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Abstract

Continuous glucose monitoring (CGM) systems have great potential for real-

time assessment of glycemic variation in patients with hepatic glycogen storage

disease (GSD). However, detailed descriptions and in-depth analysis of CGM

data from hepatic GSD patients during interventions are scarce. This is a retro-

spective in-depth analysis of CGM parameters, acquired in a continuous, real-

time fashion describing glucose management in 15 individual GSD patients.

CGM subsets are obtained both in-hospital and at home, upon nocturnal die-

tary intervention (n = 1), starch loads (n = 11) and treatment of GSD Ib

patients with empagliflozin (n = 3). Descriptive CGM parameters, and parame-

ters reflecting glycemic variation and glycemic control are considered useful

CGM outcome parameters. Furthermore, the combination of first and second

order derivatives, cumulative sum and Fourier analysis identified both subtle

and sudden changes in glucose management; hence, aiding assessment of die-

tary and medical interventions. CGM data interpolation for nocturnal intervals

reduced confounding by physical activity and diet. Based on these analyses, we

conclude that in-depth CGM analysis can be a powerful tool to assess glucose

management and optimize treatment in individual hepatic GSD patients.

Abbreviations: #, number of measurement; AGL, amylo-1,6-glucosidase, 4-alpha glucanotransferase; ANC, absolute neutrophil count; AUC, area
under the curve; BL, baseline; BSS, Bristol Stool Scale; CGDF, continuous gastric drip-feeding; CGM, continuous glucose monitoring; CI, clinical
intervention; cm, centimeter; CUSUM, cumulative sum; CV, coefficient of variation; d, delta; DM, diabetes mellitus; EGP, endogenous glucose
production; EMPA, empagliflozin; F, female; FGM, flash glucose monitoring; G5, generation 5; G6, generation 6; G6PC, glucose-6-phosphatase
catalytic subunit; GCSF, Granulocyte Colony Stimulating Factor; GSD, glycogen storage disease; IBD, inflammatory bowel disease; kg, kilogram; M,
male; Max, maximum; Min, minimum; min, minutes; P, patient; PHKA2, Phosphorylase Kinase Regulatory Subunit Alpha 2; SLC37A4, Solute
Carrier Family 37 Member 4; TAR, time above range; TIR, time in range; TUR, time under range; Var, variance; WMO, Law on Medical Scientific
Research involving Human Beings; y, years.

Received: 27 January 2021 Revised: 15 March 2021 Accepted: 7 April 2021

DOI: 10.1002/jimd.12383

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Journal of Inherited Metabolic Disease published by John Wiley & Sons Ltd on behalf of SSIEM.

1136 J Inherit Metab Dis. 2021;44:1136–1150.wileyonlinelibrary.com/journal/jimd

https://orcid.org/0000-0002-2961-9726
https://orcid.org/0000-0001-7178-009X
https://orcid.org/0000-0003-4117-7833
https://orcid.org/0000-0002-7259-1095
mailto:t.g.j.derks@umcg.nl
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jimd


KEYWORD S

continuous glucose monitoring, diabetes mellitus, empagliflozin, Fourier analysis, glycogen

storage disease, person-centered outcomes

1 | INTRODUCTION

Hepatic glycogen storage diseases (GSD) are rare
inherited disorders of carbohydrate metabolism that can
be classified according to the enzyme deficiency and
organ distribution. An important biochemical hallmark
of hepatic GSD is hypoglycemia, either with (GSD 0, III,
IV, VI, IX, and XI) or without hyperketonemia (GSD Ia
and Ib), that can lead to acute and chronic complica-
tions.1,2 A strict diet, self-management and self-
monitoring of glucose homeostasis are the cornerstone of
treatment and aim to maintain euglycemia and prevent
secondary metabolic derangement.3

Traditionally, metabolic control during dietary treat-
ment is monitored based on symptoms and signs, clini-
cal parameters (weight, height, and liver size) and
circulating biomarkers, such as glucose, ketones, lactate,
triglycerides, total cholesterol, and uric acid,4-9 as well
as urinary tetrasaccharide.10 Interpretation of these
markers can be challenging due to heterogeneity
between patients, and interference by medication, diet
and time of sampling. Furthermore, in-hospital or out-
patient evaluations of GSD patients are expensive, inva-
sive, time, and labor intensive and not a good reflection
of everyday life at home. The recent international prior-
ity setting partnership for patients with hepatic GSD
emphasized the importance of improving minimally and
non-invasive monitoring modalities of metabolic
control.11

