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Abstract

Recent proof-of-principle studies have demonstrated the feasibility of measuring the uptake and
metabolism of non-labelled 2-deoxy-D-glucose (2DG) by a chemical exchange-sensitive spin-lock
(CESL) MRI approach. In order to gain better understanding of this new approach, we performed
dynamic /n vivo CESL MRI on healthy rat brains with an intravenous injection of 2DG under
various conditions at 9.4 T. For three 2DG doses of 0.25, 0.5 and 1 g/kg, we found that 2DG-
CESL signals increased linearly with injection dose at the initial (<20 min) but not the later period
(>40 min) suggesting time-dependent differential weightings of 2DG transport and metabolism.
Remaining 2DG-CESL studies were performed with 0.25 g/kg 2DG. Since a higher isoflurane
level reduces glucose metabolism and increases blood flow, 2DG-CESL was measured under
0.5%, 1.5% and 2.2% isoflurane. The 2DG-CESL signal was reduced at higher isoflurane levels
correlating well with the 2DG phosphorylation in the intracellular space. To detect regional
heterogeneities of glucose metabolism, 2DG-CESL with 0.33x0.33x1.50 mm3 resolution was
obtained, which indeed showed a higher response in the cortex compared to the corpus callosum.
Lastly, unlike CESL MRI with the injection of non-transportable mannitol, the 2DG-CESL
response decreased with an increased spin-lock pulse power confirming that 2DG-CESL is
dominated by chemical exchange processes in the extravascular space. Taken together, our results
showed that 2DG-CESL MRI signals mainly indicate glucose transport and metabolism and may
be a useful biomarker for metabolic studies of normal and diseased brains.
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Introduction

Glucose uptake and metabolism are sensitive biomarkers for cellular function and many
diseases. In particular, the brain relies on glucose for its energy supply, thus the uptake and
metabolism of glucose in brain are of particular importance and have often been studied by a
glucose analog, 2-deoxy-D-glucose (2DG), in its natural or isotope-labeled forms. In the
healthy brain, 2DG is transported across the blood brain barrier (BBB) mainly by glucose
transporters to the extracellular space, and then quickly uptake into the cells (Fig. 1A). In
most cells, glucose hexokinase phosphorylates 2DG into 2-deoxy-D-glucose-6-phosphate
(2DG6P) which cannot be metabolized further and is trapped in the intracellular
compartment for many hours (Huang and Veech, 1985; Jain et al., 1985; Sokoloff et al.,
1977). Thus, labeled forms of 2DG, such as by radioisotope carbon-14 or fluorine-18, serve
as good markers for tissue glucose uptake and hexokinase activity and have been widely
applied in autoradiography (Huang and Veech, 1985; Sokoloff et al., 1977) or PET (Fox and
Raichel, 1984; Ido et al., 1978). The autoradiography method has high spatial resolution but
is exclusively limited to animal studies and can only be obtained at a single time point due to
the requirement of histology. The PET technique has poor spatial resolution due to the size
of PET detectors and intrinsic fluorine-18-induced positron signal blurring of 0.54 mm full-
width at half maximum (Moses, 2011), and the radiation exposure limits the scan frequency
and excludes certain patient groups (de Leon et al., 2001; Heiss et al., 1993; Ma and
Eidelberg, 2007; Matz et al., 2006; Silverman et al., 2001; Yong et al., 2007).

