to require less cornstarch. Failure to lower the cornstarch

doses contributes to over-treatment in adults with GSD Ia. Not only does this lead

to worsening hepatomegaly and excessive weight gain, but over-treatment contrib-

utes to relative hyperinsulinism and rebound hypoglycemia. This knowledge is

essential in designing nutritional therapies for the aging GSD population.

KEYWORD S

adults, cornstarch, glycogen storage disease type Ia, treatment

1 | INTRODUCTION

Glycogen storage disease, type Ia (GSD Ia) (OMIM #
232200) was first described in 1929, and is caused by a defi-
ciency or absence of the enzyme glucose 6-phosphatase
(G6PC) (EC 3.1.3.9). Characteristics of this autosomal reces-
sive disorder have been well-described and classically

include hepatomegaly, hypoglycemia, lactic acidosis, hyper-
uricemia, and hyperlipidemia.1 When optimal metabolic con-
trol is not attained, long-term complications include
hepatic adenomas, hepatocellular carcinoma, focal segmental
glomerulosclerosis, and osteoporosis.2-4

The goal of treatment in GSD Ia is to maintain euglycemia
and prevent metabolic abnormalities. Since the impaired
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G6PC activity prevents stored glycogen from being released
as glucose, patients require a continuous supply of exogenous
glucose. While continuous glucose infusions were initially
utilized to provide required energy, uncooked cornstarch has
been the primary treatment for GSD Ia in the United States
for over 35 years.5 In other parts of the world, daytime corn-
starch combined with nocturnal enteral drip feedings are
common. Before cornstarch was first described as a treatment
for this disorder, few people survived to adulthood.6 Treat-
ment during early life is well-described; there is a paucity of
literature, however, regarding how treatment needs may
change throughout adult stages of life.

As the longevity of the GSD Ia population improved, the
question of appropriate treatment in adulthood arose. Rake
et al7 recognized that glucose requirements would decrease
with age, and decreased therapy is required following ado-
lescence. The authors emphasized that over-treatment will
result in glucose lability, and it would lead to rebound hypo-
glycemia and increased peripheral body fat storage.7 In the
general population, it is accepted that energy needs change
throughout the life cycle.8 It stands to reason that we would
see comparable changes in the GSD population. Since the
primary energy source in GSD Ia comes from frequent doses
of uncooked cornstarch, investigations were performed to
assess alterations in dosing of cornstarch in an older cohort
of GSD Ia patients.

2 | METHODS

This single center study was done under the auspices of
Institutional Review Board approved GSD Natural History
Studies performed at the University of Florida and Connecti-
cut Children0s Medical Center. Consent was obtained from
all patients 18 years and above. Patients 7-17 years of age
assented to the study, and consent was also obtained from
their legal guardian.

The American College of Medical Genetics certified
consensus guidelines recommends that patients be
screened annually for complications of their glycogen stor-
age disease.3 Biochemical evaluations including assess-
ment of hepatic transaminases, lipids, and uric acid occur
every 3-6 months. Our center0s annual evaluation consists
of an abdominal ultrasound, 24-hour urine collection and
a 24-hour observation for titration of the cornstarch ther-
apy. Cornstarch is weighed to the 100th of a gram on a
Sartorius ENRIS 2202-1S scale, which is calibrated annu-
ally by the hospital engineers. Upon admission, hourly
samples of glucose and lactates are drawn through an
indwelling intravenous catheter. The samples are analyzed
on a YSI 2300 STAT plus glucose lactate analyzer. Using
the data from the laboratory results, cornstarch doses are
titrated to maintain blood glucose concentrations between

75 mg/dL (4.2 mmol/L) and 100 mg/dL (5.6 mmol/L).
Lactate concentrations are targeted at 2.0 mmol/L or below,
as described in the consensus guidelines. During the
24-observation period, patients are encouraged to maintain
normal levels of physical activity. It is very likely, however,
that they are a bit more sedentary than usual due to the fact
that they are in a hospital setting. During the observation,
patients receive meals that are chosen from the hospital0s
GSD Diet menu. This menu has limited carbohydrate
options, and restricts simple sugars, fructose, galactose, and
sucrose. Meals contain 10-15 g of carbohydrates, and snacks
contain 5-10 g of carbohydrates.

A retrospective review of clinical records was conducted
for all GSD Ia patients greater than 10 years of age who were
seen at our center for evaluation and re-titration of treatment
between 2015 and 2017. Only patients who were being
treated with cornstarch or a combination of cornstarch and
an extended release starch (Glycosade) were included in the
study. The potential study population contained 115 subjects
(63 males/52 females) between the ages of 10 and 62 years.
Three patients were excluded due to treatment with alterna-
tive therapies. The remaining 112 subjects were divided into
four predefined groups based on age: adolescence/secondary
school (10-17 years, n = 43), emerging adulthood/college
age (18-25 years, n = 30), young adulthood/early career
(26-35 years, n = 22), and adults/established career (36 years
and above, n = 17). These age categories were selected prior
to any data analysis being performed. The population was
initially divided at 18 years of age to separate pre and post
adolescent populations. Another transition point for young
adults in the United States with chronic medical conditions
is age 25, when they are transitioning from being covered by
their parents0 insurance to their own. The remaining adults
were separated by those who started cornstarch in early
childhood and those who commenced therapy later since
cornstarch therapy began in 1982.

Data collected for each subject included the following:
gender, age, anthropomorphic measurements, genotype,
amounts of prescribed cornstarch, frequency of doses in a
24-hour period, 24-hour glucose and lactate concentrations,
and biochemical markers of metabolic control. A summary
of subject genotypes appears as Appendix A.

3 | STATISTICAL ANALYSIS

Each variable was descriptively summarized with proper
summary statistics, for example, mean and SD for continu-
ous variables. The difference between genders and age
groups as well as the trend across age groups in total starch
on discharge were tested using linear regression models,
with adjustment for other covariates. A P value < .05 was
deemed to be statistically significant. All the statistical
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analyses were performed by a professional statistician using
R 3.5.0.

