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Background: Non-invasive glycogen quantification in vivo could provide crucial information on biological 
processes for glycogen storage disorder. Using dual-energy computed tomography (DECT), this study aimed 
to assess the viability of quantifying glycogen content in vitro. 
Methods: A fast kilovolt-peak switching DECT was used to scan a phantom containing 33 cylinders with 
different proportions of glycogen and iodine mixture at varying doses. The virtual glycogen concentration 
(VGC) was then measured using material composition images. Additionally, the correlations between VGC 
and nominal glycogen concentration (NGC) were evaluated using least-square linear regression, then 
the calibration curve was constructed. Quantitative estimation was performed by calculating the linearity, 
conversion factor (inverse of curve slope), stability, sensitivity (limit of detection/limit of quantification), 
repeatability (inter-class correlation coefficient), and variability (coefficient of variation). 
Results: In all conditions, excellent linear relationship between VGC and NGC were observed (P<0.001, 
coefficient of determination: 0.989–0.997; residual root-mean-square error of glycogen: 1.862–3.267 mg/mL). 
The estimated conversion factor from VGC to NGC was 3.068–3.222. In addition, no significant differences 
in curve slope were observed among different dose levels and iodine densities. The limit of detection and limit 
of quantification had respective ranges of 6.421–15.315 and 10.95–16.46 mg/mL. The data demonstrated 
excellent scan-repeat scan agreement (inter-class correlation coefficient, 0.977–0.991) and small variation 
(coefficient of variation, 0.1–0.2%).
Conclusions: The pilot phantom analysis demonstrated the feasibility and efficacy of detecting and 
quantifying glycogen using DECT and provided good quantitative performance with significant stability and 
reproducibility/variability. Thus, in the future, DECT could be used as a convenient method for glycogen 
quantification to provide more reliable information for clinical decision-making.
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Introduction

Glycogen storage disorders (GSD) are inherited metabolic 
disorders of glycogen metabolism linked to liver and muscle 
disorders (1). In GSD types 3 and 4, the degree of glycogen 
accumulation varies as the disease progresses, ultimately 
resulting in hepatosplenomegaly, liver cirrhosis, and liver 
failure (2). In this regard, the quantification of glycogen 
could provide essential biological insights. Correspondingly, 
the development of effective quantitative approaches is 
highly anticipated.

Previous studies have described non-invasive techniques for 
determining and assessing glycogen contents in vivo by using 
fluorescent glucosamine derivative probes. However, due to 
the limited tissue penetration ability of fluorescence, it could 
neither be used to directly annotate glycogen nor in clinical 
practice (3-6). In addition, positron emission tomography is 
costly, and the use of fluorescent glucosamine derivative probes 
requires the application of radioactive tracers, thus, restricting 
its applications beyond clinical research. 

Computed tomography (CT) has evolved from a single-
parameter imaging to a multi-parameter imaging modality 
with the advent of the energy spectrum technique in recent 
years. The attenuation of X-ray photons in diagnostic 
imaging is primarily caused by the photoelectric effect and 
Compton scattering. Photoelectric effect varies considerably 
based on the photon energy and the unique binding energy 
of the electrons in an atom. When low-energy X-rays 
interact with a material with a high effective atomic number, 
the photoelectric effect is primarily produced. In contrast, 
Compton scattering is proportional to the effective atomic 
number but is less frequently associated with photon energy 
(7-9). Through continuous energy spectrum acquisition 
by dual-energy computed tomography (DECT), this 
principle can be utilized to evaluate material-specific 
attenuation behavior, which is characterized by disparate 
attenuation at different energy levels, and to obtain material-
specific images (10,11). Consequently, the DECT enables 
differentiation, classification, and quantification of the mass 
density of various materials (12-14). Accordingly, iodine-
specific images can represent iodine content in the tissues 
and provide quantitative enhancement information, which 
is beneficial for making the transition from qualitative to 

quantitative evaluation of contrast-enhanced CT images (12).  
However, there have been relatively few attempts to apply 
this technique to the determination of glycogen. The 
objective of the present study was to evaluate the viability of 
quantifying glycogen content using DECT. On the basis of 
unique k-edge characteristics and differences in attenuation 
at different energy levels between iodine and glycogen, 
phantoms with inserts containing different proportions of a 
mixture of glycogen and iodine were scanned. In addition, 
the limit of detection (LOD) and the limit of quantification 
(LOQ) of glycogen quantification were investigated. 