Similar to the PET approach, 13C-labeled 2DG can be injected and the dynamics can be
detected by 13C NMR spectroscopy. After initial successful studies with a pharmological
dose (e.g., 0.5 g/kg) (Cohen et al., 2002; Kotyk et al., 1989), this NMR method has not been
widely utilized due to the requirement of expensive 13C-labeled 2DG, and the sensitivity is
too low to be applied for imaging studies. The detectibility of 2DG can be enhanced by the
emerging chemical exchange-sensitive saturation transfer (CEST) or spin lock (CESL) MRI
techniques (Chan et al., 2012; Jin et al., 2014; Nasrallah et al., 2013; Rivlin et al., 2013;
Walker-Samuel et al., 2013; Zu et al., 2014), in which non-labeled D-glucose or 2DG can be
indirectly detected from a reduction of the water signal induced by the fast chemical
exchange between hydroxyl (i.e., -OH group in Fig. 1A) and water protons. These
techniques are referred to as glucoCEST or glucoCESL and they detect signal changes in
tissue caused by an administration of glucose or glucose analogs. The difference between
them is which spins (hydroxyl vs. water protons) are irradiated during the chemical
exchange-sensitizing period. CESL MRI with glucose analog 2DG is hereafter referred to as
2DG-CESL for emphasizing the injection of 2DG, which is used interchangeably with
glucoCESL. Compared to direct measurement of glucose with proton NMR spectroscopic
methods, indirect measurement with glucoCEST or glucoCESL offers a sensitivity
enhancement of about 2 orders of magnitude.
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The sensitivity of CEST or CESL is still much lower than FDG-PET or autoradiography. In
proof-of-principle MRI studies, a high 2DG dose of at least 0.5 g/kg has been adopted in
studies of normal animal brains (Jin et al., 2014; Nasrallah et al., 2013; Zu et al., 2014) and
1-2 g/kg in tumor-bearing mice (Rivlin et al., 2013). Such a high dose can competitively
inhibit D-glucose utilization leading to intracellular glucopenia in the central nervous system
and severely affecting the systemic physiology. Thus, it is critically important to reduce 2DG
dosage even in preclinical studies. Secondly, because the injected 2DG is indirectly detected
through a change of water signals, the signal source of glucoCEST or glucoCESL is
complex and not fully understood. For example, it is controversial whether the glucoCEST
signal with D-glucose injection in tumors contains both intracellular and extracellular
components (Walker-Samuel et al., 2013) or is mainly due to the transport and leakage of D-
glucose to the extracellular space (Chan et al., 2012). Additionally, these signals may have
contributions from non-glucose related components such as shifts in water due to osmolality
differences.

In our initial signal source study (Jin et al., 2014), we found that glucoCESL signal has
negligible contributions from intravascular blood at 9.4 T and a small contribution from the
osmolality effect induced by the intravenous injection of hypertonic solution. In this study,
sensitivity and biological sources of CESL, after the administration of 2DG, were
systematically examined in healthy isoflurane-anesthetized rats at 9.4 T for mapping glucose
metabolic indices (Fig. 1B). Since glucoCESL likely has a higher sensitivity than
glucoCEST (Jin et al., 2014; Zu et al., 2014), glucoCESL was used in our studies. 1) Three
different 2DG doses (0.25, 0.5 and 1 g/kg) were used to determine the sensitivity limit under
our settings and the dose-dependent temporal characteristics of 2DG-CESL signals. 2) Since
a higher isoflurane level decreases cerebral metabolic rate of glucose (CMRglu) but
increases cerebral blood flow (CBF) (Maekawa et al., 1986), isoflurane level was varied
from 0.5% to 2.2% to determine whether 2DG-CESL is correlated with metabolism or blood
flow. 3) High-spatial resolution studies were performed to compare CESL response at
various brain regions. 4) To characterize the source of 2DG-CESL, spin lock power-
dependent R;p changes were compared to those obtained with mannitol, which is not
transportable to the extravascular space but can induce similar osmolality changes as 2DG..

Materials and methods

GlucoCESL MRI approach: implementation and theory

The pulse sequence for the glucoCESL MRI technique has two components (Fig. 1C); the
first module is for on-resonance (i.e., water) spin-lock preparation, and the second module is
for image acquisition. In the 15t module, an adiabatic spin-lock preparation was adopted
because it is less susceptible to By and B; inhomogeneities. Briefly, a 2-ms adiabatic half
passage (AHP) pulse was followed by a ramp of 0.5 ms during which the amplitude of the
on-resonance RF pulse was decreased to the desired spin-lock power and then held constant
for the spin-locking time (TSL) (Grohn et al., 2005; Jin and Kim, 2010). This was then
followed by an inverted AHP pulse (Garwood and DelaBarre, 2001) which returns the
magnetization to the Z-axis for imaging. After the spin-lock preparation and the crush of
residual magnetization in the X-Y plane, MR images can be acquired by fast imaging
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techniques such as a spin-echo echo planar imaging (EPI) technique. At given TSL and TE
values, the signal can be expressed as

S=8y-exp(—=TSL - Ry,) - exp(—TE - Ry) [1]

where & is the signal intensity when TSL and TE values equal 0. A time series of 71p
(=1/Ryp) weighted images with varied TSL (and same TE) were acquired with a bolus
injection of glucose or analogs (Fig. 1D). Then a time series of /Ryp maps was calculated by
pixel-wise fitting of the TSL-dependent signals to Eq. [1].