Continuous glucose monitoring (CGM) and flash glu-
cose monitoring (FGM) systems are novel techniques for
real-time assessment of glucose management. Benefits of
CGM include the generation of large quantities of data at
home, to improve home site self-monitoring and self-
management, and thereby patient empowerment.12 CGM
and FGM are recommended by several (inter)national
guidelines13-17; depending on the country, their use is
approved and reimbursed for (subgroups of) diabetes
mellitus (DM) patients. CGM is a safe and effective moni-
toring modality in DM patients by improving glucose
management and reducing HbA1c.18 For DM patients
experiencing a high risk of hypoglycemia, real-time CGM
can help to prevent hypoglycemia and contribute to
improved quality of life.19 In addition, CGM has proven
to be a valuable monitoring modality in dietary and med-
ical intervention trials with DM patients.20

CGM is increasingly recognized as a monitoring
modality for hepatic GSD patients. Previous studies
have shown that CGM can uncover asymptomatic
(nocturnal) hypoglycemia and can be used for moni-
toring of glycemic variation in individual hepatic GSD
patients.21-24 There is good concordance between CGM
and self-monitoring of blood glucose, which adds to
the validity of the technique for home-site monitor-
ing.25 However, despite many safety issues related to
fasting intolerance,1 unfortunately, the costs for CGM
are currently not generally reimbursed for hepatic
GSD patients.

In-depth analysis of CGM datasets is rapidly emerging
in the DM related literature26-28 and clinically meaning-
ful CGM outcome parameters have been identified, such
as time under range (TUR), time in range (TIR), and time
above range (TAR).29 These parameters have been
included as person-centered outcomes for DM, as
recently prioritized by a multidisciplinary panel of aca-
demics, healthcare professionals and patients.30 Further-
more, in-depth data analysis methods such as Fourier
analysis have been applied to assess glucose management
in DM patients.26

Previous GSD guideline publications have not
included recommendation for CGM outcome parameters
and, there is paucity of the literature describing in-depth
CGM analysis for assessment of glucose management in
individual GSD patients. We previously reported cumula-
tive sum (CUSUM) analysis on lifelong triglyceride con-
centrations for assessing longitudinal metabolic control
within individual GSD Ia patients.52 Here, we present a
retrospective in-depth analysis of CGM parameters,
obtained in a continuous, real-time fashion during differ-
ent dietary and medical interventions, assessing glucose
management in 15 individual GSD patients.

2 | METHODS

2.1 | Ethical approval

The Medical Ethical Committee of the University Medi-
cal Center Groningen (UMCG) confirmed that the Law
on Medical Scientific Research involving Human Beings
(WMO) did not apply to the current study (MEC
2019-119).
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2.2 | Study design

This was a monocenter, retrospective, observational
study of CGM data obtained in a real-time fashion in
three subsets of hepatic GSD patients who underwent
dietary and medical interventions at the UMCG, Gro-
ningen, the Netherlands.

2.3 | Subjects

Hepatic GSD patients at the UMCG received CGM to sup-
port GSD clinical and home evaluations and as safety mea-
sure during in-hospital dietary or medical interventions.
The first CGM dataset was obtained from a single GSD Ia
patient in whom multiple dietary interventions were per-
formed, including exchanging nocturnal continuous gas-
tric drip feeding (CGDF) for a nocturnal uncooked
cornstarch (UCCS) regimen, both in-hospital and at home.
The second CGM dataset was obtained from 11 GSD
patients during in-hospital starch load tests that were part
of the GLYDE trial (NCT02318966). In brief, this was a
prospective, randomized, double-blind, crossover trial of
Glycosade vs UCCS in which the first part consisted of
two (blinded) 12-hour starch load tests. For the current
study, we compared the CGM data obtained from UMCG
patients during both starch loads; results on the GLYDE
trial will be published elsewhere. The third CGM dataset
was obtained from three GSD Ib patients during the in-
hospital initiation and at home follow-up of the off-label
treatment with empagliflozin for neutropenia and neutro-
phil dysfunction associated symptoms and signs.31