4 | RESULTS

Total starch on discharge (grams/day) significantly differed
among age groups (P value < .001), with mean and SD for
each group provided in Table 1. On average, the 36+ age
group required lower total starch per day than other age
groups. The differences between the 36+ age group and the
other age groups remained statistically significant after
adjusting for gender, treatment type, and weight or BMI
(P values < .05). Despite decreasing grams of prescribed
daily cornstarch doses with age, we found no change in the

interval of dosing required with the mean number of doses
being six for each age group (range of 4-8 per day). The use
of Glycosade, an extended release cornstarch, allows some
subjects to extend the time between their nighttime doses.9

The number of doses per day for all subjects is included in
Table A1 in Appendix A. Total starch by body weight was
not statistically significant, which supports the assertion that
cornstarch should not be dosed by body weight, but rather
by the carbohydrate requirement and central nervous system
demands of each patient.10

Females were found to require 7.5% less total starch com-
pared with males (333.4 ± 49.6 in males vs 308.1 ± 55.9 in
females, P = .014). The gender difference remained statisti-
cally significant after adjusting for age groups, treatment type,
and BMI or body weight. The statistical difference between
genders mirrors the difference in carbohydrate requirements by
gender in the general population.8 There was no evidence
shown that the gender difference varied with age groups,
regardless of adjustment for other covariates (P values < .05).

To ascertain if the decreased starch doses for the subjects
in the 36+ age group were effective in maintaining meta-
bolic stability over time, laboratory values from the identi-
fied baseline visit were compared with subsequent
laboratory values. Where follow-up data were available from
multiple lab visits, the most recent biochemical studies were
utilized. The mean amount of time between the baseline visit

TABLE 1 Starch requirements per day in grams by age group

Age group N Mean prescribed starch (g/d) SD

10-17 43 337 39

18-25 30 330 46

26-35 22 321 52

36+ 17 272* 75

*Unadjusted: P < .001.
Adjusted for gender, treatment type, and weight: P = 0.006; Adjusted for
gender, treatment type, and BMI: P = .017.

TABLE 2 Follow-up laboratory studies for patients 36+ years of age

Subject
#

AST at
observation
(U/L)

AST at
follow-up
(U/L)

ALT at
observation
(U/L)

ALT at
follow-up
(U/L)

Triglycerides at
observation
(mg/dL)

Triglycerides at
follow-up
(mg/dL)

Uric acid at
observation
(mg/dL)

Uric acid at
follow-up
(mg/dL)

96 32 N/A 26 N/A 565 N/A 4.8 4.5

97 39 24 33 28 374 301 4.5 7.3

98 28 17 25 17 330 325 7.7 7.4

99 13 17 13 10 243 118 5.9 5.1

100 50 35 46 34 1206 803 8.0 4.7

101 49 23 96 30 396 254 7.2 6.9

102 23 24 18 28 173 212 5.2 5.3

103 35 22 39 32 504 439 6.3 6.4

104 21 32 16 22 473 702 7.3 6.8

105 36 26 21 18 521 251 5.6 4.4

106 58 41 65 38 272 335 6.8 9.2

107 28 20 16 17 169 121 8.4 6.7

108 41 26 37 35 523 376 4.6 6.2

109 35 31 39 52 847 599 8.6 7.4

110 19 42 17 29 307 545 6.3 4.3

111 32 35 31 40 593 617 5.9 6.1

112 20 26 19 20 282 402 6.7 6.5

Reference ranges: AST: 10-55 U/L; ALT: 10-55 U/L; Triglyceride: <200 mg/dL; Uric acid: 4.0-8.0 mg/dL.
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and the most recent follow-up was 14.25 months, with a
range of 4 to 26 months. Even with substantially smaller
doses of cornstarch, the majority of the patients over
36 years maintained metabolic stability, as evidenced by
their normal hepatic transaminase levels (Table 2). The 36+
year group continued to demonstrate mild hyper-
triglyceridemia, but 10 of 17 were found with improved tri-
glycerides at follow-up while on lower doses of cornstarch
(Table 2). Only subject #10 was taking a lipid-lowering
medication during this time (fenofibrate), but this therapy
was used throughout the study period. Other improvements
at follow-up included normal uric acid concentrations for
16 of the 17 subjects (10 of whom were taking Allopurinol
throughout), more stable 24-hour glucose profiles
(Figure 1), and a mean weight reduction of 1.6 kg (range
+4.0 kg to −10.7 kg) between the baseline discharge and
their subsequent evaluation 12 to 24 months hence.

5 | DISCUSSION

Cornstarch was introduced as a therapy for patients with gly-
cogen storage disease in 1982. At that time, long-term sur-
vival was uncommon, and the majority of early publications

described treatment in children.6,11-13 Over the years, the
prognosis for patients with GSD Ia has improved, and the
vast majority of patients are now surviving to adulthood.
Specific guidelines for managing the older population (over
35 years of age) have not been published, and general rec-
ommendations for treating adults were not addressed in the
consensus guidelines for GSD Ia management.3

One might expect, given the poor prognosis for people
with GSD Ia in the pre-cornstarch era, that fewer of the
severe (p.R83C) cases would have survived. Surprisingly,
we find that 71% of our patients above the age of 35 have at
least one p.R83C allele, compared to 49% of the 10 to
17 year old patients (Table 3). One possible explanation for
this disparity in the prevalence of p.R83C lies in the declin-
ing number of Ashkenazi Jewish patients presenting with
this mutation. With a GSD Ia disease prevalence five times
higher than the general Caucasian population, a founder
effect was confirmed in the Ashkenazi Jewish population.14

It is important to note that the Dor Yeshorim Jewish genetic
screening program included screening for p.R83C in 1998.
A resulting decline in the occurrence of GSD Ia among
younger Ashkenazi Jewish children has perhaps led to an
overall decline in the number of cases of GSD Ia caused by
this mutation. Notably, the decrease in cornstarch found in

FIGURE 1 Glycemic control at baseline and follow-up appointments for Patient #97, and Patient #106
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our older cohort therefore cannot be explained by a less
severe genotype.

