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Glycogen plays a central role in glucose homeostasis and is
abundant in several types of tissue. We report an MRI method for
imaging glycogen noninvasively with enhanced detection sensitiv-
ity and high specificity, using the magnetic coupling between
glycogen and water protons through the nuclear Overhauser en-
hancement (NOE). We show in vitro that the glycogen NOE
(glycoNOE) signal is correlated linearly with glycogen concentration,
while pH and temperature have little effect on its intensity. For
validation, we imaged glycoNOE signal changes in mouse liver,
both before and after fasting and during glucagon infusion. The
glycoNOE signal was reduced by 88 ± 16% (n = 5) after 24 h of
fasting and by 76 ± 22% (n = 5) at 1 h after intraperitoneal (i.p.)
injection of glucagon, which is known to rapidly deplete hepatic
glycogen. The ability to noninvasively image glycogen should al-
low assessment of diseases in which glucose metabolism or stor-
age is altered, for instance, diabetes, cardiac disease, muscular
disorders, cancer, and glycogen storage diseases.
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Glycogen, a branched polymeric form of glucose, plays a cen-
tral role in maintaining glucose (short-term energy) homeo-

stasis in different tissues. For instance, brain glycogen [with a
concentration of ∼5.1 mM (1)] is almost exclusively localized in
astrocytes (2) and acts as an energy reserve for neuronal activity.
Liver glycogen [100–800 mM (3)] maintains appropriate levels of
blood glucose (4), while glycogen in heart muscle is a crucial
contributor to myocardial energy production (5). Skeletal muscle
glycogen [40–100 mM (6)] storage is closely correlated to fatigue
resistance during prolonged or high-intensity exercise (7). Con-
sidering its role in cellular energy homeostasis and its wide
abundance in vivo, changes in glycogen concentration are often an
endogenous marker for a variety of diseases such as cancers (8, 9),
diabetes (10, 11), glycogen storage diseases (12), and liver diseases
(13). A method allowing noninvasive in vivo measurement of
glycogen levels would thus be of importance for the assessment of
these diseases and disorders.
Several techniques are currently available for quantifying gly-

cogen noninvasively, including ultrasound (14), 18F-N-(methyl-(2-
fluoroethyl)-1H-[1,2,3]triazole-4-yl)glucosamine Positron Emission
Tomography (18F-NFTG-PET) (15), and 13C and 1H magnetic
resonance spectroscopy (MRS) (1, 3, 6, 16–18). The specificity of
the MRS methods is superior to ultrasound. While 1H MRS has
been shown to detect the total glycogen pool when dissolved in
D2O in vitro (17), it may underestimate the amount of hepatic
glycogen in vivo (19, 20). In vivo 13CMRS, one of the most popular
methods in the past several decades, has been performed at natural
abundance (1, 3, 18) (1.1% of all carbons) as well as with infusion
of substrate (1), but its impact in the clinic has been limited due to
its much lower detection sensitivity compared to 1H MR and its
requirement for specialized equipment that often is unavailable
on clinical MRI scanners. 18F-NFTG-PET study of exogenous
isotope-labeled agents detects only the synthesis of labeled glyco-
gen instead of total glycogen pool.

The glycoCEST (chemical exchange saturation transfer imaging
of glycogen) MRI method (21–23) was proposed more than a
decade ago as a promising method that doesn’t require specialized
hardware or exogenous contrast agents and provides maps with
relatively high spatial resolution. It detects glycogen indirectly
through the exchange interaction between the glycogen hydroxyl
protons and water protons, a principle that has been widely uti-
lized to image several other metabolite molecules (24). However,
the fast exchange properties of glycogen hydroxyl protons in vivo
and the presence of magnetic resonance signals from several other
molecular sources at the hydroxyl proton frequencies hinder
the quantification of the glycoCEST signal. Consequently, the
glycoCEST MRI method has only had limited success for in vivo
studies (25, 26).
Here, we report an MRI method for imaging glycogen based