2.4 | Continuous glucose monitoring
systems

The Dexcom CGM Systems are mostly applied in DM and
they are approved for children of 2 years and older on the
abdomen and lower back. The first and the third CGM sub-
sets were obtained using Dexcom G6 (Dexcom, San Diego,
California). The second CGM subset was obtained using
Dexcom G4. Whereas both systems allow real-time CGM
measurements, the Dexcom G6 additionally supports real-
time online data sharing. Both Dexcom G4 and G6 have a
relatively high accuracy of measurements in hypoglycemic
range and sensitivity for detecting hypoglycemia in DM
patients.32,33 Herbert and co-workers described a strong cor-
relation between Dexcom G4 CGM values and standard
capillary blood glucose measurements in patients with
hepatic GSD, also in the range <3.9 mmol/L.25

The CGM device consists of a wireless receiver, a
transmitter and a sensor. The sensor is inserted in the

subcutaneous tissue in the interstitial space. The sensor
coated with glucose oxidase reacts with glucose, produc-
ing an electrical current every 5 minutes (288 measure-
ments per day). The blood glucose concentration is
derived from the subcutaneous glucose concentration
with computer-driven algorithms, where after the mea-
surement is transmitted to the wireless receiver. For
Dexcom G4, the sensor requires calibration twice a day
by capillary glucose measurement, whereas Dexcom G6
is factory calibrated.

2.5 | Outcome parameters and data
analysis

From the medical files, additional baseline and demo-
graphic patient information was collected on GSD type,
mutation, gender, age, type of dietary treatment before
and after intervention, medication, and parameters of
metabolic control.

The raw data files were retrieved from the Dexcom
CLARITY Clinical Portal (https://clarity.dexcom.eu/
professional/patients) and stored anonymously as CSV-
files before analysis.34,35 The Dexcom CGM System is vali-
dated for glucose concentrations above 2.2 mmol/L
(>40 mg/dL). If the CGM sensor indicated a low value,
the lowest possible CGM value of 2.2 mmol/L was used,
since omitting these values would bias the descriptive
statistics.

Statistical analysis was performed using IBM SPSS
Statistics 23. In the second CGM dataset, group differ-
ences were calculated by paired t-test. P-values lower
than .05 were considered significant (two-tailed).

Primary outcomes from the CGM dataset included
descriptive outcomes (median, minimum, maximum,
range), outcomes of glycemic variation (SD, variance, coef-
ficient of variation [CV, calculated as SD divided by the
mean]) and outcomes of glycemic control such as TUR as
glucose ≥3.0 mmol/L and < 3.9 mmol/L (ie, level 1 hypo-
glycemia), as glucose <3.0 mmol/L (ie, level 2 hypoglyce-
mia) and as level 3 hypoglycemia (ie, a severe event
characterized by altered mental and/or physical status
requiring assistance), TIR as either more physiological
CGM values ≥3.9 and ≤7.8 mmol/L or ≥ 3.9 and
≤10.0 mmol/L, and TAR as either CGM values
>7.8 mmol/L or CGM values >10.0 mmol/L, defined
according to the American Diabetes Association
2020.15 We assumed that diurnal variations of the
actual diet and physical activity are confounding fac-
tors of glucose homeostasis. To correct for these fac-
tors, the CGM values between 1:00 and 5:00 AM. were
analyzed separately for subsets I and III.

Secondary outcomes included the following:
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1. CGM glucose concentrations directly derived from the
Dexcom CLARITY Clinical Portal.

2. Descriptive statistics of glucose concentrations of the
interval between 1:00 and 5:00 AM.

3. The first order derivative (change over time) calcu-
lated as glucose0 = dglucose

dt .
4. The second order derivative (speed of change over

time) calculated as glucose00 = d2glucose
dt2 .