Assuming a two-pool exchange process where the relative population of labile to water
protons, p, is much smaller than 1, /7;p can be expressed as (Jin et al., 2011; Trott and
Palmer, 2002)

Rlp:462 +R2,07

where 7y is the gyromagnetic ratio, Aand 6 is the exchange rate and chemical shift between
protons in water and labile protons (e.g., the hydroxyl groups of 2DG or 2DG6P),
respectively, and R, g is the transverse relaxation rate of water protons without chemical
exchange contributions. AR;p after the administration of 2DG can be expressed as

Ap-k- 62
ARlp=5 b +ARy ),

2+72B%+k2

where the 15t term indicates the contribution from the increase of the total hydroxyl
concentration, and AR, o indicates the contribution from all non-chemical-exchange related
effects. AR, o can be caused by a change of relative volume fractions in compartments with
different 7, o values (e.g., blood vs. tissue, or cerebrospinal fluid vs. tissue). For example, a
shift of water between blood and extravascular tissue may occur due to the intravenous
injection of hypertonic solution. Eq. [3] indicates that a higher -y B; can reduce the
exchange-mediated term (the first term) but not the non-chemical exchange-related AR, o
term. To separate these two terms, the spin-lock power (-y By) can be modulated; the B;-
dependent component of AR, p is related to a change in the exchange-mediated relaxation
caused by the injected glucose analogs, while the B;-independent component is related to
non-chemical exchange effects.

Animal preparation

A total of 46 male Sprague-Dawley rats weighing 225 to 366 g were studied with the
approval by the Institutional Animal Care and Use Committee at the University of
Pittsburgh. Initially, the animals were anesthetized with isoflurane (5% for induction and 2%
during surgery) in a mixture of O, and air gases with the O, concentration kept at 30%
throughout the experiment. The right femoral vein was catheterized for the injection of
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glucose analogs and for the delivery of maintenance fluid with pancuronium bromide to
suppress animal motions (0.2 mg/kg initial bolus followed by infusion with a rate of 0.2
mg/kg/hour) when a low isoflurane level was used. The right femoral artery was catheterized
to monitor the arterial blood pressure. For MR experiments, the isoflurane level was adjusted
to 1.5 % with the use of a nose cone or 0.5% and 2.2% with intubation. The blood pressure
and end-tidal CO, were maintained at a normal physiological condition. The rectal
temperature was maintained at 37.0 = 0.5°C using a feedback-controlled heating pad.

In vivo MRI experiments

All experiments were performed on a 9.4 T magnet equipped with an actively shielded 12-
cm gradient system (Magnex, UK), interfaced to a DirectDrive 2 console (Agilent, Santa
Clara, CA, USA). A detunable volume excitation (6.4-cm diameter) and surface receiver coil
combination (2.2-cm diameter) (Nova Medical Inc, Massachusetts, USA) were used for low-
resolution studies (Fig. 1B), and a 3.8-cm ID birdcage volume coil (Virtumed LLC,
Minneapolis, Minnesota) was used for high-resolution studies. In all experiments, B; maps
were first obtained (Jin and Kim, 2010). Since the change in /Ryp induced by administered
glucose analogs is relatively small, it is critical to maintain stable animal conditions during
glucoCESL experiments. Thus, we performed glucoCESL experiments after waiting at least
0.5 to 1 hour for the animal condition (e.g., body temperature and anesthesia) to be
stabilized inside the magnet.

Spin-lock MRI images were continuously acquired during a 30 — 60 min pre-injection and
80 — 120 min post-injection period (see Fig. 1D). Imaging parameters were field of view =
32 mm x 32 mm, 2 or 3 slices, and repetition time (TR) = 3 s. Images with (i) TSL =0 and
(if) TSL = 50 ms and -y By = 500 Hz were interleaved for Paradigms 1, 2, and 3, and images
with (i) TSL =0, (ii) TSL =50 ms and yB; = 300 Hz, and (iii) TSL =50 ms and -y B; =
3000 Hz were interleaved for Paradigm 4. When TSL was 0, a delay time following each
data acquisition was increased by 50 ms to maintain constant repetition time. 2DG and
mannitol solutions were prepared at 25% weight by volume in saline (e.g., 0.25 g/ml), and
each dose was injected to the femoral vein over a 1 — 2 min period. Only one injection was
performed for each animal. In experiments with 2 g/kg of 2DG (n = 3), all animals died
within 30 minutes after injection. Additionally, seven sets of animal data were excluded due
to excessive animal motion (i.e., imperfect fixation of animal heads) or accidental death
during the experiment. Datasets for the four paradigms were obtained from the remaining
thirty-six animals.

