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Abstract: Glycogen storage disease (GSD) is a hereditary metabolic disorder caused by enzyme
deficiency resulting in glycogen accumulation in the liver, muscle, heart, or kidney. GSD types II, III,
IV, and IX are associated with cardiac involvement. However, cardiac manifestation in other GSD
types is unclear. This study aimed to describe whether energy deprivation and the toxic effects of
accumulated glycogen affect the heart of patients with GSD. We evaluated the left ventricle (LV) wall
mass, LV systolic and diastolic function and myocardial strain with conventional echocardiography
and two-dimensional speckle-tracking echocardiography (2D STE) in 62 patients with GSD type
I, III, VI and IX who visited the Wonju Severance Hospital in 2021. Among the GSD patients, the
echocardiographic parameters of 55 pediatrics were converted into z-scores and analyzed. Of the
patients, 43 (62.3%), 7 (11.3%) and 12 (19.4%) patients were diagnosed with GSD type I, type III, and
type IX, respectively. The median age was 9 years (range, 1–36 years), with 55 children under 18 years
old and seven adults over 18 years. For the 55 pediatric patients, the echocardiographic parameters
were converted into a z-score and analyzed. Multiple linear regression analysis showed that the BMI
z-score (p = 0.022) and CK (p = 0.020) predicted increased LV mass z-score, regardless of GSD type.
There was no difference in the diastolic and systolic functions according to myocardial thickness;
however, 2D STE showed a negative correlation with the LV mass (r = −0.28, p = 0.041). Given that
patients with GSD tend to be overweight, serial evaluation with echocardiography might be required
for all types of GSD.

Keywords: glycogen storage disease; cardiac function; left ventricle mass; left ventricle thickness;
global longitudinal strain

1. Introduction

Glycogen storage disease (GSD) consists of inherited inborn errors of metabolism
caused by mutations in genes encoding enzymes involved in glucose metabolism [1]. GSD
is classified according to enzyme deficiency, and there are more than 12 types. The overall
incidence of GSD is estimated to be 1 in 25,000–43,000 live births [1,2]. Glycogen that cannot
be broken down into glucose accumulates mostly in the liver, skeletal muscle, heart, and/or
kidney. GSD is classified as hepatic or muscle glycogenosis according to the organ where
glycogen is mainly accumulated. Hepatic GSD includes types I, III, IV, VI, IX, and GSD
0, and muscle GSD includes types V, VII, X, XI, XII, XIII, and XIV. Types II, III, IV, and
IX affect both skeletal muscles and the heart. Disease manifestations are caused either
by energy deficiency or the toxic effects of the accumulated glycogen. The deposit of
glycogen induces organomegaly and impaired organ function and cellular structure [3].
Glycogen accumulation within the cells may result in toxicity causing cell dysfunction
or death. Clinical features of hepatic GSD arise from the inability to mobilize glucose

Int. J. Environ. Res. Public Health 2023, 20, 2191. https://doi.org/10.3390/ijerph20032191 https://www.mdpi.com/journal/ijerph

https://doi.org/10.3390/ijerph20032191
https://doi.org/10.3390/ijerph20032191
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com
https://orcid.org/0000-0001-8258-3497
https://orcid.org/0000-0003-1337-563X
https://orcid.org/0000-0001-5384-9161
https://orcid.org/0000-0003-1712-2138
https://doi.org/10.3390/ijerph20032191
https://www.mdpi.com/journal/ijerph
https://www.mdpi.com/article/10.3390/ijerph20032191?type=check_update&version=2


Int. J. Environ. Res. Public Health 2023, 20, 2191 2 of 12

during fasting or exercise, which may lead to hepatomegaly, hypoglycemia, lactic acidosis,
and hyperuricemia [2,4,5]. Prolonged hypoglycemia may cause damage to the central
nervous system [6]. A characteristic feature of muscular-type GSD is muscle weakness
(hypotonia); dyslipidemia and metabolic acidosis are also found on laboratory testing. In
both types of GSD, short stature can occur, and liver enzymes can be elevated. Clinical
severity and prognosis differ according to GSD type and age. In particular, types II, III, IV,
and IX are known to be associated with cardiac involvement that causes a hypertrophic
response [7–10]. Cardiomyopathy is not known to be associated with GSD type 1, though
pulmonary hypertension has been reported. [11]

The metabolic diseases, such as diabetes mellitus and obesity, can cause functional or
structural myocardial disease via metabolic derangement [10,12]. Hyperglycemia and/or
accumulation of free fatty acids and triglycerides (TGs) may contribute as pro-inflammatory
factors and cause myocardial toxicity [13]. This study sought to establish the energetic
deficiency or toxic effects of acidosis or dyslipidemia that can cause cardiac injury or
myocardial hypertrophic change in patients with GSD, including type I GSD, which is most
common in Korea. The study aimed to evaluate echocardiographic assessments of general
and cardiac manifestations in patients with GSD.

2. Materials and Methods
2.1. Study Population

This was a single-center retrospective cohort study. The study comprised 64 patients
diagnosed with GSD using next generation sequencing and liver biopsy, who visited the
Wonju Severance Hospital between March 2021 and April 2022. Patients were grouped
by GSD type, and two patients (one with GSD type VI and one with an unknown type)
were excluded as they could not be compared. The patient’s GSD type, age, height, weight,
sex, and laboratory findings were recorded at the time of echocardiographic assessments.
Body mass index (BMI) was calculated as weight (kilograms) divided by height (meters)
squared, and then for children under the age of 18 years, the BMI z-score was calculated
using the Centers for Disease Control and Prevention (CDC) growth charts. According to
CDC criteria a z-score ≥ 1.45 (85 percentile) was defined as overweight, and a z-score ≥ 2
was defined as obesity.

2.2. Echocardiography Analysis

A single experienced pediatric echocardiographer performed transthoracic echocar-
diography using a Philips EPIQ 5c system (Philips Medical System Andover, Andover,
MA, USA). Myocardial mass and left ventricle (LV) systolic function were measured using
the M-mode at short axis view. Doppler signal quality was enhanced by lowering the
Nyquist limit to 10–30 cm/s, using the lowest wall filter setting with minimal optimal gain,
decreasing Doppler sample volume size to 5 mm, and optimizing the sweep speed to at
least 100 mm/s.