5. To display subtle variations for repeated measure-
ments, CUSUM graphs were constructed of the time
interval 1:00-5:00 PM. based on two methodologies.
Method A has been described previously52, and the
CUSUM for serial measurements was calculated as

CUSUMt =
Pt

i=1glucosei−mean glucosei . Method
B corrected for first and second order derivatives,

and the CUSUM was calculated as

CUSUMt =
Pt

i=1glucose calculatedi−glucosei, where

glucose_calculated was determined using a hypercube
regression analysis based on the average numerical
dataset per individual patient that correlated absolute
glucose values to first and second order derivatives.

6. Fourier analysis is a technique to visualize complex
(homeostasis) patterns of CGM data and was per-
formed as described previously27 by mathematically
transforming the CGM data with a Fast Fourier Trans-
formation (FFT) and expressing the data as one or

more sinusoidal curves. The amplitude is calculated as
a representation of the phase of the CGM signal as
Amplitude=2�abs FFT Result

n

� �
. From the mathematical

transformation, a spectrogram is constructed that
identifies three outcome parameters that have impli-
cations for glucose management: the frequency (the
number of cycles per night), the number of frequen-
cies (a glucose pattern can consist of one frequency or
multiple patterns) and the amplitude of each identi-
fied frequencies. Good glucose management is charac-
terized by a low frequency, a low number of
frequencies and a small amplitude.

3 | RESULTS

Table 1 presents the general characteristics of the 15 included
hepatic GSD patients (3 GSD Ia, 3 GSD Ib, 4 GSD IIIa,
3 GSD IXα, 2 GSD IX). We analyzed CGM data from 11 male
and four female patients, ages ranged from 2 to 22 years.

3.1 | CGM subset I: nocturnal dietary
interventions

This nine-year-old male GSD Ia patient was referred to
our clinic for GSD evaluation. He suffered from recurrent
hypoglycemia on his former dietary regimen and UCCS

TABLE 1 General characteristics of the hepatic GSD patients from the three CGM subsets

Subset Patient Age (y)a Sex GSD type Gene Mutation 1 Mutation 2

I P-I-1 9 M Ia G6PC c.888G>T c.888G>T

II P-II-1 22 F Ia G6PC c.79delC c.79delC

II P-II-2 8 M IIIa AGL c.3911del c.3911del

II P-II-3 7 M IIIa AGL c.3911del c.3911del

II P-II-4 2 M IXα PHKA2 c.3614C>T -

II P-II-5 12 M IXα PHKA2 c.3614C>T -

II P-II-6 13 M IXα PHKA2 c.601C>T -

II P-II-7 12 F IIIa AGL c.1020del c.1020del

II P-II-8 15 F Ia G6PC c.79delC c.209G>A

II P-II-9 2 M IX - Unknownb Unknownb

II P-II-10 6 M IX - Unknownb Unknownb

II P-II-11 10 M IIIa AGL c.1222C>T c.2120_2121delAA

III P-III-1 6 M Ib SLC37A4 c.1042_1043delCT c.1042_1043delCT

III P-III-2 2 F Ib SLC37A4 c.1042_1043delCT c.899G>A

III P-III-3 11 M Ib SLC37A4 c.365G>A c.365G>A

Abbreviations: AGL, amylo-1,6-glucosidase, 4-alpha glucanotransferase; CI, clinical intervention; EMPA, empagliflozin; G6PC, glucose-6-phosphatase catalytic
subunit; GSD, glycogen storage disease; P, patient; PHKA2, Phosphorylase Kinase Regulatory Subunit Alpha 2; SLC37A4, Solute Carrier Family 37 Member 4;

y, years.
aAge at start of study.
bDiagnosis based on deficient phosphorylase kinase activity.
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intolerability was reported, leading to diarrhea. He was
treated with daytime frequent feeds with either a meal or
nasogastric tube feed based on short-acting carbohydrates
(Frebini original fiber). During daytime, he used 25 g of
UCCS every 3 hours. At night, he received CGDF
(Nutridrink Juicy Style of 47 kcal/hour, 10.4 g/hour or
4.6 mg/kg/minutes of carbohydrates), whereas without
GSD, his calculated, predicted endogenous glucose pro-
duction (EGP) would approximate 4.2 mg/kg/minutes
and 3.7 mg/kg/minutes at his current weight of 37.4 kg36

and age,37 respectively. Metabolic control was summa-
rized by his biometry (BMI: +3.8 SDs; Weight-for-height
+ 5.2 SDs), high serum triglyceride (9.4 mmol/L) and
total cholesterol (6.9 mmol/L) concentrations, and severe
hepatomegaly assessed by abdominal ultrasound (26 cm
maximal craniocaudal distance; normal range 9 to
11 years: 7.5 to13.5 cm38). After several attempts to moni-
tor and adjust dietary treatment at home including reduc-
ing nocturnal CGDF, it was decided to perform an in-
patient evaluation because of persisting hypoglycemias
and excessive weight gain.