on the nuclear Overhauser enhancement (NOE) phenomenon
(also called nuclear Overhauser effect, when multiple enhance-
ments are measured together) (27). NOE, a fundamental mag-
netization transfer mechanism, can be detected using saturation
transfer (ST) experiments (24, 28), in which the relative satura-
tion of water signal is measured as a function of saturation fre-
quency, generating a so-called Z-spectrum (Fig. 1). Like a 1H
MR spectrum (Fig. 1 C and D), the Z-spectrum (Fig. 1E) displays
signals from different molecular or chemical origin, but here with
enhanced sensitivity and from protons undergoing saturation
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transfer via either chemical exchange (Fig. 1F), relayed or direct
NOEs (Fig. 1 A and B), or transferred magnetization due to
transient molecular binding (29). Based on this rationale, we hy-
pothesized that NOEs between water protons and glycogen ali-
phatic protons (27) should be detectable at one or more chemical
shift positions in the Z-spectrum. In order to test our hypothesis,
we first characterized glycogen NOE signals in vitro by varying
glycogen concentration, pH, and temperature and then used the in
vivo NOE signals to image glycogen in mouse liver. Both types
of experiments showed a strong signal around −1 ppm (parts per
million) relative to the water resonance in the aliphatic region of
the Z-spectrum. To validate that the in vivo signal source was from
glycogen, we examined the signal changes in the liver of fed mice
before and after 24 h fasting as well as the effect of intraperitoneal
(i.p.) injection of glucagon, which is known to rapidly deplete
hepatic glycogen.

Results
The occurrence of a glycogen NOE with water was first confirmed
by saturation transfer experiments in vitro. Fig. 2B displays a 1H
NMR spectrum showing the spectral positions of glycogen aliphatic

protons (assigned in Fig. 2A) relative to water. Corresponding
signals are observed in the Z-spectra acquired from rabbit liver
glycogen and bovine liver glycogen (Fig. 2C). At the positive fre-
quency offset in Fig. 2C, a broad saturation curve is visible from
+0.3 ppm to about +1.5 ppm, a characteristic of intermediate to
fast chemical exchange between water and glycogen hydroxyl
protons (glycoCEST), which resonate at +0.7 and +1.2 ppm (22).
The H1-4 proton at +0.6 ppm is also expected to generate an
NOE (27), but at pH 7.4 (Fig. 2C) this NOE is hidden under the
stronger glycoCEST effect and water direct saturation. The H1-4
NOE peak starts to become visible when glycoCEST effects are
small at low or high pH (SI Appendix, Fig. S4). In the negative
frequency range of Z-spectra, both rabbit and bovine liver gly-
cogen show NOE peaks between −0.6 and −1.5 ppm, which are
attributed to a combination of glycogen aliphatic protons H3,
H5, and H2+H4-1 (Fig. 2 A–C) based on previously published
assignments in MR spectra (27, 30). At a magnetic field of 11.7 T,
these combined signals appear as a single broad peak at approximately
−1 ppm, while two composite peaks (at −0.7 and −1.0 ppm) are
visible at 17.6 T (SI Appendix, Fig. S1), corresponding to H3 (−0.7
ppm) and the overlapping resonances of H5 (−0.9 ppm) and
H2+H4-1 (−1.1 ppm). Interestingly, the rabbit liver glycogen
sample (with an average particle size of ∼52 nm, SI Appendix, Fig.
S2) generates a much stronger NOE signal than the bovine liver
glycogen (∼7 nm) (Fig. 2C), suggesting glycoNOE signal increases
with glycogen particle size, in line with the expectation of stronger
NOE with slower motion.
To characterize the glycoNOE signal, rabbit liver glycogen

Z-spectra were acquired in vitro as a function of concentration and
pH and at two temperatures (20 °C and 37 °C). The glycoNOE
signal intensity was found to be linearly dependent on concentration
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based saturation transfer mechanisms (A and B), while signal at around +1
ppm is from hydroxyl protons undergoing chemical exchange with water (F).
Because of multiple saturation transfer events in a single MR sequence, the
glycogen signal in the Z-spectrum is enhanced compared to that in the 1H MR
spectrum. Note that the Z-spectrum is referenced to the water frequency.