LV mass was calculated using the LV wall thickness and the LV cavity diameter
measured during end diastole. For optimal LV mass indexing, according to previous
studies, younger children aged < 8 years and children and adolescents aged <19 years
were indexed by dividing the LV mass by height (meters) increased to a power of 2.0 and
2.7, respectively. Adults aged >19 years were indexed by dividing the LV mass by body
surface area (BSA) [14–16]. The normal ranges for adult male and female patients were
49–115 g/m2 and 43–95 g/m2, respectively [17]. The LV systolic function was evaluated
with ejection fraction (EF) and fractional shortening (FS) by measuring M-mode at the
short axis view. We defined normal EF as ≥55% and FS as >28% in both children and
adults [18,19]. The LV diastolic function was assessed using the E/A ratio and E/e’ ratio
by measuring the pulse-wave tissue Doppler. Peak velocities of the early filling (E) and late
filling (A) waves and the E/A ratio of peak velocities were measured using trans-mitral
inflow velocities. Early diastolic mitral tissue velocities at the septal and lateral mitral
annulus (e’ velocity) were obtained using tissue Doppler imaging, and the E/e’ ratios were
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calculated. The LV diastolic dysfunction was identified when the E/A ratio was reversed
(E/A ratio < 1) or both E/A and E/e’ z-scores were outside the −2–2 range. The right
ventricle (RV) systolic function was assessed using tissue Doppler-derived peak systolic
velocity at the RV free wall (RV S’). Two-dimensional speckle-tracking echocardiography
(2D STE) with apical four- and two-chamber long axis views was used to identify the
LV global longitudinal strain (GLS) via manual tracing of the endocardial contour at
end-systole. The following frames were automatically analyzed by temporal tracking of
acoustic speckles. Longitudinal strains for each segment were measured and expressed as
a bull’s eye.

The echocardiographic evaluation is confounded by the effect of age, body weight,
and height. All echocardiographic parameters, which have different normal reference
values according to age, were converted into z-scores and analyzed for comparison. The
BSA-adjusted z-score described by Dallaire et al. was used for left-sided pulse-wave
Doppler and tissue Doppler imaging [20]. The RV systolic function using tricuspid an-
nular peak systolic velocity was transformed into age-adjusted z-scores as described by
Koestenberger et al. [21]. According to Foster et al., the LV mass was converted to height
adjusted z-scores in pediatric patients (<19 years) [14]. The LV GLS was transformed to
BSA-adjusted z-scores as described by Dallaire et al. A z-score value between −2 and 2
was considered normal [22].

2.3. Statistical Analysis

In pediatric patients, the echocardiographic parameters were compared with the z-sore
adjusted for age, weight, and height, and seven adult patients were excluded from the
analysis. All statistical analyses were conducted using the Statistical Package for the Social
Sciences, version 25.0 (IBM Corp., Armonk, NY, USA). For continuous variables, medians
with interquartile ranges (IQRs) were calculated and compared using analysis of variance.
(ANOVA) was used to analyze the difference between the three groups, and post-hoc
Bonferroni analysis was used for subsequent analysis. Pearson’s correlation for parametric
data was used to assess the relationship between the BMI z-score, LV mass, heart function,
and laboratory findings. Significant variables were further analyzed using the stepwise
methods of multiple linear regression analysis to isolate predictors of an increase in LV
mass. All tests were two tailed, and statistical significance was set at p < 0.05.

3. Results

Sixty-four patients with GSD visited our institution during the study period. One
patient with GSD type VI and another one with GSD of unknown type were excluded from
the analysis. Thus, 62 patients were included in the study. The clinical and demographic
characteristics of the patients are listed in Table 1. Of the total patients (43 males and
19 females), 43 (62.3%), 7 (11.3%), and 12 (19.4%) were diagnosed with GSD types I, III,
and IX, respectively. The median age at presentation was 9 years (range, 1–36 years):
55 children (age, <18 years) and seven adults (age, >18 years). The mean BMI was 19.6
(range, 13.1–26.5). There was no statistical difference in the distribution of age groups
between GSD types. In laboratory findings, the mean levels of uric acid (reference level,
<6.0 mg/dL) and total cholesterol (reference level, <170 mg/dL) were increased. In addition,
the median level of lactate (reference level, 0.5–2.0 mmol/L) was also increased. The median
values for TGs (reference level, <200 mg/dL), aspartate transaminase (AST) (reference
level, <40 U/L), alanine transaminase (ALT) (reference level, <40 U/L), and creatine kinase
(CK) (reference level, <170 U/L) were within the normal range. Uric acid and lactate were
significantly elevated in patients with GSD type I compared with those in patients with
other GSD types. The AST, ALT, and CK levels were increased in patients with GSD type III.
Total cholesterol and TG levels were higher in children with GSD types I and III compared
with those in children with type IX. All patients had their blood pressure measured on the
day of echocardiography and blood tests, and all blood pressures were within the normal
range. There were three patients with congenital heart disease discovered incidentally by
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echocardiography in this study. These patients were diagnosed with ventricular septal
defect, atrial septal defect, and patent ductus arteriosus, respectively. However, these
were not hemodynamically significant defects. There was also no reported cardiovascular
symptom in these patients. None of our patients had pulmonary hypertension.

Table 1. Characteristics of the study population.