Methods

Phantom configuration

A cylindrical solid plastic phantom (diameter: 20 cm) with 
nine inserted removable cylindrical polyvinyl chloride 
plastic tubes was utilized (Figure 1A). Each tube had a 
diameter of 25 mm, a height of 96 mm, and a volume of 
20 mL. Glycogen-iodine mixture samples were prepared 
as follows: 33 samples were prepared from three groups 
(Groups A, B, and C) of homogeneous glycogen (BR, 
99% extracted from mussel, Source Leaf Creatures)-water 
mixed samples with a glycogen concentration gradient 
of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mg/mL 
(corresponding glycogen weight-to-water weight ratio: 
0%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%) (15). 
The glycogen concentration was configured based on the 
in vivo hepatic glycogen content, which could reach 10% 
under certain pathological conditions (16,17). Iopromide 
(Ultravist370, Bayer) was added to groups A, B, and C with 
volumes of 20, 30, and 40 μL, respectively, to simulate the  
in vivo iodine concentration during contrast-enhanced CT 
imaging, resulting in iodine concentrations of 0.37, 0.56, 
and 0.74 mg/mL, respectively (Table 1). 

CT scanning protocols

The phantom was scanned on a 256-slice CT scanner 
(Revolution CT, GE Healthcare) using the helical spectral 
DECT imaging mode with fast-kilovolt-peak switching 
between 80 and 140 kVp. The scanning parameters were 
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as follows: gantry rotation speed: 0.5 s; pitch: 0.984; display 
field of view: 250 mm; imaging matrix: 512×512. The X-ray 
tube currents were 200 mA, 335 mA, and 480 mA (18). To 
improve reproducibility, the scans were performed three 
times. Images were reconstructed with adaptive statistical 
iterative reconstruction -Veo at 50% strength (50% 
ASiR-V) and the standard reconstruction kernel (Stnd). The 

reconstruction layer thickness, as well as the layer spacing, 
was 1.25 mm.

Data analysis

All DECT data files were transferred to a local advantage 
workstation (AW4.7, Volume Share 5; GE Healthcare) 
for post-processing analysis using gemstone spectral 
imaging (GSI) software (version 2.20-05) and the material 
decomposition (MD) algorithm (GE Healthcare) (19). 
The glycogen concentration was determined by the MD 
algorithm using a two-material decomposition with glucose 
and iodine as the basis material pair. A circular region 
of interest (ROI) with a diameter of 10 mm was used to 
measure the virtual glycogen concentration (VGC) in  
mg/mL on the cross-sectional glucose-specific images across 
five slices (Figure 1B). The interval of each slice was 5 mm. 
In addition, the single-source spectral CT mode generates 
a series of monochromatic images with energies ranging 
from 40 to 140 keV. In GSI mode, the average energy of  
120 kVp scanning for conventional polychromatic images 
was 70 keV (20). As a result, the 70 keV monochromatic 
images were selected to simulate conventional polychromatic 
images, and CT numbers were recorded in Hounsfield 
units (HU). To measure CT numbers, the GSI software 
automatically propagated ROIs to 70 keV monochromatic 
images. Subsequently, the VGC and CT numbers were 
averaged across 15 ROIs from three scans.

Statistics analysis

The statistical analyses were performed using SPSS 26.0 
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Figure 1 Phantom schematics. (A) Photograph of the phantom. (B) Cross-sectional computed tomography image of the phantom, in which 
the labels above each vial refer to nominal glycogen concentration in mg/mL.