2 3 4 5 6 7 8 9
pH

0

5

10

15

20

gl
yc

oN
O

E
(p

ea
k )

( %
)

20 oC
37 oC

0 100 200 300 400 500
Concentration (mM)

0

5

10

15

20

gl
yc

oN
O

E
(-

1
pp

m
) (

%
)

Rabbit
Bovine

0.85

0.9

0.95

1

S
/S

0

-3-2-10123
Offset from water (ppm)

0
10

S
ig

na
l(

%
)

Rabbit
Bovine

O

OH

H

H

OH

CH2OH

HH H
O

OH

H

H

OH

CH2OH

HH H
1

23

4

5

6

O ……

H1-4
H4

H3
H5

H2 & H4-1

pH 7.4
300 mM

3
5

C

D

E

1-4 4-1

B

A

Fig. 2. The glycoNOE signal in vitro for liver glycogen. (A) Chemical struc-
ture and proton assignment of glycogen. (B) One-dimensional 1H NMR
spectrum of bovine liver glycogen [100 mM, pH 7.4; peak assignments are
based on the work by L.-H. Zang et al. (30)]. (C) Z-spectra for bovine and
rabbit glycogen solutions (300 mM glucose unit, pH 7.4, 20 °C.) The bottom
row shows the residual signal after subtracting out the fitted direct water
saturation signal from the Z-spectra. (D) Bovine liver glycogen and rabbit
liver glycoNOE signal (peak value at −1.0 ppm) as a function of glucose-unit
concentration in vitro (pH 7.4, 20 °C). (E) Rabbit liver glycogen (100 mM) NOE
signal (peak value) as a function of pH in vitro at 20 °C and 37 °C. All data
in C–E were acquired with an RF saturation power (B1) = 1.0 μT.

Zhou et al. PNAS | February 11, 2020 | vol. 117 | no. 6 | 3145

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909921117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909921117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909921117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1909921117/-/DCSupplemental


www.manaraa.com

(Fig. 2D and SI Appendix, Fig. S3) and showed negligible de-
pendence on pH and temperature (Fig. 2E and SI Appendix, Fig.
S4). Importantly, these dependencies are in strong contrast with
glycoCEST signals (+0.7 and +1.2 ppm) which depend on con-
centration nonlinearly (21), and are sensitive to pH and temper-
ature (SI Appendix, Figs. S3 and S4). Both glycoNOE and
glycoCEST show large signal enhancement ratios: for the 100 mM
(equivalent concentration of glucose units) rabbit liver glycogen
sample, the glycoNOE peak reaches an intensity equivalent to
about 5.3 M proton signal (Fig. 2E, calculated from water per-
centage), while the glycoCEST effect reaches up to 10 M (SI Ap-
pendix, Fig. S4) proton signal depending on pH and temperature.
Following the in vitro experiments, glycoNOE experiments

were performed in vivo in mouse liver. Fig. 3A shows the Z-
spectrum from the liver of a fed healthy mouse. Noticeably, there is
a peak at approximately −1 ppm, which is tentatively attributed to
the overlapped NOE peaks from glycogen protons H3, H5, and
H2+H4-1 and assigned to be the glycoNOE peak. To estimate the
glycoNOE peak intensity in vivo, the smooth part of the negative
range (−0.1 to −8 ppm) of the Z-spectrum was fitted using a multi-
Lorentzian approach (31), and the magnetization transfer back-
ground was subtracted from the experimental data. The residual
signal (Fig. 3 A, Bottom) shows overlapping peaks from different
origins in the liver. The glycoNOE peak intensity was quantified by
taking the integral from −0.6 to −1.5 ppm (shaded area in Fig. 3A).
The glycoNOE maps (top row of Fig. 3A and SI Appendix, Figs. S5
and S7–S11) generated using this approach on a voxel-by-voxel basis
show a heterogeneous distribution of glycogen over the liver.
To calibrate the glycoNOE signal with liver glycogen content,

mouse liver glycogen was immediately extracted and quantified
after glycoNOE MRI. The average glycoNOE signal was found
to be linearly correlated with measured glycogen content (SI
Appendix, Fig. S12). To further confirm the origin of the glycoNOE
signal in liver, glycogen depletion experiments were performed
using (1) a 24-h fasting protocol or (2) glucagon injections. The liver
Z-spectra for mice in the fasted state show that the glycoNOE peak

is greatly depleted (Fig. 3B and also SI Appendix, Figs. S7–S11). For
five mice studied after fasting for 24 to 28 h, the integrated liver
glycoNOE signal (−0.6 to −1.5 ppm) decreased on average from
49 ± 8%*ppm (equivalent to a glycogen concentration of about
47 mg/g wet liver; signal unit: % times ppm range) at fed state to
6 ± 8%*ppm (∼6 mg/g) in the fasted state (n = 5).
Glucagon injection experiments were also conducted to induce