Variables
Total (%)

N = 62 (100)

Group
p-ValueType 1 (%)

N = 43 (62.3)
Type 3 (%)
N = 7 (11.3)

Type 9 (%)
N = 12 (19.4)

Age (years) 9.0 (6.0, 14.0) 9.0 (6.5, 15.0) 5.0 (3.0, 20.0) 6.0 (4.5, 9.0) 0.051
0~7 y, n(%)

8~18 y, n(%)
≥19 y, n(%)

29 (46.8)
26 (41.9)
7 (11.3)

17 (39.5)
21 (48.8)
5 (11.6)

4 (57.1)
1 (14.2)
2 (28.6)

8 (66.7)
4 (33.3)

0
Wt (kg) 30.0 (20.0, 50.0) 35.4 (23.0, 52.8) 20.0 (17.5, 56.0) 19.6 (15.6, 31.4)
Hct (cm) 127.0 (110.0 150.0) 132.3(115.5, 132.3) 104.0(95.5, 163.5) 111.8(102.3, 126.5)
BSA (m2) 1.1 (0.8, 1.4) 1.1 (0.8, 1.5) 0.8 (0.7, 1.3) 0.8 (0.7, 1.1)

BMI 19.1 (17.4,21.0) 19.6 (17.5, 22.5) 18.9 (18.5, 20.8) 18.1 (15.4, 19.5)
Gender 0.036

Male 43 (69.4) 27 (62.8) 4 (57.1) 12 (100.0)
Female 19 (30.6) 16 (37.2) 3 (42.9) 0

Uric acid (mg/dL) 6.3 (4.2, 8.1) 7.2 (5.8, 8.5) 4.2 (3.6, 6.2)a 3.3 (2.7, 3.8) a <0.001
Lactate (mmol/L) 2.2 (1.8, 3.0) 2.7 (2.0, 3.2) 1.7 (1.4, 2.2) a 1.7 (1.3, 2.1) a <0.001
Total Col.(mg/dL) 192.5 (163.3, 231.5) 203.0 (176.0, 238.0) a 190.0 (179.0, 257.5) a 147.5 (135.8, 168.3) 0.001

HDL (mg/dL) 43.5 (38.3, 54.5) 43.0 (38.0, 50.0) 40.0 (36.5, 42.5) 53.5 (42.5, 64.5) 0.064
LDL (mg/dL) 95.0 (79.0, 126.0) 110.0 (85.8, 133.3) a 107.0 (85.0, 119.0) a,b 83.0 (62.5, 92.8) b 0.019
TG (mg/dL) 185.0(118.3, 367.5) 233.0(139.0, 395.0) a 242.0(148.0, 367.0) a 89.5(65.5, 110.0) <0.001
AST (U/L) 31.0 (25.0, 58.0) 30.0 (24.0, 38.0) a 109.0 (60.0, 357.0) 33.0 (25.0, 35.3) a 0.001
ALT (U/L) 25.5 (17.0, 67.0) 26.0 (18.0, 43.0) 254.0 (87.0, 605.0) 17.0 (15.0, 24.8) <0.001
CK (U/L) 120.5 (91.0, 144.0) 117.0(68.0, 133.0) a 402.0(117.0, 629.0) b 130.0 (99.8, 182.8) a,b 0.018

p values represent overall differences across groups as determined by one-way analysis of variance (ANOVA)
or Kruskal-Wallis’ H-test for continuous variables. a,b Same letters indicate no statistical significance based
on Tukey’s post-hoc analysis or Bonferroni Correction Method. AST, aspartate transaminase; ALT, alanine
transaminase; BSA, body surface area; CK, creatinkinase; Hct, height; TG, triglyceride; Total Col., total cholesterol;
Wt, weight.

The comparison of BMI and echocardiographic parameters adjusted for the age, height,
and weight of pediatric patients is listed in Table 2. The median BMI z-score was 1.2
(range, −2.5–2.24), and there was no difference in the BMI z-score according to GSD
type. However, of the five patients with BMI z-scores >2, 2, 2, and 1 had GSD types I,
III, and IX, respectively. The mean LV mass indexed z-score was 0.3 (range, −1.05–3.56).
When comparing myocardial thickness between GSD types, the LV mass z-score (p =0.037),
interventricular septum diameter (IVSd) z-score (p < 0.001), and LV posterior wall thickness
diameter (LVPWd) z-score (p < 0.001) were relatively high in the patients with GSD type
III. In this study, most of the pediatric patients had normal LV mass z-scores, except for
two patients (GSD types I and III) with an LV mass z-score >2. One patient with a normal
LV mass z-score had an IVSD z-score of >2 and had GSD type I. Analysis of diastolic and
systolic function showed no significant differences between the GSD types. Four patients
had an E/A z-score less than −2 and 15 had an E/e’ z-score greater than 2 (Figure 1).
However, there were no pediatric patients with both E/A and E/e’ outside the −2–2 range
or reversal of E/A (ratio <1). The RV s’, indicating RV function were all within the normal
range, as evaluated by z-score. All values of EF and FS remained within normal ranges.
There were no patients with decreased LV myocardial strain as evaluated by z-score, and
there was no difference between GSD types. Similar to the results in Table 1, there was a
difference in laboratory findings between groups.
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Table 2. BMI z scores and echocardiography results of children aged < 18 years.

Variables
Total

(N = 55)

Group
p-ValueType 1

(N = 38)
Type 3
(N = 5)

Type 9
(N = 12)

BMI (z) 1.2 (0.3, 1.6) 1.2 (0.4, 1.5) 2.0 (1.8, 2.0) 1.1 (−0.4, 1.5) 0.150
Over weight
(z >1.45) (%) 17 (33) 11 (29) 3 (60) 3 (25)

LV mass (z) 0.4 (−0.3, 1.1) 0.4 (−0.3, 1.0)a,b 1.2 (0.7, 1.6) a 0.1 (−0.7, 0.6) b 0.037
IVSd (z) 1.5 (0.3, 2.1) 1.3 (0.3, 1.8) a 4.2 (2.6, 5.3) 1.3 (0, 2.0) a <0.001

LVPWd (z) 0.4 (−0.3, 1.2) 0.1 (−0.38, 0.6) 3.9 (3.8, 4.5) 1.0 (0.1, 1.8) <0.001
E/A(z) −1.3 (−1.6, −0.67) −1.3 (−1.6, −0.7) −1.6 (−1.7, −1.5) −1.2 (−1.9, −0.4) 0.374
E/e’ (z) 1.3 (0.5, 2.18) 1.3 (0.3, 2.3) 1.3 (0.4, 2.2) 1.1 (0.7, 1.4) 0.315
RV S’ (z) −1.1 (−1.7, −0.4) −1.2 (−1.9, −0.3) −0.4 (−0.8, −0.4) −1.3 (−1.7, 1.0) 0.955
EF (%) 70.6 (67.5, 75.8) 69.8 (67.0, 75.3) 81.9 (73.0, 84.0) 71.6 (68.4, 73.7) 0.399
FS (%) 39.7 (37.1, 44.4) 38.6 (37.0, 44.2) 49.2 (41.0, 52.0) 40.5 (38.3, 41.4) 0.474