Aging is associated with decreases in the metabolic rate
in the general population.15,16 It is therefore not surprising
that treatment requirements were found to decrease with age
in the GSD population. Failure to reduce cornstarch with age
leads to over-treatment, which in turn, results in obesity,
worsening hepatomegaly, and contributes to relative hyper-
insulinism and rebound hypoglycemia. Higher cornstarch
doses during the baseline visit resulted in glucose lability, as
illustrated in Figure 1. The green band in each chart of
Figure 1 represents the target glucose range of 75 to
100 mg/dL. The red dots on the secondary horizontal axis
represent the lactate concentration at each time point, with a
target lactate of ≤2.0 mmol/L. When adult patients with
GSD become hyperglycemic following cornstarch and/or
nutritional intake, a corresponding low occurs shortly there-
after, due to the associated insulin response. Since insulin
suppresses the breakdown of glycogen, and hence lactate
production in GSD Ia, it follows that relatively normal lac-
tates in the setting of hypoglycemia are indicative of insulin
sensitivity. This pattern of rapidly falling glucose concentra-
tions supports that patients are insulin sensitive and not insu-
lin resistant as is common with aging in the generation
population. It also supports that the obesity in the older
cohort of GSD Ia patients is due to over-treatment and not
metabolic syndrome. When admitted for follow-up on the
reduced cornstarch doses, the glucose profiles for these
patients were more stable. To illustrate this, the 24-hour glu-
cose profiles of two patients (one male, one female), are
included in Figure 1.

The use of continuous glucose monitoring (CGM) has
been reported to be an increasingly accurate and powerful
tool in managing the daily fluctuations in blood glucose con-
centrations. Patients are able to better identify their individ-
ual responses to foods, cornstarch and activity level, leading
to improved metabolic control. CGM is also extremely use-
ful for demonstrating large fluctuations in glucose concen-
trations which can occur with over-treatment and for picking

up severe hypoglycemia.17 While there is no doubt that there
is a role for this technology, CGM still has several limita-
tions. It is estimated that 6% of hypoglycemia is not detected
using this technology.18 In addition, CGM does not provide
information on lactate concentrations which is critical when
determining whether people are over or under treated.

Another consideration in optimizing the health of adult
patients with GSD Ia is managing body weight. These
17 patients had a mean BMI of 31.6 at baseline. The mean
weight loss at follow-up was 1.6 kg, which is primarily
attributed to the daily reduction in cornstarch of 47 g per
day. Just this small change in cornstarch results in a savings
of over 62 000 cal per year. It is interesting to note that the
14.6% drop in cornstarch support is similar to the 11%-12%
decrease in basal energy requirements seen in the non-GSD
population from 20 to 40 years of age. This decrease in corn-
starch support was seen not only when comparing the
cohorts, but it was also demonstrated when examining the
individuals in the older cohort (Figure 2 and Table B1 in
Appendix B).

While the present study provides information regarding
dosing in adults with GSD Ia, additional studies are
warranted to more precisely define how adjustments should
be performed. This will be important as the population con-
tinues age. In order to ensure that all treatment and
populations are included, future analysis with worldwide
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TABLE 3 Summary of genotype
by age group (G6PC homozygosity/
heterozygosity for p.R83C and p.Q347X)

10-17 years
(n = 43)

18-25 years
(n = 30)

26-35 years
(n = 22)

36+
years
(n = 17)

Homozygous p.R83C 12 (28%) 9 (30%) 8 (36%) 4 (24%)

Heterozygous, with at least 1
allele of p.R83C

10 (23%) 7 (23%) 6 (27%) 8 (47%)

Total p.R83C 22 (51%) 16 (53%) 14 (64%) 12 (71%)

Homozygous p.Q347X 2 (5%) 1 (3%) 2 (9%) 1 (6%)

Heterozygous, with at least 1
allele of p.Q347X

14 (33%) 6 (20%) 1 (5%) 5 (29%)

Total p.Q347X 16 (37%) 7 (23%) 3 (14%) 6 (35%)
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databases like the International Study for GSD would be
beneficial.
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TABLE A1 Study participants: Genotype, gender, age, height, weight, BMI, and starch doses

Subject Mutation 1 Mutation 2 Gender
Age at
appointment Height (cm) Weight (kg) BMI (kg/m2) # of starch doses/d