Table 1 Material composition of tubes

NGC  
(mg/mL)

Glycogen 
weight-to-

water weight 
ratio (%)

IC (mg/mL)

Group A  
(Nos. 1–11)

Group B  
(Nos. 12–22)

Group C  
(Nos. 23–33)

0 0 0.37 0.56 0.74

10 1 0.37 0.56 0.74

20 2 0.37 0.56 0.74

30 3 0.37 0.56 0.74

40 4 0.37 0.56 0.74

50 5 0.37 0.56 0.74

60 6 0.37 0.56 0.74

70 7 0.37 0.56 0.74

80 8 0.37 0.56 0.74

90 9 0.37 0.56 0.74

100 10 0.37 0.56 0.74

Glycogen weight-to-water weight ratio: glycogen weight (g)/
water weight (g)*100%. Groups A, B, and C refer to iodine 
concentrations of 0.37, 0.56, and 0.74 mg/mL, respectively. IC, 
iodine concentration; NGC, nominal glycogen concentration.
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software. A P value less than 0.05 indicated statistical 
significance. 

The correlation between the CT numbers on the 70 keV 
monochromatic images and the known nominal glycogen 
concentration (NGC) was evaluated using least-square 
linear regression. Similarly, the same methodology was 
used to construct the linear calibration curve and evaluate 
correlations between VGC and NGC. In addition, the 
coefficient of determination (R2) and residual root-mean-
square error (RMSE) were calculated to evaluate the 
goodness of the linear fits. The intercept of the calibration 
curve (Yint) was set to be zero because the VGC was expected 
to be proportional to the NGC, and the inverse of the curve 
slope (Cslope) was determined as the conversion factor from 
VGC to NGC (21). Additionally, covariance analysis was 
used to evaluate the influence of iodine concentration and 
tube current on the Cslope. 

Furthermore, the sensitivity of the measurement 
was represented by the LOD and LOQ. The LOD was 
calculated according to the Clinical and Laboratory 
Standards Institute (22,23). First, the limit of blank (LOB) 
signal was defined as the maximum expected signal level 
(measured in HU or mg/mL) of background (the glycogen-
free solution) and calculated using Eq. [1]:

1.645signal blank blankLOB = x + σ  [1]

where, blankx  denotes the mean signal of the background, the 
blankσ  represents the standard deviation of the measurements. 

The multiplicative factor of 1.645 is consistent with a 
Gaussian distribution with a 95% confidence interval (CI). 
The LOD signal was subsequently computed using Eq. [2]:

1.645signal signal lowconcLOD = LOB + σ  [2]
This algorithm required the standard deviation of a 

low-concentration (low conc) sample, which was set to  
10 mg/mL because the signal was higher than that of the 
LOB under all conditions (22). Eq. [3] was then used to 
convert the signal to a concentration using the equation for 
the regression curve (22):

intsignal

slope

LOD - yLOD =
C

 [3]

In addition, the LOQ was established as the lowest 
glycogen concentration at which the coefficient of variation 
was 20% or less (21). 

The inter-class correlation coefficient (ICC) was used 
to assess the scan-repeat scan (scan-rescan) agreement of 
measured VGC. The ICC was interpreted as follows: poor 
agreement (<0.4), good agreement (0.4–0.75), and excellent 
agreement (≥0.75) (24). Finally, the scan-rescan variability 
was assessed using the coefficient of variation (CoV), which 
was determined as the proportion of the standard deviation 
of the mean (expressed as percentage). The CoV of each 
sample was calculated and then averaged to determine the 
mean CoV among samples, defined as the CoV of the scan-
rescan.