Strain (z) 1.4 (0.3, 2.1) 0.9 (0, 1.8) 1.8, (0.9, 2.) 2.0 (1.4, 2.4) 0.068

Uric acid (mg/dL) 6.0 (4.0, 7.9) 7.1 (5.7, 8.4) 3.9 (3.3, 4.2) a 3.3 (2.7, 3.8)a <0.001
Lactate (mmol/L) 2.2(1.8, 3.0) 2.5(2.0, 3.0) 1.7(1.3, 2.1) a 1.7(1.2, 2.1) a <0.001
Total Col.(mg/dL) 190.0 (157.5, 228.5) 200.0 (173.0, 233.5) a 190.0 (179.0, 216.0) a,b 147.5 (135.8, 168.3)b 0.003

HDL (mg/dL) 43.0 (38.5, 55.0) 43.5 (38.3, 52.5) a,b 39.0 (34.0, 40.0) a 53.5 (42.5, 64.5) b 0.023
LDL (mg/dL) 94.0 (79.0, 123.0) 107.5 (54.8, 129.5) a 91.0 (79.0, 116.0) a,b 83.0 (62.5, 92.8) b 0.017
TG (mg/dL) 166.0(114.5, 281.5) 190.0(137.5, 371.5) a 264.0(159.0, 378.0) a 89(65.5, 110.0) 0.010
AST (U/L) 33.0(25.0, 60.0) 31.0(24.8, 43.0) a 299.0(80.0, 372.0) 33.0(25.0, 35.2) a 0.004
ALT (U/L) 25.0(17.0, 72.0) 26.5(17.8, 57.0) a 367.0(100.0, 636.0) 17.0(15.0, 24.8) a 0.001
CK (U/L) 122.0(95.0, 144.0) 120.0(90.0, 134.0) a 574.0(259.5, 936.0) 130.0(99.8, 182.8) a 0.009

p values represent overall differences across groups as determined by one-way analysis of variance (ANOVA)
or Kruskal-Wallis’ H-test for continuous variables. a,b Same letters indicate no statistical significance based
on Tukey’s post-hoc analysis or Bonferroni Correction Method. AST, aspartate transaminase; ALT, alanine
transaminase; BMI, body mass index; CK, creatin kinase; EF, ejection fraction; FS, fractional shortening; LV, left
ventricle; LVPWd, left ventricular posterior wall thickness diameter; IVSd, interventricular septum diameter; TG,
triglyceride; Total Col., total cholesterol; z, z-score.

Pearson correlation analysis showed that LV mass index z-scores were independent of
age, gender, and laboratory findings, such as uric acid, lactate, total cholesterol, triglyceride,
AST, and ALT. However, the BMI z-score (p = 0.005), HDL (p = 0.036) and CK (p = 0.005)
correlated with the LV mass z-score in children (Table 3). Multiple linear regression analysis
showed that the BMI z-score (p = 0.022) and CK (p = 0.020) predicted an increased LV mass
z-score, regardless of GSD type (Table 4).
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Table 3. Correlation analysis of risk factors for LV mass z score in child age.

Variables r p-Value

Age (years) 0.002 0.998
BMI z-score 0.374 0.005

Gender −0.167 0.194
Uric acid 0.039 0.776
Lactate 0.030 0.830

Total Col. −0.017 0.903
TG −0.072 0.601

HDL −0.283 0.036
AST 0.235 0.084
ALT 0.228 0.094
CK 0.377 0.005

AST, aspartate transaminase; ALT, alanine transaminase; BMI, body mass index; CK, creatin kinase; TG, triglyc-
eride; Total Col., total cholesterol.

Table 4. Multiple linear regression for LV mass z score in child age.

Variables Unstandardized B Coefficients Std Error t p-Value

BMI z score 0.327 0.138 2.408 0.022
CK 0.002 0.001 2.364 0.020

BMI, body mass index; CK, creatin kinase.

EF and FS for the LV systolic function evaluation and tissue Doppler for diastolic
function evaluation all remained within normal ranges. There were no significant changes
in the LV systolic function or diastolic function with increasing LV mass. However, 2D STE
showed a negative correlation between GLS and the LV mass: the average GLS decreased
as the LV mass increased (Figure 2). In the correlation analysis between the patients’
characteristics and changes in cardiac function, there was a significant negative correlation
between the BMI z-score and E/A z-score, and positive correlation between TG increase
and the E/e’ z-score (Supplementary Material, Table S1).
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Figure 2. Correlation between global longitudinal strain (GLS) z-score and left ventricle mass z-score.

Table 5 shows the echocardiographic features of the seven adult patients with GSD
types I (n = 5) and III (n = 2). Their ages ranged from 20 to 36 years (four males and
three females). All male patients had LV mass indexes in the normal range; however, one
female patient with GSD type III had a slightly elevated LV mass index. No. 5 was a
34-year-old male patient diagnosed with GSD type I. His LV mass index (109 g/m2) was
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slightly increased without obesity, and his E/A ratio (0.78) was revered. EF was preserved,
but the average GLS showed a relatively low value of −17.5% (Figure 3). The laboratory
findings of this patient showed an increase in lactate (3.49 mmol/L) and total cholesterol
(348 mg/dL). No. 6 was a 25-year-old female patient diagnosed with GSD type III. LV mass
index (100.7 g/m2) was increased above the normal range with a BMI of 19.3. In addition,
she showed diastolic dysfunction indicated by E/A (2.34) and E/e’ (8.73). RV function, EF,
FS, and strain remained within normal ranges. In laboratory findings, AST and ALT were
slightly increased.

Table 5. Baseline characteristics and results of echocardiography in adult patients.