1 p.35X c.230+1G>C M 10 155.5 51.6 21.3 6

2 p.G188S p.V338F M 10 147 52.3 24.2 7

3 p.Q347X p.Q347X F 10 146.3 60.1 28.1 7

4 p.35X p.130X M 10 141.2 48.2 24.2 6

5 p.130X p.130X M 10 131.7 36.0 20.7 5

6 p.R170Q p.Q347X M 10 140.8 45.5 23.0 5

7 p.R83C p.Q347X F 11 138.9 40.2 20.8 7

8 p.R83C p.Q347X M 11 145.6 68.7 32.4 7

9 p.R170Q p.Q347X M 11 140.5 45.0 22.8 5

10 p.Q347X p.Q347X F 12 157.2 80.3 32.5 5

11 p.R83C p.130X F 12 155.3 61.8 25.6 7

12 p.G188R p.I339D F 12 162.3 58.7 22.3 6

13 p.E110K UNK M 13 161.6 88.9 34.0 6

14 p.V166G Q347X F 13 163.1 70.9 26.7 6

15 p.R83C p.R83C F 13 150.5 62.7 27.7 5

16 p.Q347X p.G188R M 13 160.5 53.2 20.7 7

17 p.G188S p.Q347X F 13 144.1 47.1 22.7 5

18 p.130X p.Q347X F 13 150.0 54.7 24.3 5

19 p.R83C p.R83C M 14 156.2 53.0 21.8 5

20 p.R83C p.R83C F 14 164.2 63.2 23.4 7

21 p.R83C p.E110K M 14 155.6 48.1 19.9 6

22 p.R170Q p.Q347X M 14 165.2 74.8 27.4 5

23 p.R83C p.R83C M 15 154.8 50.1 20.9 7

24 p.R83C p.R83C M 15 159.5 61.0 24.0 6

25 p.R83C p.R83C F 15 143.5 51.1 21.4 5

26 p.W156L p.W156L M 15 173.3 64.5 21.5 4

27 p.R170Q p.Q347X M 15 161.9 46.9 17.9 5

28 p.R83C p.G188R M 15 172.2 103.2 34.9 6

29 p.E110K UNK F 16 166.4 83.6 30.2 5

30 p.R83C p.R83C M 16 168.9 66.9 23.4 8

31 p.Q347X p.G188R M 16 171.1 78.0 26.6 6

32 p.R83C p.R83C M 16 165.4 93.6 34.2 6

33 p.R83C p.G188R F 16 157.5 64.0 25.8 6

(Continues)
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TABLE A1 (Continued)

Subject Mutation 1 Mutation 2 Gender
Age at
appointment Height (cm) Weight (kg) BMI (kg/m2) # of starch doses/d

34 p.R83C p.Q347X F 16 158.2 66.0 26.3 6

35 p.W77G p.Q347X M 16 157.0 55.1 26.5 6

36 p.R83C c.79delC M 16 176.9 86.8 27.7 7

37 p.R83C p.Q347X M 17 174.0 66.3 22.3 6

38 p.Q347X c.447-1G>A F 17 159.3 68.6 25.5 7

39 p.R83C p.R83C M 17 169.5 62.8 21.9 6

40 p.R83C p.R83C M 17 168.2 64.8 22.9 6

41 p.R83C p.R83C M 17 148.4 66.5 30.2 6

42 p.R83C p.R83C F 17 157.2 43.1 17.4 8

43 p.R83C p.E110K M 17 172.4 80.4 27.0 6

44 p.G188R p.I341N M 18 175.0 71.2 23.2 6

45 p.R83C p.R83C F 18 154.5 64.4 27.0 7

46 p.R83C p.G270V M 18 170.4 84.5 26.4 6

47 p.35X p.R170X M 18 162.3 66.7 25.3 6

48 p.G188R p.Q347X F 19 174.3 97.8 32.2 6

49 p.R83C p.R83C F 19 150.5 64.2 28.3 6

50 p.R83C p.R83C M 19 162.6 70.0 26.5 6

51 p.Q347X p.Q347X F 19 167.0 90.4 32.4 6

52 p.W77R UNK F 20 163.2 76.0 28.6 6

53 p.R83C c.230+1G>C M 20 179.5 97.3 30.2 7

54 p.G188S p.W156L F 20 154.9 79.7 33.2 6

55 p.T108I p.T108I F 20 155.9 102.5 42.1 6

56 p.R83C p.R83C F 20 159.2 73.6 29.0 5

57 p.R83C p.R83C M 20 177.8 90.7 28.7 6

58 p.R83C p.Q242X M 21 158.6 51.6 20.5 6

59 p.R83C p.Q347X M 21 172.5 99.5 33.4 6

60 p.R83C p.130X M 21 175.8 70.7 22.9 6

61 UNK UNK F 21 154.5 61.1 25.6 6

62 p.R83C p.Q347X F 22 170.8 74.3 25.5 5

63 p.R83C p.R83C F 22 154.5 60.8 25.5 5

64 p.Q27Rfs p.Q27Rfs M 22 177.8 84.8 26.8 6

65 p.R83C p.R83C F 22 163.6 76.5 28.6 6

66 p.G188R p.Q347X F 22 169.3 90.4 31.5 6

67 p.R83C UNK M 23 182.1 88.9 26.8 5

68 p.R83C p.R83C F 23 158.6 61.1 24.3 5

69 p.35X p.Q347X M 23 176.8 76.9 24.6 5

70 p.W77R p.G118S M 24 156.4 47.6 19.5 6

71 p.F177C p.Q347X M 24 188.8 96.2 27.0 8

72 p.R83C UNK M 25 165.4 59.5 21.8 6

73 p.R83C p.R83C F 25 154.3 62.7 26.3 6

74 p.130X p.T2551 F 26 157.6 57.1 23.0 7

(Continues)
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TABLE A1 (Continued)

Subject Mutation 1 Mutation 2 Gender
Age at
appointment Height (cm) Weight (kg) BMI (kg/m2) # of starch doses/d