Figure 1 illustrates the Dexcom graphs, directly
exported from the Dexcom CLARITY Clinical Portal, pre-
senting the CGM data obtained during the in-hospital
evaluation. Table 2 presents the CGM data analysis per
intervention. After baseline assessment of the existing
dietary regimen on the first day (and night) of in-hospital
stay, caloric intake was restricted during the second and
third night by changing to a MaltoCal 6 solution
(metaX—Institut für Diätetik GmbH; 34.6 kcal/hour,

8.6 g/hour, 3.9 mg/kg/minutes of carbohydrates). Despite
the reduction in carbohydrate intake after introduction of
MaltoCal 6, a strong decrease of TUR could already be
observed. During the fourth night, instead of nocturnal
CGDF, an UCCS regimen was introduced of 45 g at
20:00, 0:00 and 4:00 (40 kcal/hour, 9.9 g/h, 4.4 mg/kg/
minutes). The nocturnal UCCS regimen (days 4 and 5)
stabilized CGM profiles and further reduced the amount
of TUR. The variables of glycemic variation (variance,
SD, and CV) also strongly decreased, presumably indicat-
ing episodes of hyperinsulinism. After a week at home,
the nocturnal UCCS doses were lowered to 40 g (35 kcal/
hour, 8.8 g carbohydrates/hour, 3.9 mg glucose/
minutes/kg).

After 9 months of follow-up, during an outpatient
visit, improvements were observed in biometry (BMI:
+2.4 SDs; weight-for-height + 3.7 SDs), hyperlipidemia
(serum triglyceride 5.4 mmol/L; total cholesterol
6.0 mmol/L) and hepatomegaly (19 cm craniocaudal dis-
tance). Evaluation of 13 days of home-site CGM data
showed a low percentage of time spent in hypoglycemia,
with limited variance and SD of the data (Table 2).

3.2 | CGM subset II: starch loads

In Table 3, the grouped results of the starch load tests
with either UCCS or Glycosade are presented. In general,
the Glycosade starch loads showed lower maximum glu-
cose concentrations and which occurred later with a

FIGURE 1 CGM subset I from

the Dexcom Clarity Clinical Portal of

the in-hospital evaluation of P-I-1.

The 5 days of in-patient evaluation

of P-I-1. Day 1 the current treatment

of Nutridrink Juicy Style was

evaluated. Days 2 and 3 the

Maltodextrin (metaX—Institut für

Diätetik GmbH) intervention is

evaluated. Days 4 and 5 the UCCS

intervention was evaluated. P,

patient; UCCS, uncooked cornstarch
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smaller range as compared to the UCCS starch loads.
Additionally, the initial, increasing slope of the graph
from the start to the maximum glucose concentration
was less steep with the Glycosade starch load suggesting
a more gradual intestinal glucose absorption. There is a
trend toward smaller glycemic variation in response to
the Glycosade starch load. Table 4 presents the CGM data
from individual GSD patients, in response to different
products, which may depend on different factors, such as
GSD subtype, age, and gender.

3.3 | CGM subset III: empagliflozin in
GSD Ib patients

Figure 2 illustrates the in-depth CGM data analysis of
three GSD Ib patients treated with empagliflozin. In
these patients, CGM is mainly used for safety reasons to
detect possible hypoglycemia as a potential side effect of
empagliflozin-induced glucosuria. The case history of
P-III-1 was reported elsewhere.31 Table 5 presents
details of descriptive data per intervention. Although
glucose concentrations remained <4.0 mmol/L for a
longer period of time in all three patients after initiation
of empagliflozin, no symptoms of hypoglycemia are
reported.

