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Glycogen plays essential roles in glucose metabolism. Imaging glycogen in the liver, the major glycogen reservoir
in the body, may shed new light on many metabolic disorders. *C magnetic resonance spectroscopy (MRS) has
become the mainstream method for monitoring glycogen in the body. However, the equipment of special hard-
ware to standard clinical magnetic resonance imaging (MRI) scanners limits its clinical applications. Herein, we
utilized endogenous glycogen as a T,-based relaxation contrast agent for imaging glycogen metabolism in the
liver in vivo. The in vitro results demonstrated that the transverse relaxation rate of glycogen strongly correlates
with the concentration, pH, and field strength. Based on the Swift-Connick theory, we characterized the exchange
property of glycogen and measured the exchange rate of glycogen as 31,847 Hz at 37 °C. Besides, the viscosity
and echo spacing showed no apparent effect on the transverse relaxation rate. This unique feature enables vi-
sualization of glycogen signaling in vivo through T,-weighted MRI. Two hours-post intraperitoneal injection of
glucagon, a clinical drug to promote glycogenolysis and gluconeogenesis, the signal intensity of the mice’s liver
increased by 1.8 times from the T,-weighted imaging experiment due to the decomposition of glycogen. This
study provides a convenient imaging strategy to non-invasively investigate glycogen metabolism in the liver,
which may find clinical applications in metabolic diseases.

1. Introduction

Glycogen is a mixture of branched glucose polymers with «-1,4 and
a-1,6 linkages between glucose units, found mainly in the liver and
skeletal muscle but also partially in the brain, kidney, and intestine [1].
Glycogen is enormous and does not exist independently but binds to
various proteins to form glycogen particles, which facilitates high water
solubility. The formation of glycogen granules is closely related to hor-
mone and enzyme levels in the body [2]. Theoretically, there is an intri-
cate balance between glucose and glycogen concentrations in humans.
However, abnormal glycogen metabolism will cause many metabolic
diseases, like diabetes. Impairment of liver glucose regulation is an es-
sential driving force in the early development of metabolic diseases such
as diabetes mellitus type 2 (T2DM) [3]. Therefore, monitoring glycogen
metabolism can be critical for disease diagnosis.

There are several non-invasive ways to detect glycogen, such as 'H,
2H, 13C MRS [4-7], chemical exchange saturation transfer (CEST) MRI,
and positron emission tomography (PET) [8]. 13C-labeled glucose MRS

* Corresponding author.
E-mail address: xinzhou@wipm.ac.cn (X. Zhou).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.fmre.2022.10.010

has been one of the most used methods for in vivo glycogen detection
over the past decades. Michael et al. used 1*C MRS to compare liver
glycogen metabolism in type 2 diabetic patients and non-diabetic vol-
unteers after mixed meals and successfully quantified postprandial net
liver glycogen [9]. However, 13C MRS measurement suffers from limited
NMR sensitivity due to its low gyromagnetic ratio (\3C: 10.705 MHz T-1,
1H: 42.577 MHz T~1) and low natural abundance (1.1% 13C). Thus long
acquisition time and large voxel size are necessary to achieve an ade-
quate signal-to-noise ratio (SNR) in 13C MRS. Besides, different radio
frequency types of equipment, e.g., radiofrequency(RF) amplifier and
coil at 13C frequency, are required to perform '3C MRS, which is rarely
available on clinical MRI scanners. These factors significantly limit its
clinical application in most hospitals. Likewise, 2H MRS is restricted
to its low NMR sensitivity and clinical accessibility. Besides, the reso-
nance of glycogen overlaps inextricably with those of glucose in 2H MRS
[10,11]. PET with exogenous isotope labeling agent 18F-NFTG is able to
detect the synthesis of labeled glycogen, but the metabolic changes of
total glycogen are unavailable in the liver.
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Fig. 1. Chemical structure of glycogen. Exchangeable protons, marked in red, are exchanged with water protons to produce T, contrast.