75 p.R83C p.W63X M 26 169.6 88.5 30.8 6

76 p.R83C p.R170Q M 26 158.2 67.7 27.0 8

77 p.R83C p.G118S M 27 177.7 87.2 27.6 6

78 p.35X p.Q347X M 27 156.0 56.8 23.3 5

79 p.R83C p.C167Y F 28 153.4 54.1 23.0 6

80 p.W70X c.757delA M 28 179.5 79.7 24.7 6

81 p.R83C p.R83C M 28 157.0 66.1 26.9 5

82 p.R83C p.R83C F 29 150.0 75.7 33.6 6

83 p.R83C p.R83C M 29 159.3 66.2 26.1 6

84 p.Q347X p.Q347X M 29 172.4 82.3 27.7 5

85 p.R83C p.R83C M 30 159.2 64.7 25.5 6

86 p.W70X p.W70X F 31 161.8 71.7 27.4 6

87 p.R83C p.E110K F 32 169.1 79.0 27.6 7

88 p.R83C p.R83C M 32 177.5 83.5 26.5 6

89 p.R83C p.R83C M 33 168.0 74.8 26.6 5

90 p.R83C p.R83C F 33 149.2 58.5 26.3 6

91 p.Q347X p.Q347X F 33 159.4 63.1 24.8 5

92 p.R83C p.R295C F 33 147.9 62.7 28.7 5

93 p.R83C p.G188S F 34 152.0 67.4 29.2 7

94 p.W77R UNK M 35 168.5 57.8 20.4 6

95 p.R83C p.R83C F 35 155.5 70.4 29.2 7

96 p.Q27Rfs p.W63X M 36 181.5 106.0 32.2 6

97 p.R83C p.E110K M 36 170.9 88.3 30.2 5

98 p.R83C p.R83C F 37 148.8 64.5 29.1 5

99 p.Q242X p.Q347X M 37 172.2 80.7 27.2 8

100 p.R83C p.Q347X M 38 169.4 65.3 22.8 6

101 p.R83C p.R295C M 38 168.8 71.0 25.0 6

102 p.Q347X p.Q347X F 38 161.1 55.3 21.3 8

103 p.R83C p.R83C F 39 148.8 62.5 28.2 6

104 p.R83C p.Q347X F 39 168.4 119.1 42.0 7

105 p.R83C UNK F 42 156.2 104.6 42.9 5

106 p.R83C p.R83C F 43 155.4 87.5 36.2 5

107 p.R83C p.R83C F 44 154.8 79.7 33.3 7

108 p.Q347X p.A124T M 44 175.1 90.2 29.4 6

109 p.W156 L p.G188S F 45 159.6 97.1 38.2 6

110 p.R83C p.G188S M 45 168.1 82.7 29.3 4

111 p.R83C p.Q347X M 50 164.0 81.5 30.3 7

112 p.R83C p.Q347X F 62 143.1 81.3 39.7 5

DAHLBERG ET AL. 9



APPENDIX B

TABLE B1 Cornstarch dosing by individuals in the 36+ year
old cohort

Patient
#

3 years prior
(dose in g)

Admit
(dose
in g)

Discharge
(dose in g)

Follow-up

12-24 months0

post (dose in g)

96 NA 360 325 335.0

97 403 360 325 270.0

98 275 245 240 260.0

99 280 400 360 280.0

100 464 365 345 NA

101 300 300 310 285.0

102 310 224 210 200.0

103 360 355 315 297.0

104 275 280 295 258.0

105 265 239 320 300.0

106 285 220 195 180.0

107 NA 280 295 280.0

108 340 330 315 305.0

109 275 210 220 NA

110 180 105 105 90.0

111 365 326 305 285.0

112 210 171 145 150.0
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A triple-blinded crossover study to evaluate 
the short-term safety of sweet manioc starch 
for the treatment of glycogen storage disease 
type Ia
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Abstract 

Background: Glycogen storage disease type 1a (GSD Ia) is characterized by severe fasting hypoglycemia. The clinical 
management includes the administration of uncooked cornstarch (UCCS). Although such a diet approach is effective 
in achieving euglycemia, its impact on the quality of life of patients should be considered. In vitro analyses suggest a 
longer release of glucose when using sweet manioc starch (SMS).

Methods: We compared the efficacy and safety of the administration of SMS and UCCS during a short‑fasting chal‑
lenge in patients with GSD Ia in a randomized, triple‑blind, phase I/II, cross‑over study. GSD Ia patients aged ≥ 16 years 
and treated with UCCS were enrolled. Participants were hospitalized for two consecutive nights, receiving UCCS or 
SMS in each night. After the administration of the starches, glucose, lactate and insulin levels were measured in 1‑h 
interval throughout the hospitalization period. The procedures were interrupted after 10 h of fasting or in a hypogly‑
cemic episode (< 3.88 mmol/L).

Results: Eleven individuals (mean age: 21.6 ± 4.3 years; all presenting body mass index > 25 kg/m2) participated 
in the study. The average fasting period was 8.2 ± 2.0 h for SMS and 7.7 ± 2.3 h for UCCS (p = 0.04). SMS maintained 
euglycemia for a greater period over UCCS. Increased lactate concentrations were detected even in absence of hypo‑
glycemia, not being influenced by the different starches investigated (p = 0.17). No significant difference was found 
in total cholesterol, HDL, triglycerides and uric acid levels in both arms. None of the patients showed severe adverse 
events.

Conclusions: SMS appears to be non‑inferior to UCCS in the maintenance of euglycemia, thus emerging as a promis‑
ing alternative to the treatment of GSD Ia.

Keywords: Inborn errors of metabolism, Hepatic glycogen storage disease, Treatment strategies, Cornstarch , Sweet 
manioc starch, Dietary treatment
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Background
Glycogen Storage Diseases comprise distinct genetic dis-
orders caused by alterations in the synthesis or degrada-
tion of glycogen [1]. Glycogen storage disease type 1a 
(GSD Ia), typically known as Von Gierke disease (OMIM 
#232200), is an autosomal recessive metabolic disorder 
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caused by deficiency of the enzyme glucose-6-phos-
phatase (G6Pase) [2], encoded by the G6PC gene located 
in the chromosome 17q21.31 [3]. G6Pase is anchored 
in the endoplasmic reticulum lumen, being highly 
expressed in the liver, kidney and small intestine [4, 5]. 
The estimated prevalence of GSD Ia is about 1 in 100,000 
live births [6].

GSD Ia results in dramatic metabolic alterations, espe-
cially in fasting periods. Due to the deficient endogenous 
glucose production, patients showed severe hypoglyce-
mia, hypertriglyceridemia, hyperlipidemia and increased 
production of lactic and uric acids [6]. The clinical man-
agement is based on dietary treatment to maintain eug-
lycemia (blood glucose > 4  mmol/L or 70  mg/dL) and 
prevent secondary metabolic disorders [7].

Dietary treatment strategies intend to provide a con-
tinuous source of glucose by nocturnal intragastric infu-
sion of glucose or regular administration of uncooked 
cornstarch (UCCS) [8]. Other potential strategies involve 
medium-chain triacilglycerol supplementation [8] and 
gene therapy [9]. In this regard, UCCS is a polysaccharide 
with slow degradation and glucose release, therefore con-
stituting an interesting option to maintain euglycemia. 
The recommended UCCS dosage depends on age, weight 
and period of the day. As reference the dosage consists 
of 1.6 to 2.5 g per kilogram of body weight every 3–4 h 
for younger children, and every 4–6 h for older children, 
adolescents, and adults [1, 8]. Although UCCS therapy 
has shown successful results, there is no optimal proto-
col that can broadly attend to all the treatment require-
ments for patients with GSD Ia. In addition, even though 
UCCS is supposed to be palatable, practical, to prevent 
excessive weight gain and maintain normal appetite with 
scarce adverse effects [10], the overtreatment can induce 
hyperinsulinemia and obesity [8].