For P-III-1, the CGM concentrations during the day
were more stable after start of empagliflozin (interven-
tion 1), but variability initially increased during the night
as indicated by the higher first and second order deriva-
tive and a decrease in the CUSUM (Figure 2A). Further-
more, the Fourier analysis showed an increase in the
number of frequencies, indicating a less stable glucose
pattern. Fecal calprotectin increased from 190 (day 4) to
750 mg/kg (day 10) upon empagliflozin treatment
reflecting improved neutrophil function. After a few days
of treatment, CGM values increased after which the
empagliflozin dose was doubled. Paradoxically, the
CUSUM increased steadily after the increase in dose in
parallel to decreasing fecal calprotectin (255 mg/kg; day
19) and clinically, more solid and less frequent stools
were observed. Additionally, Fourier analysis showed a
decrease in the number of frequencies, indicating a
more stable glucose pattern. Together, these results
suggest improved gastro-intestinal absorption as a
result of empagliflozin treatment. After the initiation
nocturnal UCCS treatment instead of CGDF (interven-
tion 3), there was less variation in absolute glucose
concentrations and the first and second order deriva-
tives were smaller. Additionally, the Fourier analysis
illustrated a strong and sudden decrease in frequency
(number of cycles per night) and the amplitude. In par-
allel, fecal calprotectin values normalized (55 mg/kgT
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on day 33). After lowering the dose of granulocyte
colony-stimulating factor (day 33), the variation of
CGM data decreased even further.

For P-III-2, a week after initiation of empagliflozin
treatment, the CGM values and defecation pattern
improved. UCCS was introduced (intervention 2), reduc-
ing the amount of CGDF during the day and night.

Afterwards, the CGM values increased further and the
first and second order derivatives decreased (Figure 2B).
In parallel, the Fourier analysis showed that the fre-
quency of the CGM data decreased, indicating less glyce-
mic variability during the night. The stepwise increase in
empagliflozin dose (interventions 3, 4, and 5) was para-
lleled by higher nocturnal CGM values. Interestingly,

FIGURE 2 In-depth data

analysis of CGM subset III of GSD Ib

patients treated with empagliflozin.

A. P-III-1. B. P-III-2. C. P-III-3. P-III-

1:1 = Empagliflozin 5 mg 1dd1

2 = Empagliflozin 5 mg 2dd;

3 = UCCS; P-III-2:1 = Empagliflozin

5 mg 1dd; 2 = UCCS 25 g 6dd;

3 = Empagliflozin 7.5 mg 1dd;

4 = Empagliflozin 5 mg 1dd and

2.5 mg 1dd; 5 = Empagliflozin 5 mg

2dd; 6 = Empagliflozin 5 mg 2dd

(second dose giver at 20:00 instead

of 16:00). P-III-3:1 = Empagliflozin

10 mg 2dd; 2 = Empagliflozin 15 mg

1dd and 10 mg 1dd. In blue the

complete data is described, the data

in black represent the interval

between 1:00-5:00 AM. a. CGM

concentrations; b. Descriptive data

(mean, maximum, minimum,

variation) between 1:00-5:00 AM;

c. First order derivative of CGM

concentrations; d. Second order

derivate of CGM concentrations;

e. Cumulative sum analysis method

A (in blue, left axis) and cumulative

sum analysis method B (in green,

right axis); f. Fourier analysis

spectrogram of CGM profile between

1:00-5:00 AM. The y-axis displays the

frequency of the sinusoidal CGM

pattern in cycles per hour. The color

displays the amplitude of the

frequency (waterfall plot JOT color

scheme). CGM, continuous glucose

monitoring; dd, times per day; GSD,

glycogen storage disease; P, patient;

UCCS, uncooked cornstarch
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Fourier analysis identified several clinically relevant
moments. At day 12, the patient experienced a relative
hypoglycemia (3.4 mmol/L) accompanied by diarrhea
after which an additional feed was given. Fourier analysis
registered the event with an increased amplitude. On
days 28-30, the parents of the patient tried different new
snacks, and glucose concentrations were relatively low
(3.7 mmol/L) with multiple frequencies indicating less
stable glucose homeostasis. The Fourier analysis revealed

an increase of the number of frequencies and a higher
amplitude. From the additional follow-up data from
home, the CGM values remained stable and the CUSUM
increased further.