a change of glycogen level in mouse liver. Glucagon accelerates
liver glycogen breakdown, thus allowing the monitoring of gly-
cogen depletion within 2 h. Fig. 4 (also SI Appendix, Figs. S13–
S17) shows the changes in the liver Z-spectrum as a function of
time after i.p. injection of glucagon. The Z-spectral differences
between pre- and postinjection show a great reduction of the
integrated glycoNOE signal (−0.6 to −1.5 ppm) due to the effect
of glucagon (Fig. 4 B–D). By fitting the Z-spectra voxel by voxel,
we also constructed glycoNOE maps at different time points. Fig.
4E shows how the glycoNOE signal in the liver changed spatially
with time after glucagon injection. At 65 min postinjection, the
average glycoNOE signal (n = 5) in the liver was greatly depleted
from 45 ± 15%*ppm (∼48 mg/g) to 11 ± 9%*ppm (∼12 mg/g).
Fig. 4F shows the average (n = 5) integrated glycoNOE signal
(and corresponding concentration) and “glycoCEST + H1-4
NOE” signal changes as a function of time. The glycoNOE sig-
nal reached a stationary phase ∼60 min after glucagon injection.
The results clearly show that the glycoNOE signal is reduced
with the breaking down of hepatic glycogen. There are also signal
changes in the region of 0 ∼ +1.5 ppm with a peak of around +0.6
ppm, corresponding to the combined effect of hydroxyl protons
(glycoCEST) and the glycogen H1-4 NOE. It is uncertain how
much the H1-4 NOE and hydroxyl exchange each contribute to
this signal.

Discussion
The Z-spectra (Fig. 2 and SI Appendix, Fig. S4) of glycogen
in vitro show resonances around both +0.6 and −1 ppm. The
results are consistent with previous MRS measurements on the
glycogen NOE with water (27). Chen and coworkers (27) showed
that saturation of water resulted in a reduction of H1-4 (+0.6
ppm) signal and that the inversion of H1-4 resulted in NOEs for
H3 (−0.7 ppm), H5 (−0.9 ppm), and H2+H4-1 (−1.1 ppm),
demonstrating the NOE network of glycogen protons (H1-4, H3,
H5, H2+H4-1) with water. However, in the Z-spectrum, the
extent of the H1-4 NOE is small compared with the composite
glycoNOE peak around −1 ppm (see pH 2.0 in SI Appendix,
Fig. S4), and it overlaps with the broad CEST signal from ex-
changeable OH protons. We therefore focused our analysis on the
composite −1 ppm glycoNOE signal, where four aliphatic protons
(H3, H5, H2+H4-1) contribute with a signal enhanced by about
two orders of magnitude relative to proton MRS. This relatively
large signal enhancement using glycoNOE MRI allowed fast ac-
quisition (currently 9 s per frequency point) at acceptable reso-
lution (∼0.3 mm) for in vivo imaging.
The results in vivo show that the distribution of the glycoNOE

signal in the liver is heterogeneous. This agrees with previous
observations that the liver glycogen content is highly dynamic
and can vary dramatically depending on several factors such as
health, the time after feeding, and the distances to portal tracts
and central veins (32). Considering that glycoNOE depends
linearly on glycogen concentration (Fig. 2D and SI Appendix, Fig.
S12), the glycoNOE distribution should reflect local differences
of glycogen levels. However, care has to be taken with such an
interpretation, because particle size may in principle also con-
tribute to the observed heterogeneity (Fig. 2 and SI Appendix,
Fig. S2). Note that different forms of glycogen coexist in liver,
namely β particles (∼106−107 Da) that have various diameters
between 10 and 30 nm and much larger α particles (up to over
109 Da) that have diameters as high as 300 nm and likely have
stronger NOE effects due to slower motion.
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After fasting the mice for 24 h, glycoNOE signal (n = 5) de-
creases from 49 ± 8%*ppm (equivalent to a glycogen concentration
of about 47 mg/g wet liver, SI Appendix, Fig. S12) to 6 ± 8%*ppm
(∼6 mg/g). This is in agreement with a previous report that hepatic
glycogen in mice is only 7% of its original concentration after 24 h
of fasting (33). The fasting data strongly support our assignment
that the −1 ppm NOE signal in liver Z-spectra is mainly from
glycogen. This was further confirmed by the glucagon injection
experiments showing a strong reduction in the glycoNOE signal
upon glucagon injection. These results are in agreement with the
previous study of glycoCEST on perfused mouse liver, which
showed signal reduction at both −1.0 and +1.0 ppm under glu-
cagon infusion (21). The reduction in glycoNOE (Fig. 4) is
interpreted to be a result of glycogen breaking down into glucose
due to the effect of glucagon, while the decrease in signal at +0.5
to +1.4 ppm cannot be interpreted as a direct consequence of this
conversion process. The reason is that the liver glucosyl pool (the
number of total glucosyl units in glucose and glycogen) is constant
in the conversion reactions. Therefore, unless the glucose is re-
moved by perfusion, the signal at around +1 ppm should not be
reduced in this conversion and may even increase due to a higher
number of OH groups in the +0.6 to +3 ppm range. The reasons
for the observed signal reduction at +0.5 to +1.4 ppm could be a
result of both glycogen H1-4 NOE signal loss and active export of
glucose from the liver.
The decrease in glycoNOE signal in liver under the effects of