Sweet manioc starch (SMS) is a culinary product 
extracted from cassava (Manihot esculenta). As this 
root is an important staple food crop in many develop-
ing  (tropical, intertropical, and sub-Saharan)  countries, 
starch is one of its major components (58.9% of the dry 
matter), being constituted by approximately 80% of amy-
lopectin [11].

Nalin et al. [12, 13] evaluated the digestion of distinct 
starches brands from Brazil, United States of America 
and the Netherlands, including modified starch (Gly-
cosade®, Vitaflo Ltda) and SMS (Fritz and Frida®) 
in a dynamic gastro-small intestine model (TIM-1). 
These authors showed that a slower glucose release 
was obtained from SMS compared to other starches. 
Moreover, their results also indicated that the digested 
amount of SMS was reduced compared to the other ana-
lyzed starches. Subsequently, the authors [12] have also 
evaluated the amylose/amylopectin ratio in same starch 

samples. Interestingly, SMS displayed slightly higher 
amounts of amylopectin.

Hypothetically, the slower glucose release induced by 
the digestion of SMS and its widespread availability at 
a relative low cost could constitute an interesting tool 
in the arsenal to prevent GSD Ia-induced hypoglyce-
mia during fasting periods. In the light of the demand to 
develop new therapeutic technologies for GSD manage-
ment [14], the present study aimed to assess the efficacy 
and safety of SMS administration in patients with GSD 
Ia.

Results
Eleven GSD Ia participants (M: 6, F: 5) were enrolled 
in the study (mean age: 21.6 ± 4.3 years). All partici-
pants exhibited body mass index > 25  kg/m2 (mean: 
28.2 ± 3.6 kg/m2). The clinical profile of the participants 
is summarized in Table  1. At baseline, four patients (A, 
C, G, and K) presented high lactate (> 2.2  mmol/L); six 
patients, high uric acid; and 10 patients, high triglycer-
ides levels.

Participants consumed an average amount of UCCS 
of 408.6 ± 86.5  g/day or 0.9 ± 0.2  g/kg/dose before the 
study. For this trial, all participants were given 100  g 
(1.3 ± 0.2 g/kg/dose) of carbohydrate starch, either SMS 
or UCCS.

Efficacy
Fasting time had a mean duration of 7.9 ± 1.8  h (SMS: 
8.2 ± 2.0, UCCS: 7.7 ± 2.3, p = 0.04) (Fig.  1). The nadir 
time in euglycemia occurred in a 16-year-old male par-
ticipant (Participant G), who remained in euglycemia 
during only 4 h after receiving any of the starches (SMS 
and UCCS). Four participants (B, D, E, I) remained in 
euglycemia during all the monitoring period (10 h) irre-
spective from the starch received. One participant fasted 
for 10 h after receiving SMS but not UCCS (Participant 
A). Under use of SMS, two patients (H and J) presented 
somnolence and fatigue, respectively, and had their tests 
interrupted at 7 h after the starch loading.

The SMS maintained euglycemia for a longer period 
(ANOVA, p = 0.04) and no carry-over effect was 
observed. In comparison to SMS, which had a more 
stable glycemic profile in the first 6 h after the load, the 
UCCS induced medians greater than 6.0 mmol/L in times 
T1 and T2, with the identification of glycemic peaks 
(Fig.  2A). All participants displayed similar lactate con-
centrations throughout the study evaluation (ANOVA, 
p = 0.17) and no carry-over effect was observed. An 
increase in lactate concentration was found even in the 
absence of hypoglycemia (Fig. 2B).

A carry-over effect was observed exclusively for the 
insulin levels regardless of the starch (p = 0.03).
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Biochemical data of the participants (total cholesterol, 
HDL, triglycerides, and uric acid levels) are summarized 
in Table  2. No significant difference was found in these 
values when comparing both starches.

Safety
None of the participants displayed serious adverse 
events. Mild hypoglycemia-related fatigue was reported 
in 3/11 participants when treated with UCCS and two 
under SMS. Two anxiety episodes were also reported in 
2 participants treated with UCCS, which were clinically 
managed without need for medication. One participant 
displayed anxiety and tachycardia symptoms and stopped 
the daily protocol because of low levels of capillary blood 
glucose.

Eight participants (A, C, D, E, G, H, and K) presented 
high lactate levels (≥ 5  mmol/L) during the protocol. 
Among these patients, five presented lactate elevation 
exclusively under SMS, one exclusively under UCCS and 
two under both starches’ ingestion.

No gastrointestinal symptoms were reported and none 
of the participants discontinued the trial.

Discussion
This randomized, triple-blinded pilot study revealed that 
SMS maintained blood glucose concentrations within the 
normal range for a longer period than the UCCS.

The advent of UCCS treatment brought many benefits 
to hepatic GSD patients. However, similar to all alterna-
tive dietary treatment for GSDs, adverse effects were also 
reported, including interrupted sleep for treatment, anxi-
ety, exhaustion, risk of delayed administration [14] and 
food intolerance [15].

The negative impact of conservative treatment with 
UCCS has been causing concerns among health care pro-
fessionals, patients and their families. This became clear 
with the publication of the consensus on research priori-
ties for hepatic GSD, where one of the 11 cited items was 
“How can existing cornstarch preparations be modified 
or alternative treatments be implemented that are easier 
to administer and/or keep blood sugar levels more stable 
for patients with liver GSD?” [16]. To avoid these adverse 
effects, a modified experimental starch was proposed 
(the modified cornstarch, WMHM20) [10]. The authors 
concluded that the use of WMHM20 resulted in a longer 
duration of euglycemia and better short-term metabolic 
control. Subsequent studies proved its efficacy and safety 
[17, 18].