For P-III-3, empagliflozin was titrated over a period of
7 days. After initiation of empagliflozin (intervention 1),
the absolute CGM values increased, as also illustrated by
a rise in the CUSUM. After the increase of the
empagliflozin dose (intervention 2), the CGM values did

TABLE 6 Recommended indications for CGM monitoring and CGM outcome parameters for assessment of glucose management in

hepatic GSD patients

Settings Indications

Regular patient care
(in-hospital or at home)

• Patient and parent education
• Repeated hypoglycemia
• Hypoglycemia unawareness and / or asymptomatic hypoglycemia
• Clinical GSD evaluation of dietary treatment, in particular but not exclusively when it is difficult to

achieve good metabolic control
• Dietary interventions, such as the introduction of uncooked cornstarch, or changes in the nocturnal

dietary treatment
• Prevention of overtreatment and obesity
• Initiation of medication effecting glucose homeostasis
• Monitoring during everyday life at home (such as start of school, physical exercise, psychosocial stress

factors, or living independently)
• Safety reasons

Research setting • Experimental N-of-1 interventions
• In addition to the above-mentioned indications, during novel dietary or medical interventions (ie,

gene therapy, mRNA therapy, etc.)

CGM outcome parameters

Descriptive parameters • Mean/median
• Minimum
• Maximum
• Range

Glycemic variation • SD
• Varianceb

• Coefficient of Variationb

Glycemic controla • Time under range
Level 1 hypoglycemia: ≥ 3.0 and < 3.9 mmol/L
Level 2 hypoglycemia: <3.0 mmol/L
Level 3 hypoglycemia: a severe event characterized by altered mental and/or physical status requiring
assistanceb

• Time in range
≥ 3.9 and ≤ 7.8 mmol/Lb

≥ 3.9 and ≤ 10.0 mmol/L
• Time above range

> 7.8 mmol/Lb

> 10.0 mmol/L

Optional • Cumulative sum analysisb

• Fourier analysis including frequency, number of frequencies and amplitude of identified frequenciesb

• First and second order derivativesb

aAs defined according to the American Diabetes Association15 2020.
bParameters that cannot be directly derived from the Dexcom CLARITY Clinical Portal.

1146 PEEKS ET AL.



not change significantly and fecal calprotectin levels
remained low (<40 mg/kg feces).

4 | DISCUSSION

This is the first study that employs in-depth CGM dataset
analysis to evaluate these outcome parameters for glucose
management in hepatic GSD patients during different die-
tary and medical interventions. The combination of first
and second order derivatives, CUSUM analysis and Fou-
rier analysis (the frequency, number of frequencies, and
amplitude of each frequency) identified both subtle and
sudden changes in glucose homeostasis that cannot be eas-
ily detected alone when focusing on pre-prandial glucose
concentrations or measuring at symptomatic hypoglyce-
mias. Additionally, data interpolation of nocturnal inter-
vals provides a useful strategy to limit confounding of
glucose homeostasis by physical activity and diet.

The first case description illustrates how CGM data
can be interpreted in a case-oriented fashion together
with clinical domain knowledge, such as traditional
parameters of metabolic control. The nocturnal dietary
intervention with UCCS reduced time spent in hypogly-
cemia and glycemic variation for this GSD Ia patient. In
DM types I and II, these parameters associate with risk of
severe hypoglycaemia.39,40 Although glycemic variation
appears to be smaller in hepatic GSD patients than in
DM type 1 patients, fasting intolerance and risk of hypo-
glycemia are nevertheless strong arguments to limit gly-
cemic variation by dietary interventions.41

The second CGM subset demonstrates that Glycosade
may lead to less glycemic variation compared to UCCS
(Table 3). However, as there is large heterogeneity in ages
and GSD subtypes of these individual patients, the cumu-
lative data should be carefully evaluated, emphasizing
the importance to analyze the data in a case-oriented,
personalized manner (Table 4). This is also displayed in
the third CGM subset, in which, after an initial period of
lower CGM concentrations, glycemic variation decreases
with possibly better uptake of dietary macronutrients and
UCCS by improved gastro-intestinal absorption after
empagliflozin.