Glycogen Chemical Exchange Saturation Transfer (glycoCEST) is an
emerging technique that indirectly detects glycogen through the ex-
change between glycogen hydroxyl protons and water protons [12,13].
It requires neither specialized hardware nor an exogenous contrast agent
to provide a high-resolution glycogen map. Sherry et al. monitored liver
glycogen metabolism after glucagon injection using glycoCEST [13].
However, due to the slight difference between the chemical shifts of
glycogen exchangeable protons and water, glycoCEST is susceptible to
the direct saturation effect of water, which affects its detection sensitiv-
ity. Several other endogenous molecules containing hydroxyl protons
can have similar resonance frequencies that overlap with the glyco-
gen exchangeable proton, which may hinder quantifying the intensity
of glycoCEST [14]. Based on glycoCEST, glycogen nuclear Overhauser
enhancement (glycoNOE) was developed as a novel method for detect-
ing glycogen. Starting from the two NOE effect-based saturation trans-
fer pathways from glycogen aliphatic protons to water, glycogen was
indirectly detected by signal changes in water [15]. Using glycoNOE
technology, Yadav et al. successfully monitored glycogen metabolism
in the liver after fasting and glucagon injection with reasonable speci-
ficity [16]. Although CEST technology is an up-and-coming technology,
CEST detection needs to collect a large amount of data and requires a
long scanning time, which is a massive burden for the patients.

It has been reported that the presence of multiple labile protons
in a single molecule, such as glucose, can be considered a transverse
relaxation agent because they can carry out a rapid chemical exchange
with water molecules, changing the transverse relaxation rate of water
protons [17-19]. In this work, glycogen has been proven to be an
effective endogenous T, relaxation contrast agent (Fig. 1). After in-
traperitoneal injection of glucagon to normal mice, the concentration of
liver glycogen was reduced significantly, thus substantially affecting the
transverse relaxation time of liver water. Through T,-weighted MRI, we
can monitor glycogen metabolic processes in the liver non-invasively
and in real time.

2. Materials and methods
2.1. Materials

A 100 mM stock solution of bovine liver glycogen (Sigma) was pre-
pared and then diluted to five different concentrations (0, 5, 10, 20, and
40 mM). Six samples at different pH values of 6.00, 6.50, 6.94, 7.34,
7.83, and 8.34 were obtained for each concentration. Each sample with
500 uL volume was poured into a cut-off 1 mL syringe, and imaging
experiments were conducted on Bruker Biospec 4.7 T/30 cm and 9.4
T/30 cm MRI scanners at 20 °C. 1 mg porcine glucagon (Macklin) was
dissolved in 1 mL saline for in vivo MRI experiments.

2.2. Methods

2.2.1. Invitro experiments
Quantitative T, measurements of all samples were performed using
a manufacturer-supplied multi-slice multi-echo (MSME, Bruker) pulse
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sequence, and the same acquisition parameters were used on different
MRI scanners. Three variable echo spacings were conducted with a to-
tal time of 3 s and the echo chain length/echo spacing were 200/15,
120/25, and 75/40, respectively. Other specific parameters are as fol-
lows: repetition time (TR) = 10,000 ms; number of averages = 1; ma-
trix = 48 x 48; FOV = 4 cm?; number of slices = 1; the slice thick-
ness = 1 mm; and total scan time = 12 min. For quantitative T; measure-
ments, a manufacturer-supplied fast spin-echo sequence (RARE, Bruker)
was employed with the following parameters: TR value from 200 ms
to 10,000 ms; echo time (TE) = 8 ms; RARE factor = 2; number of
averages = 1; matrix= 48 x 48; FOV =4 cm?; number of slices = 1;
slice thickness = 1 mm; and the total scan time was 12.5 min. The T,-
weighted imaging was measured using an MSME pulse sequence on dif-
ferent MRI scanners with the following parameters: TR = 5 s; echo spac-
ing = 20 ms; echo chain length = 80; number of slices = 1; slice thick-
ness is 1 mm on 9.4 T scanner and 5 mm on 4.7 T scanner (to achieve a
good SNR); matrix = 128 x 128; FOV = 4 cm?; the total scan time was
6 min. Diffusion-weighted imaging (DWI) experiments were performed
on each sample to confirm the effect of solution viscosity on relaxation
time.