New products for assisting the nutritional management 
of hepatic GSDs have been consistently investigated. In 
1986, Sidbury et  al. [19] compared the effects of differ-
ent raw starches, including arrowroot and tapioca, typi-
cal roots from South America. The authors have reported 
distinct patterns of starches absorption. In fact, both 
arrowroot and tapioca were less hydrolyzed than UCCS. 
However, UCCS was more efficient in maintaining eugly-
cemia in patients with GSD Ia.

An in  vitro study using a dynamic model of the gas-
trointestinal tract-1 (TIM-1) have demonstrated that the 
use of SMS resulted in a less rapidly available glucose in 
the glycemic index method and a higher resistant starch 
value. In addition, SMS led to a slower glucose release 
and minimal possible amount of indigestible material 
compared to UCCS. After 3  h of starches administra-
tion, only 55.5% the amount of SMS was digested while 
nearly 70% of UCCS was already digested [13]. The amyl-
ose/amylopectin ratio was also determined, reflecting 
the starch influence on the rate and the extent digestion. 
SMS presented a higher amount of amylopectin than 
UCCS, but not in sufficient amounts to fully explain the 
difference in digestibility [12].

In the present study, the SMS presented a more sta-
ble glycemic profile in the first 6 h and the intervention 
maintained glycemia within the recommended treat-
ment interval described in guidelines. In patients with 
GSD, the amount and the quality of the ingested carbo-
hydrates demand to be controlled in order to avoid hypo-
glycemia during fasting and increased levels of lactate, 
triglycerides and hepatomegaly. According to experts, the 
management of GSD should include small and frequent 

Fig. 1 Kaplan Meier curve indicating test durations for each starch 
load performed (n = 11). UCCS: uncooked cornstarch and SMS: sweet 
manioc starch
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Fig. 2 Blood concentrations of glucose and lactic acid after UCCS or SMS throughout the study period. A Glucose level for each starch load 
performed (n = 11), normal range: > 3.88 mmol/L; B Lactic acid levels for each starch load performed (n = 11), normal range: 0.5 to 2.2 mmol/L. 
UCCS (uncooked cornstarch load) or SMS (sweet manioc starch)
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meals, favoring the complex carbohydrates over the sim-
ple carbohydrates [8]. This recommendation is based 
on the biochemical and nutritional properties of car-
bohydrates, which can critically determine the rate and 
extent of digestion and absorption in the small intestine. 
The greater is the release of glucose in the small intes-
tine, the higher is the glucose blood bioavailability which 
favors the formation of glycogen. In general, granular 
starches with higher amylose content are more resistant 
to digestion, while greater amounts of amylopectin tend 
to be more easily digested. Other extrinsic aspects may 
also influence the starches digestion, such as its natural 
source, the granular structure, the degree of isolation as 
well as its processing and refinement [20].

Cassava starch consists of 80% amylopectin and 
17–20% amylose [11]. Proportional amounts were found 
by Nalin et  al. [11] in three Brazilian batch production. 
Additionally, SMS is constituted by approximately 170 g/
kg of sucrose, trace amounts of fructose [10], with simple 
carbohydrates representing only 1 to 3% of the product 
[21]. Further analyses regarding the detailed composition 
of the studied starches are warranted.

The increased amylose/amylopectin ratio in SMS is 
associated with slow release of glucose and the mainte-
nance of a prolonged euglycemia, thus constituting a 
promising alternative in the treatment of glycogen stor-
age disorders, especially in Brazil, where access to slow-
release starch is restricted to some patients. However, we 
also found an increased concentration of lactate irrespec-
tive from the starch, likely associated with the duration of 
fasting. Additional studies are necessary to identify pos-
sible starch components involved in hyperlactatemia.

The increased plasma lactate levels (> 2.2  mmol/L) 
verified in all patients even during euglycemia period 
deserves further investigation. As G6Pase also cata-
lyzes one important step in gluconeogenesis [4] and 
this metabolic pathway is underactivated during eug-
lycemia, the increased lactate levels may not be related 

to the gluconeogenesis. Hypothetically, such increased 
lactate concentrations could be directly associated with 
the metabolism of fructose or other sugars. The prepa-
ration of SMS using different cassava species, process-
ing techniques of a mixture of brands could be employed 
in future trials. It also should be highlighted that four 
participants presented with high lactate levels and ten 
participants have displayed hypertriglyceridemia at the 
baseline evaluation, suggesting a previous poor metabolic 
control.

The main limitations of the present study are its short-
term duration and that the evaluated dosages of the 
starches were distinct from that used in the pre-trial 
period.

Conclusions
This study demonstrated a longer duration of eugly-
cemia and greater stability of glucose levels in GSD Ia 
patients who underwent a short-term intervention with 
SMS, suggesting that this starch is a promising alterna-
tive in the treatment of this condition. Additional stud-
ies are warranted to understand the long-term effects of 
the administration of SMS and to identify possible starch 
components involved in hyperlactatemia.

Methods
Study design
This was a randomized, triple-blinded, phase I/II crosso-
ver study designed to evaluate the safety and efficacy of 
SMS in comparison to UCCS in preventing the hypo-
glycemia associated with GSD Ia. Participants were ran-
domly assigned to groups receiving distinct starches. The 
principal investigators, the participants and the statisti-
cian were blind to the type of starch received. Only the 
researcher responsible for randomization and the study 
dietitian who dispensed study starches were not blinded 
to the type of starch administered. The study protocol 
included a hospitalization for two consecutive days and 

Table 2 Baseline and final levels of total cholesterol and fractions, triglycerides and uric acid(n = 11)

UCCS: uncooked cornstarch; SMS: sweet manioc starch; SD: standard deviation; TC: total cholesterol (< 200 mg/dL); TG: triglycerides (< 150 mg/dL); HDL: high density 
lipoprotein (> 35 mg/dL); UA: uric acid (3.4–7 mg/dL)

Baseline (Mean ± SD) Final (Mean ± SD) Treatment 
effect
(p)Before UCCS Before SMS After UCCS After SMS