Several limitations of this study need to be addressed.
First, there is as of yet no reference CGM data for GSD
patients and no comparison with healthy subjects has
been made. Therefore, in clinical practice and in our
study, patients serve as their own control. Prospective
and validation studies are warranted to determine refer-
ence values for CGM outcome parameters and to correct
for intra-patient comparisons. Second, the retrospective
study design introduced information and selection bias.
Third, it is currently unknown how many measurements

are minimally required to obtain a reliable profile of glu-
cose management in hepatic GSD patients. In DM
patients, it has been recommended to collect 14-day
CGM data to adequately predict glycemic variability over
a three-month period.42,43 Advanced CGM systems may
allow for glucose concentration measurements with
higher frequency (ie, one reported measurement per
minute), thereby accelerating adequate prediction of gly-
cemic variability. Fourth, it should be mentioned that
glucose management as assessed with CGM should be
balanced against psychosocial well-being and quality of
life.44-46 Fifth, there are several limitations to the use of
CGM technology and the interpretation of interstitial
fluid glucose levels. There is a delay of 10 to 15 minutes
in both diffusion from capillary blood into interstitial
fluid and the sensor as well as sensor signal processing
time.47 The combination of measurement errors and
physiological differences between these compartments
affects CGM accuracy. Finally, the amount of subcutane-
ous fat impacts the accuracy of CGM, which is especially
important in infants and patients with increased BMI.
Therefore, to limit variability of CGM sensor location on
data interpretation we advise to place the CGM sensor in
the same location on either upper arm or abdomen in
each individual patient.

In DM, the potential of machine learning approaches
for detection of glucose abnormalities, prediction of glucose
concentrations, clinical decision making, and patient educa-
tion is increasingly recognized.48 Real-time machine learn-
ing of CGM data in DM accurately predicts glycemic
fluctuations 1 hour in advance.49 In theory, accumulation
of big personal health data from physiological monitoring
wearables offers opportunities for augmented intelligence
and machine learning to improve patient self-management
and remote monitoring by healthcare providers.48 Super-
vised CGM machine learning algorithms with CUSUM and
Fourier data analysis may allow for prediction of glycemic
variation and outcomes in GSD patients, detecting condi-
tions such as dietary undertreatment, overtreatment, noc-
turnal hypoglycemias and inflammatory bowel disease
(IBD) exacerbations in GSD Ib patients. Current limiting
factors include the lack of interoperability and data
exchange between CGM software, hospital electronic health
records, and personal digital health environment systems,
to integration of multiple datasets, such as CGM data, die-
tary information, symptoms and signs, clinical parameters
(weight, height, and liver size) and biomarkers.

The in-depth analysis of CGM data described in this
study is crucial for future application of CGM systems as
clinical trials with novel medical (gene therapy and
mRNA therapy) and dietary treatments for GSD patients
are emerging rapidly. For mRNA therapy in hepatic
inborn errors of metabolism, the route of administration is
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by multiple intravenous injections.50 For adeno-associated
virus vector-mediated gene therapy, the duration of effi-
cacy after a one-time infusion is currently under clinical
investigation. Corticosteroids are often used to manage
presumed capsid-triggered immune response but are also
known to interfere with glucose homeostasis. To date,
blood glucose levels (NCT03665636), invasive, in vivo
starch load tests (NCT02318966) and controlled fasting
challenges (NCT03517085) are considered relevant out-
come parameters in clinical trials for GSD patients. The
insights from the current study emphasize that CGM can
be used as minimally invasive outcome parameter to
assess safety and efficacy during intervention trials in GSD
patients.

In conclusion, this study demonstrates the potential of
in-depth CGM data analysis for hepatic GSD patients
during both dietary and medical interventions. Most CGM
outcome parameters can be easily calculated from the raw
export data from the CGM software system and can be
used by any healthcare professional. CGM should be co-
interpreted with clinical domain knowledge, such as
symptoms and signs, information on dietary intake and
markers of metabolic control, to monitor dietary and med-
ical interventions. The authors summarized recommended
indication for CGM monitoring and CGM outcome
parameters in Table 6.
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