No. type Age
(year) gender BMI LMI

(g/BSA)
IVSDd
(mm)

LVPWd
(mm) E/A E/e’ RV S’

(cm/s)
EF
(%)

GLS
(%)

1 1 20 M 21.7 104.1 11.1 10.7 1.93 8.3 16.0 71.4 −20.0
2 1 27 F 25.5 94.6 7.87 8.59 1.62 7.85 11.4 82.0 −19.1
3 1 30 F 26.4 58.9 7.16 7.16 1.45 10.90 12.0 68.6 −20.7
4 1 31 M 21.6 85.3 6.99 6.65 1.60 10.18 13.0 61 −19
5 1 34 M 20.4 109.4 7.65 6.99 0.78 11.38 13.0 74 −17.5
6 3 25 F 19.3 100.7 8.85 7.93 2.34 8.73 12.2 75.4 −21
7 3 36 M 22.5 72.19 9.67 9 1.36 6.10 10.0 56 −21

BMI, body mass index; EF, ejection fraction; GLS, global longitudinal strain; LMI, left ventricle mass index;
LVPWd, left ventricular posterior wall thickness diameter; IVSd, interventricular septum diameter.
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Figure 3. Left ventricular GLS assessment with two-dimensional speckle tracking echocardiography.
The figure demonstrates analysis of left ventricular GLS from the three-chamber (a), four-chamber
(4CH) (b) and two-chamber (2CH) (c) views. (d) Polar map with the regional values and the GLS
value calculated from the 17 segments which is within the normal value.
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4. Discussion

The heart has complex metabolic processes to use energy to maintain its function. If
this metabolic process is disrupted, heart function or structure is affected. The exact mecha-
nisms of cardiac manifestations are currently unknown; however, they seem to correlate
with the accumulation of by-products, toxic effects, and lack of energy [12,23–25]. Cardiac
involvement in terms of functional and structural changes in many metabolic diseases has
been reported. GSD is an inherited metabolic diseases of glycogen metabolism. Although
GSD severity varies with type, it is usually associated with hypoglycemia, hyperuricemia,
hyperlactatemia, and dyslipidemia. Clinical manifestation depends on the main organ
where non-degraded glycogen is deposited. GSD types II, III, IV, and IX are known to be
associated with cardiac involvement. Glycogen accumulation in the myocardium leads to
myocardial injury, myocardial hypertrophy, and conduction disorder. GSD types II and
III (known for LV hypertrophy due to the deposition of glycogen in the myocardium) and
IX (cardiac kinase deficiency) are known to cause heart failure in young infants. Previous
studies have mainly focused on the LV mass evaluation and heart function limited to GSD
types II and III. However, studies on the overall cardiac evaluation of patients with GSD
are lacking [9,26,27]. This study sought to use standard echocardiography and 2D STE to
determine whether the energy deficiency, acidosis, dyslipidemia, or obesity seen in patients
with GSD resulted in structural and functional changes of the heart, as seen with other
metabolic diseases such as diabetes mellitus or dyslipidemia.

In this study, 62 patients were examined, including children and adults. Pediatric
patients (age < 18 years) accounted for 76% of all patients, and there was a greater number
of male (62%) than female patients. These findings were similar to the results of the GSD
prevalence study based on the Health Insurance Review and Assessment Servis (HIRA)
research in Korea [28]. It was difficult to compare BMI according to types because the age
and gender distribution of each patient group was different. As expected, abnormalities
in laboratory findings differed depending on GSD type; however in the case of type IX,
laboratory findings, including total cholesterol and TG, were relatively closer to the normal
range than those in patients with other GSD types.

In the analysis comparing echocardiography parameters of cardiac function including
tissue Doppler, EF and FS did not differ with GSD type. As previously reported, type III
showed a tendency of thicker myocardium compared to that in patients with other GSD
types. However, two patients with GSD type I, including one child and one adult, showed
increased LV mass above the normal range. This suggests that, besides the characteristics
of the GSD type, there may be other factors that affect the heart. These patients showed
hyperuricemia, lactic acidosis, dyslipidemia, and increased AST and ALT due to poor
metabolic control.

The LV mass index z-score was independent of age, gender, and laboratory findings,
except for CK. In our study, the BMI z-score and CK showed a significant association
with LV hypertrophy in GSD. As the age-adjusted BMI increased, the LV mass and LV
wall thickness also increased. This finding was similar to those of previous studies that
showed an association between obesity and LV hypertrophy in the general population [29].
Patients with GSD need regular meals during the day and night to prevent hypoglycemia.
This commonly causes obesity in these patients. These results imply the need for exercise
to manage obesity in patients with GSD. Cardiac evaluation should also be performed
regularly in patients with GSD who are overweight as in the general population with
obesity. CK is a biomarker that is increased during muscle damage, and it is increased in
GSD types II, III, and V, which are mainly related to muscle involvement. In our study,
there were some patients with CK levels higher than normal in patients with GSD types I
and IX [30]. Although not implemented in our study, it would be better to compare CK-MB
and evaluate echocardiography to clarify the relevance of CK as a clinical biomarker for
LV hypertrophy.

In children, although there were patients with LV mass index z-scores above the
normal range, systolic and diastolic heart function remained in the normal range. There
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was no difference in LV function according to LV mass change, which is inconsistent with
the findings of previous studies suggesting a decrease in LV diastolic function associated
with LV hypertrophy in children with obesity in the general population [25,29]. This
may be because there were only two pediatric patients with an LV mass z-score of >2;
thus, it was not a comparative evaluation of patients with LV hypertrophy and those
without. A recent meta-analysis by Burden et al. showed reduced diastolic function with an
increased E/e’ ratio and decreased E/A ratio in children with obesity [31]. This is similar
to the results of our study showing that a higher BMI z-score was associated with a lower
E/A z-score (r = −0.286, p = 0.038), and a higher TG was associated with a higher E/e’
z-score (r = −0.284, p = 0.038). Considering that the proportion of patients aged less than
10 years was higher in our study than in other studies that evaluated diastolic function
in children with obesity, serial echocardiography evaluation is necessary for assessing
functional changes in the heart as these pediatric patients mature. As a measurement to
evaluate systolic function, EF and FS were maintained within normal ranges and were
not related to myocardial thickness. However, the strain z-score decreased as the LV mass
increased. In general, EF is useful for more easily evaluating LV systolic function but has
limitations in predicting functional capacity and prognosis [32,33]. 2D STE is a quantitative
measurement method for myocardial deformity and can detect impairment of subclinical
LV systolic function in asymptomatic patients [34–36]. Our analysis suggests that changes
in myocardial thickness in patients with GSD may be accompanied by functional changes
and a need for regular strain evaluation.