fasting or glucagon due to metabolism may in principle be af-
fected by a change in glycogen particle size. Glycogen average

particle size has been suggested to fluctuate in the small range of
about 15 to 30 nm (34) in mouse liver during this process.
Similarly, possible spatial variations of glycogen particle size in
liver may affect the glycoNOE signal distribution. Interestingly,
however, we found a linear correspondence between chemical
concentration measurement and the glycoNOE signal during
fasting (SI Appendix, Fig. S12), which suggests that particle size
change is not a major issue (a notable role would cause a non-
linear correlation). As a consequence, we have therefore now
used this measurement in SI Appendix, Fig. S12 as a calibration
and converted the glycoNOE into glycogen concentration.
Respiratory motion, blood flow, and arbitrary bodily move-

ments may also increase the uncertainty in the glycoNOE signal.
Although the glycoNOE maps can be generated with any type of
MRI readout, we used an ultrashort echo time saturation transfer
(UTE-ST) pulse sequence with a radial sampling scheme (35) to
suppress respiratory motion artifacts in vivo. The observation that
the glycoNOE signal for fasted liver is homogenously low (Fig. 3B)
suggests artifacts from motion and small vessels are minimal. The
consistency of the glycoNOE maps is further supported by mea-
surements as a function of B1 (SI Appendix, Fig. S5).
The current study demonstrates a way of imaging glycogen

noninvasively in vivo with enhanced sensitivity. It is based on the
NOE between glycogen aliphatic protons and water protons, in
contrast to the glycoCEST method which is based on the chemical
exchange between glycogen hydroxyl protons and water protons.
This glycoNOE approach is advantageous over glycoCEST for
several reasons. First of all, the glycoNOE signal intensity was found
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to be minimally sensitive to pH and temperature (Fig. 2), while
glycoCEST experiments are affected by both pH and concentration
changes rendering data interpretation less straightforward. While
this temperature insensitivity may seem counterintuitive at first due
to the sensitivity of NOEs to molecular motion, this can be un-
derstood by the glycoNOE effect being proportional to the ratio of
two relaxation rates (SI Appendix, Supplementary Discussion).
Second, glycoNOE MRI can be readily translated to human
scanners (see data at 3 T, SI Appendix, Fig. S18) because the NOE
transfer is slow, allowing efficient saturation and high signal visi-
bility to be achieved with reasonably low B1 powers (on the order
of 1 μT or less). Third, the glycoNOE signal is easier to extract,
while the glycoCEST signal is coalesced with the water peak. In
addition, glycoCEST effects are often estimated based on an
asymmetry analysis that quantifies glycoCEST as the saturation
signal difference between −1 and +1 ppm (21). The current study
suggests that such asymmetry analysis should not be used to assess
glycogen changes as the glycoNOE and glycoCEST signals com-
pensate each other in a proportion that will vary with concentra-
tion and the applied saturation power, thus complicating absolute
quantification. Last but not least, glycoNOE has better signal
specificity for glycogen. For example, glycoNOE MRI can differ-
entiate glycogen from glucose, while glycoCEST MRI cannot. The
glycoCEST method is based on the exchange between the hy-
droxyl protons of glycogen and water, but many other molecules
in vivo, especially glucose and its analogs, have hydroxyl protons
resonating at ∼ +1 ppm as well. The glycoCEST in reality mea-
sures the total contribution of any molecules that contain hydroxyl
groups resonating at ∼ +1 ppm. In contrast, the signal at glycoNOE
position (−1 ppm) in the liver could be mostly removed by
fasting or glucagon injection, showing that its contamination by
other metabolites is limited. When studying muscle, the inter-
pretation of glycoCEST becomes even more difficult because
signals from abundant metabolites such as creatine (guanidinium
protons at +2 ppm) and phosphocreatine (36) may contaminate
the glycoCEST effect at lower field strengths, where the exchange
regime is faster than at 11.7 T. This field dependence of the
proton exchange regime minimally affects the glycoNOE signals
(SI Appendix, Fig. S18).
It is important to note that almost 100% of glycogen is visible