2.2.2. In vivo experiments

All experimental protocols involving animals were approved by
the Animal Welfare and Research Ethics Committee at Innovation
Academy for Precision Measurement Science and Technology, Chinese
Academy of Sciences (Ethical number: APM21018T). For MRI experi-
ments, healthy adult male C57BL/6 mice (n = 3) were anesthetized with
2%-3% isoflurane followed by 0.6-1 L/min flow of 1%-2% isoflurane
to maintain anesthesia. Each mouse was intraperitoneally injected with
100 uL of glucagon solution (1.0 mg/mL) within 10 s and fixed to an ani-
mal bed in the prone position. Imaging experiments were performed im-
mediately after the intraperitoneal injection of glucagon (within 4 min).
T,-weighted images of mice liver were acquired using RARE sequence
with the following parameters: TR = 2 s; TE = 26 ms; RARE factor = 4;
number of averages = 2; number of repetitions = 80; matrix size = 96
X 96; FOV = 30 mm x 25 mm; number of slices = 8 or 9; the slice
thickness = 1 mm; and the total acquisition time was 128 min. Respira-
tory gating was applied during the scan to minimize the motion-related
artifacts. Image processing was performed using a homemade MATLAB
(MATLAB 2014b) script. All the T,-weighted images were normalized to
the first T,-weighted image acquired within 4 min after intraperitoneal
injection.

3. Results and discussion

3.1. Invitro experiments

The transverse relaxation rates (R,) were measured for all the sam-
ples and the results showed a strong linear relationship between the
concentration and R, (Fig. 2a). The results also indicated that the mag-
netic field strength positively correlated with R,. To better explore the
influence of the glycogen relaxivity (r,,), we fitted the data using Eq. 1:
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Fig. 2. Transverse relaxation rate, R, (a,b), longitudinal relaxation rate, R, (c,d), and translational diffusion coefficient, D (e,f) of glycogen solutions at
4.7 and 9.4 T measured at 20 °C. R, is linearly dependent on the concentration in the measured range, while pH is 7.34 (a), but the pH dependence of 10 mM
glycogen is not (b). There is no apparent dependence between R; and concentration (c) or pH (d). D is independent of concentration (e) and pH (f).

RZ = R2,water + [glycogen] r2ex,glycogen (1)
where we assumed that ryey g1ycogen €N approximate the total relaxivity
of glycogen. The ey, giycogen Was 0.0663 s™ mM~! at 9.4 T under 20 °C,
which is nearly 4 times larger than at 4.7 T (0.0178 s~! mM~1) (Fig. 2a).

The pH-dependent R, study showed that the R, of glycogen var-
ied nonlinearly with pH, peaking at pH near 7 and then decreasing
along both sides (Fig. 2b). The explanation for this phenomenon may be
that glycogen is a branched polysaccharide, and the internal structure
is dynamic equilibrium, thus exposing hydroxyl groups with different
exchange rates at different pH values. Additional transverse relaxation
experiments were performed on fresh rat blood to explore the influence
of oxygen saturation (Table S1). The experimental results show that oxy-
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gen saturation does not significantly affect glycogen’s transverse relax-
ation rate under normal physiological conditions.

The viscosity is also an important factor that may affect the trans-
verse relaxation rate of certain compounds, which can be reflected
through the longitudinal relaxation rate (R;) and diffusion coefficients
(D) [20]. In order to explore this potential interference, the longitudinal
relaxation rate and diffusion coefficients were measured on each sam-
ple. R; was not significantly correlated with glycogen concentration.
The nonlinear variation of the longitudinal relaxation time may be af-
fected by the ambient temperature fluctuation, the oxygen content in
the solution, and the measurement error. At the same time, D decreased
slightly (6%) with the increase in glycogen concentration (Fig. 2c and
2e). Therefore, the contribution of this slight variation to R, of glyco-
gen could be ignored. There was no apparent relationship between R;
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Fig. 3. Transverse relaxation rate, R, (a,b), longitudinal relaxation rate, R, (c,d) for glycogen solutions at 9.4 T measured at 37 °C. It has the same trend

with the temperature at 20 °C.
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Fig. 4. Simulation of transverse relaxivity (r,.,) at 4.7 and 9.4 T using the
Swift-Connick equation. The markers are the measured experimental trans-
verse relaxivity at each field under 20 °C. The fitted value is k,,=16,667 s~*.

or D and the pH of the glycogen solution within the measurement range
(Fig. 2d and 2f). Therefore, the transverse relaxation rate of glycogen is
mainly attributed to the exchange rate of the hydroxyl proton on glyco-
gen, independent of solution viscosity [21]. To simulate the physiolog-
ical environment, we also measured the relaxation time of each sample
at 37 °C using the 9.4 T scanner. The results showed that the R, had a
linear correlation with the concentration and no linear correlation with
pH, and R; had no linear relationship with both the concentration and
pH (Fig. 3).
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To further investigate the exchange rate of glycogen, the Swift-
Connick equation was used to analyze the transverse relaxivity
[22]:

R3, + Ropkey + Aw?