Among adults, there were two patients with LV diastolic dysfunction and a slight
increase in LV mass index. Neither of them had any symptoms or cardiovascular disease,
including hypertension. The single male adult patient with GSD type I showed diastolic
dysfunction and reduced strain despite a relatively young age of 25 years. His disorder
had not been properly managed for a long time, and it is possible that he had cardiac
injury due to metabolic abnormality. This suggests that echocardiography is needed to
evaluate cardiac involvement in all types of GSD, not only in the types already known to
be associated with cardiac involvement.

Numerous studies have evaluated cardiac function in GSD types II and III. However,
to our knowledge, this is the first study to use standard echocardiography and 2D STE
in patients with GSD types I, III, and IX. Our study is meaningful in that it assessed the
cardiac evaluation of a relatively large number (n = 64) of patients with GSD in a single
center in Korea. It is already known that cardiomyopathy occurs due to cardiac deposition
of glycogen in some GSD types. In this study, there was no significant myocardial injury
in patients with GSD according to laboratory findings and increased BMI. However, our
study showed subclinical functional change in the heart according to myocardial thickness
with 2D STE or hypertrophy and GSD type. The associations between BMI and E/A and
TG level and E/e’ in our results suggest the need for further research and follow-up on
functional changes using echocardiography in patients with GSD, especially those who are
overweight. LV diastolic dysfunction could precede LV systolic dysfunction and is known
as a contributor to mortality from cardiovascular disease in people with obesity. GLS could
also be an early marker for LV dysfunction. Regular screening with echocardiography,
including wall thickness measurement and diastolic functional evaluation, and 2D STE
allows for the early diagnosis of subclinical heart changes in patients with GSD.

This study had some limitations. First, there was no healthy control group. The study
could not establish whether there are differences in heart structure and functional changes
in patients with GSD compared with those in the general population. Second, there may
have been selection bias due to the differences in the number of patients between types.
Third, a one-off blood test has limitations in representing a patient’s previous metabolic
status. However, the study is meaningful in that overall echocardiography was performed
on a large number of patients with GSD, including GSD type I, and subtle cardiac structure
changes in subclinical states were measured through 2D STE.
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5. Conclusions

There is still no specific curative treatment for GSD. The management of GSD varies
with GSD type, and lifelong management is required to control symptoms or avoid pos-
sible complications, such as liver failure and cardiomyopathy. Since metabolic disease is
often related to heart dysfunction and structural change, our results showed the effects
of metabolic aberration on the hearts of patients with GSD. In our study, metabolic ab-
normalities, such as hyperuricemia, lactic acidosis, and dyslipidemia, caused by GSD did
not have a significant effect on the function of the heart structure; however, there was a
significant change in myocardial thickness with weight gain. Given that patients with GSD
tend to be overweight or obese, steady cardiac evaluation through echocardiography is
required for all types of GSD patients, including types not known to be associated cardiac
involvement. Not only the evaluation of myocardial thickness, but also the evaluation of
diastolic function and 2D STE will enable early detection of subclinical cardiac dysfunction.
Future studies with a larger number of adult patients will be able to observe the long-term
effects of metabolic abnormalities on the heart of patients with GSD. In addition, it is
necessary to find out whether diet, optimal metabolic control, and exercise management
in patients with GSD have a positive effect on changes in cardiac structure and function
through follow-up echocardiography.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph20032191/s1, Table S1: Correlation analysis between the
patients’ characteristics and cardiac function

Author Contributions: Y.K. conceived and designed the study. J.S. analyzed the data and wrote
the manuscript. S.J. contributed to data interpretation. J.S. and S.J. wrote the manuscript. H.K. and
J.J. critically revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board of Wonju Severance
Christian Hospital (study approval number: CR322101).

Informed Consent Statement: The requirement for informed consent was waived due to the study’s
retrospective nature.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marion, R.W.; Paljevic, E. The Glycogen Storage Disorders. Pediatr. Rev. 2020, 41, 41–44. [CrossRef] [PubMed]
2. Ozen, H. Glycogen storage diseases: New perspectives. World J. Gastroenterol. 2007, 13, 2541–2553. [CrossRef] [PubMed]
3. Ellingwood, S.S.; Cheng, A. Biochemical and clinical aspects of glycogen storage diseases. J. Endocrinol. 2018, 238, R131–R141.

[CrossRef] [PubMed]
4. DiMauro, S.; Bruno, C. Glycogen storage diseases of muscle. Curr. Opin. Neurol. 1998, 11, 477–484. [CrossRef]
5. Hicks, J.; Wartchow, E.; Mierau, G. Glycogen storage diseases: A brief review and update on clinical features, genetic abnormalities,

pathologic features and treatment. Ultrastruct. Pathol. 2011, 35, 183–196. [CrossRef]
6. Jo, Y.H.; Chua, S.C., Jr. The brain-liver connection between BDNF and glucose control. Diabetes 2013, 62, 1367–1368. [CrossRef]
7. Arad, M.; Maron, B.J.; Gorham, J.M.; Johnson, W.H., Jr.; Saul, J.P.; Perez-Atayde, A.R.; Spirito, P.; Wright, G.B.; Kanter, R.J.;

Seidman, C.E.; et al. Glycogen storage diseases presenting as hypertrophic cardiomyopathy. N. Engl. J. Med. 2005, 352, 362–372.
[CrossRef]

8. Austin, S.L.; Proia, A.D.; Spencer-Manzon, M.J.; Butany, J.; Wechsler, S.B.; Kishnani, P.S. Cardiac Pathology in Glycogen Storage
Disease Type III. JIMD Rep. 2012, 6, 65–72.