TC (mg/dL) 221.7 ± 64.0 219.2 ± 50.0 234.9 ± 135.2 209.5 ± 55.8 0.77

TG (mg/dL) 589.8 ± 505.0 503.6 ± 243.6 456.6 ± 272.9 457.1 ± 216.3 0.14

HDL (mg/dL) 32.0 ± 8.6 31.2 ± 7.0 31.2 ± 9.1 31.1 ± 9.1 0.62

UA (mg/dL) 7.8 ± 1.0 7.3 ± 1.1 8.4 ± 1.3 8.1 ± 1.2 0.98
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nights. At the time of hospital admission, anamnesis 
and physical examination (including weight and height 
assessment) were performed. All participants remained 
under their usual dietary treatment for GSD Ia during 
the day 1. The same dinner meal was served at 6 pm for 
all participants. At 10 pm, distinct randomized starches 
were orally administered. Patients remained with a per-
manent peripheral saline catheter, without any continu-
ous infusion and without mobility restrictions.

Peripheral blood samples were collected at 10  pm 
(basal evaluation) to determine glucose, lactate, insulin, 
triglycerides, total cholesterol and HDL fraction and uric 
acid levels. Subsequently, the participants ingested 100 g 
of starch (UCCS or SMS) diluted in 200  mL of drink-
able water. Blood samples were collected in a 1 h-inter-
val following starch administration and the vital signs 
were checked. No additional food or beverages (water 
excepted) ingestion were allowed.

The fasting was interrupted at 8 am. The participants 
were allowed to follow their usual dietary treatment until 
10 pm. After a standardized meal for dinner with an aver-
age of 50  g of carbohydrates, the participants received 
the switched starch, and the same evaluations were per-
formed on the second night. The only modification was 
the type of starch administered (Fig. 3).

In case of hypoglycemia (blood glucose less than 
3.88  mmol/L or 70  mg/dL) or symptoms of hypoglyce-
mia, the fasting was discontinued immediately, and the 
participant received 10 g of glucose closely with the meal.

Participants
To be eligible, participants should have clinical and 
genetic diagnosis of GSD Ia, be ≥ 16  years old, and be 
under UCCS therapy. All participants were seen at the 
Metabolic Disorders Clinics of Hospital das Clínicas in 
Porto Alegre, Brazil. Demographic data and clinical vari-
ables were retrieved from participants’ medical records.

Participants received an anonymous reference number 
and were randomly assigned to receive SMS or UCCS 
in the first night of the study (Fig. 3). The starches were 
manufactured in accordance with the Brazilian stand-
ardized techniques for food quality and inspection. 
Physicians and dietitians planned a safe fasting for each 
participant before starting the trials.

Tested products
Both starch samples were produced in Brazil (SMS 
from Fritz & Frida® and UCCS from Maizena®), simi-
larly to the previous study of Nalin et al. [12]. All starch 
doses were administered as 100 g of raw powder diluted 
in 200  mL of water at room temperature as preconized 

for dietary treatment in GSD Ia. The high dose of starch 
(100 g) was determined in accordance with previous lit-
erature [18]. During the experimental procedures, both 
starches were stored in identical containers numbered 
in accordance with the randomization sequences by the 
study dietitian. The starches nutrition information is pro-
vided in Table 3.

Randomization
Randomization was performed using an online soft-
ware (www. rando mizat ion. com) by a researcher who 
was unaware of obtained clinical records. Blind data 
were maintained to all study personnel until the conclu-
sion of statistical analysis, except for the study dietitian 
who prepared the starches doses for the participants. 
The researcher responsible for randomization and the 
study dietitian who dispensed study starches were not 
present in the tests and had no contact with the enrolled 
participants.

Biochemical blood evaluation
Blood analysis was performed as follow: glucose (hexoki-
nase colorimetric assay); lactate (colorimetric assay, 
normal range values (NRV): 0.5–2.2  mmol/L), insulin 
(chemiluminescent microparticle immunoassay, NRV: 
1.4–14 µUI/mL), total cholesterol (enzymatic colorimet-
ric assay, NRV: < 200  mg/dL), HDL cholesterol (homo-
geneous enzymatic colorimetric method, NRV: > 35 mg/
dL), triglycerides (enzymatic colorimetric method, NRV: 
< 150 mg/dL) and uric acid (enzymatic colorimetric assay, 
NRV: 3.4–7  mg/dL). All analyses were performed by 
using a Cobas c702 analyzer and commercial kits. Insulin 
evaluation was performed using a Ci4100 analyzer. The 
plasma was frozen for 15  min after collection and then 
used in insulin evaluation.

Study outcomes
The maintenance of euglycemia (blood glucose 
≥ 3.88  mmol/L) was the primary endpoint of the study. 
The impact of dietary treatment on plasma lactate was 
considered a secondary endpoint.

Statistical analysis
Categorical variables were represented as frequencies 
and percentages and continuous variables were pre-
sented as means and/or medians, standard deviation, and 
percentiles. The main data were analyzed as proposed 
by Altman (1991), which investigated period effects, 
treatment-by-period interactions, and treatment effects. 
The level of significance was established at 5% (p < 0.05). 
Analysis of variance (ANOVA) was used to compare the 

http://www.randomization.com
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Fig. 3 Study design. *refers to blood collection for the evaluation of glucose, lactic acid, insulin, total cholesterol, triglyceride and uric acid levels. 
**refers to blood collection for the glucose, lactic acid and insulin levels.  GSD Ia: glycogen storage disorder type Ia; UCCS: uncooked cornstarch and 
SMS: sweet manioc starch
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results and data were analyzed using the software SPSS 
v.18 and Stata V.

Ethical aspects
The study was approved by the Ethics Board of the 
Hospital  de Clínicas de Porto Alegre, Brazil (protocol 
#52645116500005327). The study design is registered in 
ClinicalTrials.gov (NCT03871673). All participants and 
their legal representatives read and signed the informed 
consent form before being enrolled in this study. This is 
an investigator-funded study.
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