Results

CT number on 70 keV monochromatic images was 
correlated to NGC (P<0.001). However, the linear curve fit 
was relatively poor (R2: 0.867–0.932; Figure 2). In contrast, 
excellent linear relationships were found between nominal 
and virtual glycogen concentrations (P<0.001, R2: 0.989–
0.997; RMSE: 1.862–3.267 mg/mL), and linear calibration 
curves with an intercept of zero were obtained, confirming 
the proportionality between the two quantities (Figure 3). 
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Figure 2 Correlation between computed tomography numbers (HU) on 70 keV monochromatic images and the nominal glycogen 
concentration under a mixture with different iodine content. (A) Iodine content 0.37 mg/mL. (B) Iodine content 0.56 mg/mL. (C) Iodine 
content 0.74 mg/mL. GC, glycogen concentration.
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Figure 3 Regression curves between virtual GC and nominal GC. (A) At 200 mA with 0.37 mgI/mL. (B) At 335 mA with 0.37 mgI/mL. (C) 
At 480 mA with 0.37 mgI/mL. (D) At 200 mA with 0.56 mgI/mL. (E) At 335 mA with 0.56 mgI/mL. (F) At 480 mA with 0.56 mgI/mL. (G) 
At 200 mA with 0.74 mgI/mL. (H) At 335 mA with 0.74 mgI/mL. (I) At 480 mA with 0.74 mgI/mL. GC, glycogen concentration; RMSE, 
root-mean-square error.

The fitted linear correlation equations are listed in Table 2. 
Additionally, the estimated conversion factor from VGC to 
NGC was 3.068–3.222 (Table 3). The covariance analysis 
revealed that the Cslope at various tube currents did not differ 
significantly (P=0.959, 0.458, and 0.821), and the regression 
lines were nearly parallel (Figure 4A-4C). Similarly, there 
were no significant differences in the Cslope at different 
iodine concentrations (P=0.997, 0.904, and 0.755), and the 
regression curves were nearly coincident (Figure 4D-4F). 
The findings revealed that the tube currents, as well as the 
iodine contents, did not impact the Cslope or the conversion 
factor. In addition, the LOD varied from 6.421 to  
15.315 mg/mL, whereas the LOQ ranged from 10.95 to 

16.46 mg/mL (Table 2). Furthermore, ICC (range: 0.977–
0.991) and CoV (range: 0.1–0.2%) suggested an excellently 
reproducible measurement of VGC by means of DECT 
(Table 4). 

Discussion

Although it is difficult to achieve in vivo, the determination 
of glycogen is valuable and meaningful for providing 
biological information. In this phantom study, the feasibility 
and applicability of quantifying glycogen content using 
DECT and the MD algorithm were evaluated. Accordingly, 
linear relationships between nominal and virtual glycogen 
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contents were discovered. In addition, the method 
demonstrated exceptional stability, repeatability, variability, 
and sensitivity in glycogen quantification. 

Traditional hepatic CT images characterize GSD as a 
decrease in image density or CT values; however, there are 
substantial overlaps of CT values between different degrees 
of GSD. In this study, despite the fact that the CT numbers 
increased as the NGC increased, the curve fitting was found 
poor. In this regard, beam hardening artefacts, which are 
reduced by the pseudo-monochromatic images produced 
by GSI, could be a contributing factor (25). Notably, the 
current data demonstrated excellent linear relationships 
between VGC and NGC (R2: 0.989–0.997; RMSE in 
glycogen: 1.862–3.267 mg/mL). In addition, the scatter plot 
of the distribution of glycogen density in the test tube with 
a high glycogen concentration (10%) and a low glycogen 
concentration (0%) did not intersect at the same iodine 

concentration, indicating a significant differentiation in 
glycogen content (Figure 5). Moreover, the MD algorithm 
had the benefit of directly measuring glycogen content 
in mg/mL, which was an advantage over CT attenuation. 
With the introduction of glycogen-specific material 
density measurement, our findings may help overcome 
the ambiguity inherent to CT value alone and allow for a 
quantitative rather than qualitative diagnosis. Thus, this 
method is likely to be used to determine the extent of liver 
glycogen accumulation in GSD in future studies.