in both in vivo and in vitro 13C MRS (16) and also in 1H MRS of
glycogen in D2O (17), while glycogen in vivo is greatly under-
estimated by 1H MRS (20). This underestimation of glycogen by
1H MRS could not be explained by the existence of a significant
“hidden” population of glycogen with extremely short T2 re-
laxation time, as 13C MRS (16, 37) results showed the opposite.
The current study suggests the underestimation of glycogen in vivo
by 1H MRS likely results from the water suppression techniques
used in these experiments (20). The presaturation of water peak
can reduce the glycogen proton signal by as high as ∼55% (27) due
to the saturation transfer discussed above, causing glycogen to be
underestimated by 1H MRS with water suppression in H2O but
not in D2O.

Conclusion
We demonstrated the specific mapping of hepatic glycogen with
enhanced sensitivity using glycoNOEMRI.We further validated the
hypothesis that glycogen protons have a −1 ppm composite NOE
signal in Z-spectra both in vitro, and in mouse liver in vivo, using
fasting and glucagon injection experiments on mice. As glycogen is
present in the heart, liver, skeletal muscle, brain, and even tumor
tissues, the proposed glycoNOE MRI method has the potential to
be applied to assess function and diseases in these tissues.

Materials and Methods
UTE-ST MRI. All MRI experiments were performed on an 11.7 T (500 MHz)
Bruker Biospec preclinical scanner (Bruker) equipped with a 72-mm quad-
rature volume resonator for transmission and an 8-channel phased array RF

coil for reception, unless specified otherwise. A UTE-ST MRI pulse sequence
with a radial acquisition scheme, described in detail elsewhere (35), was used
to acquire all data. In each repetition time (TR) of UTE-ST, a 20-ms Gaussian-
shaped saturation pulse was used to label the proton pool at a certain fre-
quency followed by the UTE readout. The interpulse delay mixing time was
10 ms, and the excitation pulse for the UTE readout was a 0.3-ms Gaussian
pulse. The effective echo time (TE) was 0.38 ms, and total TR was 30 ms. The
number of radial spokes was 302 for each frequency. The scan time for one
saturation frequency image was 9 s (302 × 30 ms).

In Vitro Experiments on Glycogen. Rabbit liver glycogen (Type III G8876,
chemical abstract service (CAS) registry no. 9005-79-2) and bovine liver gly-
cogen (Type 1X G0885, CAS no. 9005-79-2) from Sigma were dissolved in PBS
(152 mM Na/9.6 mM Pi). (1) For both rabbit liver glycogen and bovine liver
glycogen, solutions with glucose unit concentrations of 25, 50, 100, 150, 200,
and 300 mM and the same pH of 7.4 were prepared. (2) To examine pH
effects, rabbit liver glycogen solutions with pH of 2.0, 3.0, 4.0, 5.5, 6.0, 6.5,
7.0, 7.4, 8.0, and 9.0 and the same glucose unit concentration of 100 mM
were made. Experiments were carried out at 20 °C or 37 °C. (3) To examine
temperature effects on the measurements, scans on a rabbit liver sample set
(see 2, above) were first conducted at 20 °C and subsequently at 37 °C (1 h of
waiting for thermal equilibrium) using a 23-mm volume coil (for both
transmit and receive) that was equipped with a heater and temperature
sensor module.

Four different saturation B1 powers (0.5, 0.7, 1.0, and 1.5 μT) were used
for UTE-ST scans on glycogen in vitro. The saturation frequency offsets were
200, 200, 200, 8, 7, 6, and 5 ppm, then every 0.1 to 0 ppm; and then 200, 200,
200, 200, −8, −7, −6, and −5 ppm, then every 0.1 to −0.1 ppm (a “converge
sampling” scheme). The total time used for one Z-spectrum was 17 min 22 s.