9. Vertilus, S.M.; Austin, S.L.; Foster, K.S.; Boyette, K.E.; Bali, D.S.; Li, J.S.; Kishnani, P.S.; Wechsler, S.B. Echocardiographic
manifestations of Glycogen Storage Disease III: Increase in wall thickness and left ventricular mass over time. Genet. Med. 2010,
12, 413–423. [CrossRef]

https://www.mdpi.com/article/10.3390/ijerph20032191/s1
https://www.mdpi.com/article/10.3390/ijerph20032191/s1
http://doi.org/10.1542/pir.2018-0146
http://www.ncbi.nlm.nih.gov/pubmed/31894075
http://doi.org/10.3748/wjg.v13.i18.2541
http://www.ncbi.nlm.nih.gov/pubmed/17552001
http://doi.org/10.1530/JOE-18-0120
http://www.ncbi.nlm.nih.gov/pubmed/29875163
http://doi.org/10.1097/00019052-199810000-00010
http://doi.org/10.3109/01913123.2011.601404
http://doi.org/10.2337/db12-1824
http://doi.org/10.1056/NEJMoa033349
http://doi.org/10.1097/GIM.0b013e3181e0e979


Int. J. Environ. Res. Public Health 2023, 20, 2191 11 of 12

10. Elliott, P.; Andersson, B.; Arbustini, E.; Bilinska, Z.; Cecchi, F.; Charron, P.; Dubourg, O.; Kuhl, U.; Maisch, B.; McKenna, W.J.; et al.
Classification of the cardiomyopathies: A position statement from the European Society Of Cardiology Working Group on
Myocardial and Pericardial Diseases. Eur. Heart J. 2008, 29, 270–276. [CrossRef]

11. Priya, S.K.; Stephanie, L.A.; Jose, E.A.; Pamela, A.; Deeksha, S.B.; Boney, A.; Chung, W.L.; Dagli, A.I.; Dale, D.; Koeberl, D.; et al.
Diagnosis and management of glycogen storage disease type I: A practice guideline of the American College of Medical Genetics
and Genomics. Genet. Med. 2014, 16, e1.

12. Kosmala, W.; Sanders, P.; Marwick, T.H. Subclinical Myocardial Impairment in Metabolic Diseases. JACC Cardiovasc. Imaging
2017, 10, 692–703. [CrossRef]

13. Fang, Z.Y.; Prins, J.B.; Marwick, T.H. Diabetic cardiomyopathy: Evidence, mechanisms and therapeutic implications. Endocr. Rev.
2004, 25, 543–567. [CrossRef]

14. Foster, B.J.; Mackie, A.S.; Mitsnefes, M.; Ali, H.; Mamber, S.; Colan, S.D. A novel method of expressing left ventricular mass
relative to body size in children. Circulation 2008, 117, 2769–2775. [CrossRef]

15. Chinali, M.; Emma, F.; Esposito, C.; Rinelli, G.; Franceschini, A.; Doyon, A.; Raimondi, F.; Pongiglione, G.; Schaefer, F.;
Matteucci, M.C. Left Ventricular Mass Indexing in Infants, Children and Adolescents: A Simplified Approach for the Identification
of Left Ventricular Hypertrophy in Clinical Practice. J. Pediatr. 2016, 170, 193–198. [CrossRef]

16. Khoury, P.R.; Mitsnefes, M.; Daniels, S.R.; Kimball, T.R. Age-specific reference intervals for indexed left ventricular mass in
children. J. Am. Soc. Echocardiogr. 2009, 22, 709–714. [CrossRef]

17. Lang, R.M.; Bierig, M.; Devereux, R.B.; Flachskampf, F.A.; Foster, E.; Pellikka, P.A.; Picard, M.H.; Roman, M.J.; Seward, J.;
Shanewise, J.S.; et al. Recommendations for chamber quantification: A report from the American Society of Echocardiography’s
Guidelines and Standards Committee and the Chamber Quantification Writing Group, developed in conjunction with the
European Association of Echocardiography, a branch of the European Society of Cardiology. J. Am. Soc. Echocardiogr. 2005, 18,
1440–1463.

18. Tsao, C.W.; Lyass, A.; Larson, M.G.; Cheng, S.; Lam, C.S.; Aragam, J.R.; Benjamin, E.J.; Vasan, R.S. Prognosis of Adults with
Borderline Left Ventricular Ejection Fraction. JACC Heart Fail. 2016, 4, 502–510. [CrossRef]

19. Tissot, C.; Singh, Y.; Sekarski, N. Echocardiographic Evaluation of Ventricular Function-For the Neonatologist and Pediatric
Intensivist. Front. Pediatr. 2018, 6, 79. [CrossRef]

20. Dallaire, F.; Slorach, C.; Hui, W.; Sarkola, T.; Friedberg, M.K.; Bradley, T.J.; Jaeggi, E.; Dragulescu, A.; Har, R.L.; Cherney, D.Z.; et al.
Reference values for pulse wave Doppler and tissue Doppler imaging in pediatric echocardiography. Circ. Cardiovasc. Imaging
2015, 8, e002167. [CrossRef]

21. Koestenberger, M.; Nagel, B.; Ravekes, W.; Avian, A.; Heinzl, B.; Cvirn, G.; Fritsch, P.; Fandl, A.; Rehak, T.; Gamillscheg, A.
Reference values of tricuspid annular peak systolic velocity in healthy pediatric patients, calculation of z score, and comparison
to tricuspid annular plane systolic excursion. Am. J. Cardiol. 2012, 109, 116–121. [CrossRef] [PubMed]

22. Dallaire, F.; Slorach, C.; Bradley, T.; Hui, W.; Sarkola, T.; Friedberg, M.K.; Jaeggi, E.; Dragulescu, A.; Mahmud, F.H.;
Daneman, D.; et al. Pediatric Reference Values and Z Score Equations for Left Ventricular Systolic Strain Measured by
Two-Dimensional Speckle-Tracking Echocardiography. J. Am. Soc. Echocardiogr. 2016, 29, 786–793.e8. [CrossRef] [PubMed]

23. Sacchetto, C.; Sequeira, V.; Bertero, E.; Dudek, J.; Maack, C.; Calore, M. Metabolic Alterations in Inherited Cardiomyopathies. J.
Clin. Med. 2019, 8, 2195. [CrossRef] [PubMed]