RZEX = kexPB (2)

(Rap + ko)’ + Aw?

where R, is the transverse relaxation rate of exchangeable solute pro-
tons, and Py is the mole fraction of exchangeable protons (for 1 mM
glycogen, P, = 14 mM exchangeable protons/110 M water protons).
Aw was set to 1.2 ppm in our case. Since Aw>>R,g, the transverse re-
laxivity (rye,) of glycogen can be approximated as

Aw?

- - 3)
k2 + Aw?

Foex = kcxP B
In Fig. 4, we fitted the exchange rate correlation curves of exchange-
able protons at 4.7 and 9.4 T, using Eq. 3. Combining the measured
transverse relaxivity with the fitting curve, the exchange rate was cal-
culated to be 16,667 s~ (20 °C) and 31,847 s~ (37 °C) at pH 7.34, which
were falling into the left side of the Swift-Connick curves. With the tem-
perature increase, the exchange rate becomes faster and r,., decreases,
consisting of the transverse relaxivity behavior at 37 °C (Table 1). Al-
though the glycogen consists of glucose, compared with glucose (2200
s71), glycogen has a higher exchange rate.

Based on the Swift-Connick equation, the ry, strongly depends on
the chemical shift difference (Aw) between water and the exchangeable
protons. For example, iron oxides (over 200 s~! mM~1) and paramag-
netic Ty, contrast agents (1-16 s~ mM~1) both exhibit high relaxivi-
ties [23]. Many diamagnetic molecules containing exchangeable protons
show smaller chemical shift differences with water, leading to a slower
exchange rate. Several diamagnetic T, contrast agents, such as D-glucose
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Table 1
The transverse relaxivity and exchange rate of glycogen in different fields
and at different temperatures.

Field Taex, glycogen (s"! mM1) ke 571

T

M 20°C 37 °C 20 °C 37°C
4.7 0.0178 0.0090

9.4 0.0663 0.0362 16,667 31,847

* Thex, glycogen At 37 °C was predicted based on exchange rate.

[19], D-maltose [17], and L-glutamine [18], have also been reported in
the past decades. Comparatively, the glycogen has great advantages for
imaging applications in the human body, especially the relatively large
quantity compared to several other endogenous molecules.

Both T,., and CEST utilize the principle of chemical exchange. The
difference is that CEST requires a relatively short or moderate exchange
rate compared to the T,,, mechanism. The ideal exchange rate for CEST
imaging is 1-10 kHz. However, the exchange rate of exchangeable pro-
tons in glycogen solution is around 30 kHz at 37 °C, while pH is 7.34,
which is too fast for CEST imaging. In addition, due to the different
mechanisms of T, and CEST, Ty, is less affected by the magnetiza-
tion transfer (MT) and nuclear overhauser effect (NOE). Since T, does
not require saturation frequency-dependent information, it requires less
sampling time than CEST MRI. The T,., contrast focuses on the impact
of the total exchangeable hydroxyl protons, while the CEST contrast
focuses on specific saturation frequencies. According to different exper-
imental needs, CEST and T,,, images can provide two different comple-
mentary pieces of information.

Considering the spin-echo imaging method, the echo spacing can af-
fect the transverse relaxivity. In an attempt to assess this influence, the
transverse relaxivities at different echo spacings were measured (Fig. 5).
Over the echo spacing tested from 15 to 40 ms, the transverse relaxiv-
ities were almost the same, demonstrating that the exchange rates of
different hydroxyl protons on glycogen are very close. Compared to T,-
exchange behavior under different pHs and field strengths, the longitu-
dinal relaxivities kept almost the same over the tested range.