Using a small-sized phantom, fast-kilovolt-peak 
switching DECT imaging, and the MD algorithm, in vitro  
experimental study was conducted to examine the impact 
of fat content on iron quantification in the liver at tube 
currents of 200, 320, and 485 mA, respectively (18). 
Another previous report declared that the lower limit of 
iodine quantification is radiation-dose dependent (26). In 
addition, the clinical examination scan operator had access 
to varying doses and contrast dosages. In consideration of 
the aforementioned variables, the phantoms were prepared 
with differing amounts of iodine and scanned at various 
radiation dose levels. Consequently, the Cslope was unaffected 
by tube currents and iodine concentrations. Accordingly, 
the stability of this approach was demonstrated, making it 
suitable for a variety of clinical applications. 

In addition, LOD and LOQ are important measurement 
method parameters. In all conditions, our findings revealed 
that the LODs (0.6–1.5%) and LOQs (1.1–1.7%) were 
relatively stable. Moreover, the limits of quantification for 
glycogen obtained via DECT were sufficient for identifying 
pathological glycogen storage (3–10%). It indicated the 

Table 2 The fit of linear regression of virtual glycogen concentration and nominal glycogen concentration

Group Tube current (mA) Curve slope Y-intercept (mg/mL) R2 RMSE (mg/mL) P LOD (mg/mL) LOQ (mg/mL)

A 200 0.326 1,031.1 0.991 3.005 * 8.265 15.025

335 0.324 1,034.7 0.992 2.9 * 6.421 14.502

480 0.322 1,035.9 0.991 2.99 * 8.817 14.949

B 200 0.326 1,031.3 0.993 2.66 * 9.763 13.3

335 0.326 1,034.7 0.992 2.782 * 11.8 13.908

480 0.31 1,036.6 0.989 3.292 * 12.613 16.46

C 200 0.325 1,031.7 0.995 2.274 * 15.315 15.315

335 0.322 1,035 0.997 1.862 * 10.95 10.95

480 0.317 1,035.9 0.99 3.267 * 13.697 16.334

*, P<0.001. Groups A, B, and C refer to iodine concentrations of 0.37, 0.56, and 0.74 mg/mL, respectively. LOD, limit of detection; LOQ, 
limit of quantification; R2, coefficient of determination; RMSE, residual root-mean-square error.

Table 3 Estimated conversion factors from virtual glycogen 
concentration (mg/mL) to nominal glycogen concentration  
(mg/mL) using fast-kilovolt-peak switching dual-energy computed 
tomography

Group
Tube current  

(200 mA)
Tube current  

(335 mA)
Tube current 

(480 mA)

A 3.070 3.086 3.109

B 3.068 3.072 3.222

C 3.077 3.105 3.151

Groups A, B, and C refer to iodine concentrations of 0.37, 0.56, 
and 0.74 mg/mL, respectively.
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Table 4 The agreement and variability of scan-rescan

Group Tube current ICC (95% CI) CoV

A 200 mA 0.977 (0.964, 0.985)* 0.20%

335 mA 0.987 (0.980, 0.992)* 0.10%

480 mA 0.980 (0.969, 0.988)* 0.10%

B 200 mA 0.987 (0.979, 0.992)* 0.10%

335 mA 0.990 (0.985, 0.994)* 0.10%

480 mA 0.988 (0.982, 0.993)* 0.10%

C 200 mA 0.990 (0.984, 0.994)* 0.10%

335 mA 0.990 (0.984, 0.994)* 0.10%

480 mA 0.991 (0.987, 0.995)* 0.10%

*, P<0.001. Groups A, B, and C refer to iodine concentrations 
of 0.37, 0.56, and 0.74 mg/mL, respectively. CoV, coefficient of 
variation; ICC, inter-class correlation coefficient; CI, confidence 
interval.