In Vivo Liver glycoNOE MRI of Fed and Fasted Mice. All experiments were
performed with the approval of and in accordance with Johns Hopkins
University Animal Care and Use Committee guidelines. Five healthy fed adult
micewere scannedwithMRI before fasting and after 24 to 28 h of fasting. Fed
mice were studied at least 6 h after starting food consumption. A 2-mm slice
thickness with in-plane resolution of 0.3mmwas used, and UTE-ST scans were
acquired with the same parameters as the in vitro experiments.

In Vivo Liver glycoNOE MRI of Mouse Liver before and after i.p. Infusion of
Glucagon. Prior to the start of glucagon infusion, three baseline Z-spectra
(B1 = 0.7 μT) were acquired. To reduce the hepatic glycogen, 100 μL of gluca-
gon (porcine glucagon, CAS no. 16941-32-5; purity, 95.13%, MedChemExpress)
solution with a concentration of 1.0 mg/mL was injected intraperitoneally
within 10 s. Immediately after the injection, 12 repetitive UTE-ST scans with a
B1 power of 0.7 μT were performed (10 min per scan). Additional scans with B1
of 0.5 and 1.0 μT were conducted before infusion and at 120 and 130 min
postinfusion. The saturation frequencies were: 200, 200, 200, 8, 7, 6, 5, 4.5, 4,
3.5, 3, 2.5, 2, 1.9, 1.8, . . ., 0.1, 0, 200, 200, 200, −8, −7, −6, −5, −4.5, . . ., −2.5, −2,
−1.9, −1.8, . . ., and −0.1. ppm (converge sampling). Mice were sacrificed
after the experiments.

Chemical Assay of Liver Glycogen Content. After glycoNOE MRI, liver tissues
were immediately isolated from the mice, “flash frozen” on dry ice, and
stored at −80 °C. The protocol for extraction of liver glycogen has been fully
described elsewhere (16, 38). Briefly, each 200 mg minced liver tissue was
mixed with 800 μL 30% KOH solution, heated in boiling water for 30 min,
and centrifuged at 2,000 g for 10 min to remove insoluble components. The
supernatant was mixed with 1.5 volume of 100% ethanal to precipitate
glycogen and centrifuged at 4,000 g for 20 min. The glycogen pellet was
lyophilized and measured using a fluorometric Glycogen Assay Kit (Cayman
Chemical #700480). As water in liver is about 71% of liver weight (39), 1 mg
glycogen per g wet liver is equivalent to ∼8.4 mM glucosyl units (168 g/mol)
in solution.

Data Analysis. Static field (B0) inhomogeneities were corrected in each scan
on a voxel-by-voxel basis by fitting for the drift of the direct water satura-
tion chemical shift in each Z-spectrum (40). For each in vitro glycogen
Z-spectrum, the negative half (−0.2 to −5 ppm) was assumed to consist of
two resonances, one centered at 0 ppm (water peak) and another around
−1.0 ppm (glycoNOE). These were fitted with Lorentzian shapes (31) on a
voxel-by-voxel basis. The water line in the positive range of Z-spectrum was
assumed to be the mirror of that in the negative half. The fitted glycoNOE
peak height was used as the estimated glycoNOE signal intensity. For each
in vivo Z-spectrum, the negative range was assumed to consist of a constant
magnetization transfer contrast background plus four resonances, each
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centered at 0 ppm (water peak), −1.0 ppm (glycoNOE), around −3.0 ppm
(broad NOE component), and −3.9 ppm. This range was fitted using a multi-
Lorentzian shape analysis. The glycoNOE map was constructed based on the
integral of the estimated −1 ppm glycoNOE peak (10 points from −0.6 to
−1.5 ppm) for each voxel.

To calculate the glycoNOE change after glucagon injection, the scan right
before the glucagon injection was used as reference. Z-spectra from each
voxel were frequency corrected. To account for spectral baseline drift after
the infusion of glucagon, the spectral intensities between −8 to −2 ppm and
+2 to +8 ppm were used as a reference for spectral intensity alignment.

Aligned Z-spectra were subtracted from the reference Z-spectra to obtain
the differences spectra. The integral of the region from −0.6 to −1.5 ppm in
the Z-spectral differences was used as the measure of glycoNOE changes.

Data Availability. The MRI data and processing code used in this study are
available on Open Science Framework at https://osf.io/xmbst/ (41).
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