Next, in vitro MRI experiments were performed with glycogen at field
strengths of 4.7 and 9.4 T with different echo times using the MSME
pulse sequence (Fig. 6). Considering the effect of SNR and the largest
difference in the signal intensity in the decay curve, echo times were
chosen with 160 and 600 ms for the experiments. The results showed
that the T,-weighted image of the glycogen has stronger contrast with
the echo time increased. When the concentration increased, the intensity
of the T,-weighted image gradually weakened, with the signal intensity
decreasing by 5.6% (ES = 160 ms) and 17.8% (ES = 600 ms) at 4.7 T
using 20 mM glycogen solution and by 20.3% (ES = 160 ms) and 57.3%
(ES = 600 ms) at 9.4 T.

3.2. In vivo experiments

We next turn our attention to an in vivo MRI study using glucogen as
a T, exchange contrast agent. Glucagon is a clinical drug that promotes
glycogenolysis and gluconeogenesis and thus significantly increases
blood sugar concentration. The main target organ of the metabolic effect
is the liver [24]. With the information in hand, we tentatively imaged
the glycogen metabolism behavior in the liver with the help of glucagon.
The T,-weighted images were acquired 2 h after intraperitoneal infused
with glucagon (100 uL, 1 mg/mL) in mice (Fig. 7). As shown in Fig. 7b,
15 min after intraperitoneal glucagon injection, the intensity of the liver
began to increase and reached the maximum at 2 h. The enhancement of
the liver T,-weighted image intensity indicated that liver glycogen was
decomposed into glucose as a drug effect of glucagon, and the transverse
relaxation time of the liver water became longer.

In addition, it was also found that in the early stage of intraperitoneal
injection of glucagon, the intensity of T,-weighted imaging increased
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Fig. 5. Transverse and longitudinal relaxivity as a function of pH and echo

spacing (ES) of 15, 25, and 40 ms at 4.7 T measured at 20 °C (a); 9.4 T
measured at 20 °C (b); 9.4 T measured at 37 °C (c).

non-uniformly, and some of the local signals increased rapidly. After
a while, the signal intensity tended to be uniform, consistent with the
trend reported in the previous literature [10,16]. The observed changes
in the spatial distribution of signal intensity following intraperitoneal
injection may reflect the lobular anatomy of the liver, its vasculariza-
tion and the heterogeneous distribution of glycogen in the liver [25].
Compared to the glucagon group, no significant change was observed
in the signal intensity of the mouse liver after the infusion of saline
(Fig. 7a). The results proved that most of the liver glycogen was in a
relatively stable state and did not participate in metabolism. Through
dynamic T,-weighted liver imaging, we achieved real-time monitoring
of hepatic glycogen metabolism in mice.
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Proton Density Echo Time=160 ms  Echo Time=600 ms

Fig. 6. T,-weighted images of glycogen solutions at 4.7 T (a) and 9.4 T (b) were measured at 20 °C. In the left column are the proton density images, where 0,
1, 2, 3, and 4 represent glycogen concentrations of 0, 5, 10, 20, and 40 mM, respectively. The echo time of the middle column is 160 ms, and the right one is 600 ms.
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Fig. 7. Dynamic images of glycogen metabolism in the liver region of mice. Images were acquired with a T,-weighted spin-echo sequence. (a) Infused with

100 uL of saline. (b) Infused with 100 uL of 1 mg/mL glucagon solution. (c) The intensity profiles of the liver region at different time points of each ROI.

4. Conclusion ing and viscosity show a neglectable effect on the transverse relaxation

rate, which is beneficial for clinical glycogen imaging. In vivo results
demonstrated that the T,-weighted imaging signal intensity of the liver
increased by 2 times after the injection of glucagon, attributed to the de-
composing of glycogen in the liver. This work provides a new platform
for non-invasively monitoring glycogen metabolism using MRI. Not only
in normal mice, we hope the proposed method has the potential to be

In summary, we have successfully employed glycogen as an endoge-
nous T, contrast agent to image liver glycogen metabolism. The trans-
verse relaxation rate of glycogen is highly dependent on pH and mag-
netic field strength. When increasing the field strength to 9.4 T, the
transverse relaxivity reaches 0.0362 mM~!s! at 37 °C. The echo spac-
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applied to access abnormal glycogen metabolism-related liver diseases,
such as obesity, hepatoma, diabetes type 2 (T2DM), and glycogen stor-
age diseases.
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