Figure 4 Comparison of slopes for the regression lines between different tube currents and different iodine concentrations. (A) Comparison 
between different tube currents with 0.37 iodine mg/mL. (B) Comparison between different tube currents with 0.56 iodine mg/mL. (C) 
Comparison between different tube currents with 0.74 iodine mg/mL. (D) Comparison between different iodine concentration at 200 mA. 
(E) Comparison between different iodine concentration at 335 mA. (F) Comparison between different iodine concentration at 480 mA. GC, 
glycogen concentration.
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Figure 5 Scatter plot, demonstrating the distribution of glycogen 
density in the test tube with high (10%) and low (0%) glycogen 
concentrations. The scatter plot of high glycogen content (10%) 
and low glycogen content (0%) had no intersection under the 
condition of the same iodine concentration, displaying significant 
differentiation of the measurement in glycogen content. GSI, 
gemstone spectral imaging. 
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potential of direct imaging of liver glycogen accumulation, 
particularly in GSD. It would be possible to image glycogen 
directly in tumors and bloods if this technology is further 
refined to achieve a lower limit of quantification. In 
addition, the evaluation of quantitative limitations could 
provide experimental references for future research. 

Due to the chemical instability of glycogen, we chose 
glucose over glycogen as the basis material in this study (27).  
Notably, the MD algorithm could inspect the content 
directly in percentages. Theoretically, the use of glucose as 
base material has no effect on the measured VGC. Although 
the estimation of glycogen may be affected by its by-product, 
such as glucose, this effect is minimal in the liver. Moreover, 
this study introduced glycose and iodine as a material pair, 
exploring new avenues for exploiting the features of the 
material composition algorithm and expanding the clinical 
applications of this technique. However, the method for 
quantifying glycogen would be applied to enhanced images. 
Using the base materials in the body, such as iron, on non-
enhanced images, additional experiments are required to 
determine the glycogen content. 

Nevertheless, as demonstrated in Table 3, there are 
still minor variations in conversion factors under various 
conditions. Additionally, inter-scanner variation would 
likely amplify the uncertainty in the conversion factors and 
worsen the LOQ (21,22). In this regard, the use of a single 
scanner is a limitation of the present study. Accordingly, 
future research will require other scanners with distinct GSI 
modes and material quantification algorithms (28) in order 
to confirm the applicability and accuracy of the current 
analytical results. Therefore, to ensure reliable glycogen 
quantification, it is imperative to ensure accurate calibration 
of the conversion factor and LOQ. Always scanning a 
calibration phantom with the patient according to different 
conditions (such as patient size, iodine injection dose, tube 
current, GSI mode, and use of a material pair) would be one 
approach that could potentially meet these requirements.

In addition, the results demonstrated an excellent scan-
rescan agreement and minimal variability of VGC, with 
coefficients of variation below 1% and ICC values close to 1. 
Overall, the method demonstrated excellent repeatability/
reproducibility and stability.

The study also comprises several limitations. Initially, 
the study provided a relative estimation of glycogen 
concentration. However, to improve the technique for 
absolute measurement, additional research is required. 
Secondly, in this phantom study, the mixture to be analyzed 
consists of only glycogen, water, and iopromide, whereas the 

human organ is a more complex system. To test the accuracy 
of DECT for glycogen quantification, it is, therefore, 
necessary to compare theoretical results with pathological 
results, particularly in GSD patients. Moreover, the 
experimental design of glycogen concentration was based 
on an arithmetic principle. The current findings, therefore, 
must be confirmed in experiments employing geometric 
design with a lower glycogen concentration.

Conclusions

Our pilot phantom analysis demonstrated the feasibility 
and efficacy of detecting and quantifying glycogen using 
DECT and showed good quantitative performance with 
excellent stability and reproducibility/variability. Thus, in 
the future, DECT could be utilized as a convenient method 
for glycogen quantification to provide more reliable data for 
clinical decision-making. 
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