24. Kimmoun, A.; Novy, E.; Auchet, T.; Ducrocq, N.; Levy, B. Hemodynamic consequences of severe lactic acidosis in shock states:
From bench to bedside. Crit. Care. 2015, 19, 175. [CrossRef] [PubMed]

25. Daneii, P.; Neshat, S.; Mirnasiry, M.S.; Moghimi, Z.; Dehghan Niri, F.; Farid, A.; Shekarchizadeh, M.; Heshmat-Ghahdarijani, K.
Lipids and diastolic dysfunction: Recent evidence and findings. Nutr. Metab. Cardiovasc. Dis. 2022, 32, 1343–1352. [CrossRef]

26. Aksu, T.; Colak, A.; Tufekcioglu, O. Cardiac Involvement in Glycogen Storage Disease Type IV: Two Cases and the Two Ends of a
Spectrum. Case Rep. Med. 2012, 2012, 764286. [CrossRef]

27. Di Rocco, M.; Buzzi, D.; Taro, M. Glycogen storage disease type II: Clinical overview. Acta Myol. 2007, 26, 42–44.
28. Lee, E.J.; Chang, H.E.; Kim, S.H.; Jeong, Y.W.; Koh, H.; Kang, Y. Prevalence and Complications of Glycogen Storage Disease in

South Korea: A Nationwide Population-Based Study, 2007–2018. Biomed. Res. Int. 2022, 2022, 2304494. [CrossRef]
29. Bartkowiak, J.; Spitzer, E.; Kurmann, R.; Zurcher, F.; Krahenmann, P.; Garcia-Ruiz, V.; Mercado, J.; Ryffel, C.; Losdat, S.;

Llerena, N.; et al. The impact of obesity on left ventricular hypertrophy and diastolic dysfunction in children and adolescents. Sci.
Rep. 2021, 11, 13022. [CrossRef]

30. Molares-Vila, A.; Corbalan-Rivas, A.; Carnero-Gregorio, M.; Gonzalez-Cespon, J.L.; Rodriguez-Cerdeira, C. Biomarkers in
Glycogen Storage Diseases: An Update. Int. J. Mol. Sci. 2021, 22, 4381. [CrossRef]

31. Burden, S.; Weedon, B.; Whaymand, L.; Rademaker, J.; Dawes, H.; Jones, A. The effect of overweight/obesity on diastolic function
in children and adolescents: A meta-analysis. Clin. Obes. 2021, 11, e12476. [CrossRef]

32. Bhatia, R.S.; Tu, J.V.; Lee, D.S.; Austin, P.C.; Fang, J.; Haouzi, A.; Gong, Y.; Liu, P.P. Outcome of heart failure with preserved
ejection fraction in a population-based study. N. Engl. J. Med. 2006, 355, 260–269. [CrossRef]

33. Carell, E.S.; Murali, S.; Schulman, D.S.; Estrada-Quintero, T.; Uretsky, B.F. Maximal exercise tolerance in chronic congestive heart
failure. Relationship to resting left ventricular function. Chest 1994, 106, 1746–1752. [PubMed]

34. Tan, Y.T.; Wenzelburger, F.; Lee, E.; Heatlie, G.; Leyva, F.; Patel, K.; Frenneaux, M.; Sanderson, J.E. The pathophysiology of heart
failure with normal ejection fraction: Exercise echocardiography reveals complex abnormalities of both systolic and diastolic

http://doi.org/10.1093/eurheartj/ehm342
http://doi.org/10.1016/j.jcmg.2017.04.001
http://doi.org/10.1210/er.2003-0012
http://doi.org/10.1161/CIRCULATIONAHA.107.741157
http://doi.org/10.1016/j.jpeds.2015.10.085
http://doi.org/10.1016/j.echo.2009.03.003
http://doi.org/10.1016/j.jchf.2016.03.003
http://doi.org/10.3389/fped.2018.00079
http://doi.org/10.1161/CIRCIMAGING.114.002167
http://doi.org/10.1016/j.amjcard.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21944674
http://doi.org/10.1016/j.echo.2016.03.018
http://www.ncbi.nlm.nih.gov/pubmed/27185223
http://doi.org/10.3390/jcm8122195
http://www.ncbi.nlm.nih.gov/pubmed/31842377
http://doi.org/10.1186/s13054-015-0896-7
http://www.ncbi.nlm.nih.gov/pubmed/25887061
http://doi.org/10.1016/j.numecd.2022.03.003
http://doi.org/10.1155/2012/764286
http://doi.org/10.1155/2022/2304494
http://doi.org/10.1038/s41598-021-92463-x
http://doi.org/10.3390/ijms22094381
http://doi.org/10.1111/cob.12476
http://doi.org/10.1056/NEJMoa051530
http://www.ncbi.nlm.nih.gov/pubmed/7988194


Int. J. Environ. Res. Public Health 2023, 20, 2191 12 of 12

ventricular function involving torsion, untwist, and longitudinal motion. J. Am. Coll. Cardiol. 2009, 54, 36–46. [CrossRef]
[PubMed]

35. Weidemann, F.; Eyskens, B.; Jamal, F.; Mertens, L.; Kowalski, M.; D’Hooge, J.; Bijnens, B.; Gewilling, M.; Rademakers, F.;
Hatle, L.; et al. Quantification of regional left and right ventricular radial and longitudinal function in healthy children using
ultrasound-based strain rate and strain imaging. J. Am. Soc. Echocardiogr. 2002, 15, 20–28. [CrossRef] [PubMed]

36. Mor-Avi, V.; Lang, R.M.; Badano, L.P.; Belohlavek, M.; Cardim, N.M.; Derumeaux, G.; Galderisi, M.; Marwick, T.; Nagueh, S.F.;
Sengputa, P.P.; et al. Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics:
ASE/EAE consensus statement on methodology and indications endorsed by the Japanese Society of Echocardiography. Eur. J.
Echocardiogr. 2011, 12, 167–205. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jacc.2009.03.037
http://www.ncbi.nlm.nih.gov/pubmed/19555838
http://doi.org/10.1067/mje.2002.116532
http://www.ncbi.nlm.nih.gov/pubmed/11781550
http://doi.org/10.1093/ejechocard/jer021

	Introduction 
	Materials and Methods 
	Study Population 
	Echocardiography Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