Paradigm 1 2DG-dose dependency: A dose of 0.25 g/kg (n = 5 rats), 0.5 g/kg (n = 6), and 1
g/kg (n = 3) of 2DG was injected to determine dose-dependent 2DG-CESL signals under
1.5% isoflurane. Single-shot spin-echo EPI images with a matrix size of 64 x 64, and a slice
thickness of 2 mm and TE of 30 ms were acquired for TSL = 0 and TSL = 50 ms with yB; =
500 Hz. Since baseline signal intensities of brain in the images with TSL= 50 ms were only
~1/3 of those with TSL = 0 ms, images with TSL of 50 ms were acquired 3 times more to
enhance the sensitivity. One repeating unit was TSL = 0, 50, 50, and 50 ms, yielding a
temporal resolution of 12 s (Fig. 1D). The 1 g/kg 2DG data were combined with a previous
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study (n = 4) with the same setting and identical parameters (Jin et al., 2014), yielding a total
of n =7 for the 1 g/kg dose.

Paradigm 2 Anesthesia level dependency: 2DG-CESL images were obtained with 0.25 g/kg
2DG injection, under isoflurane anesthesia of 0.5% (n = 6) and 2.2% (n = 4). The imaging
parameters used were same as Paradigm 1. The results were compared with those of 0.25
g/kg injection under 1.5% isoflurane in Paradigm 1.

Paradigm 3 High-resolution 2DG-CESL imaging: To examine regional heterogeneities of
the 2DG-CESL signals, high spatial resolution studies (n = 4) were performed where 0.25
g/kg 2DG was injected under 0.5% isoflurane. Two-shot spin-echo EPI images were
obtained with a matrix size of 96 x 96 (zero-filled to 128 x 128), a slice thickness of 1.5
mm, TE of 8.5 ms, and TR for each shot of 3 s. Spin-lock parameters were same as those in
Paradigm 1 and 2. Each repeating unit was TSL = 0, 50, 50, and 50 ms, yielding a temporal
resolution of 24 s. T1-weighted spinecho EPI images (inversion time = 1.4 sand TR =4 5)
were also acquired to compare with the 2DG-CESL maps.

Paradigm 4 Sources of 2DG-CESL signals: To study the sources of the 2DG-CESL signals,
CESL images were compared for two -y B; values of 300 Hz and 3000 Hz with 0.25 g/kg
2DG injection under 0.5% isoflurane (n = 4). Imaging parameters were the same as those in
Paradigm 3. Each repeating unit consisted of three images: i) TSL of 0 ms, ii) TSL of 50 ms
and -y B; of 300 Hz, and iii) TSL of 50 ms and y B, of 3000 Hz, yielding a temporal
resolution of 18 s. While 2DG can be quickly transported across the BBB and taken up by
cells and phosphorylated into 2DG6P, mannitol induces similar osmolality effects but cannot
be transported across the BBB (Thenuwara et al., 2002). Thus, mannitol can be used as an
“osmolality control”. Since our pilot study showed that the glucoCESL response with
mannitol is much smaller than that with 2DG, a higher dose of 1 g/kg (n = 4) was used to
enhance sensitivity.

Data analysis

Data were analyzed with in-house Matlab® programs and STIMULATE software (Strupp,
1996). In each repeating unit, consecutively acquired images with TSL of 50 ms were
averaged. Time series of images with the same spin-lock parameters were first extracted
from each study, and time series of Rp images were calculated by /7 (StsL=0 / StsL=50 ms) /
50 ms where Stg =g and Stsi =50 ms IS the signal intensity of TSL = 0 and 50 ms,
respectively. Thus, a time series of /yp with yB; = 500 Hz was generated in Paradigms 1, 2,
3, while two time series of Ryp with yB; = 300 Hz and 3000 Hz were generated in Paradigm
4.

To obtain statistical maps, the Students’ #test was performed to compare pre- vs. post-
injection images on a pixel-by-pixel basis. Baseline pre-injection images were defined as
data spanning 30 minutes before the start of injection while post-injection images were from
data spanning 20-60 minutes post-injection except in Paradigm 1. The /yp change or #value
maps were obtained where a threshold of p < 0.05 and a minimum cluster size of 3 pixels
were applied. A threshold of baseline Ryp value of 20 s™1 was additionally applied to
exclude pixels with significant partial volume fractions of cerebrospinal fluid (CSF) (except
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Fig. 6) because ARy p can be induced by a change of volume fractions between tissue and
CSF which have different R;p values (2.5 s™1 for CSF vs. 23 s71 for tissue) (Jin and Kim,
2010).

Quantitative region of interest (ROI) analyses were performed for the cortex and additionally
for the corpus callosum and globus pallidus for Paradigm 3. Time courses were obtained by
averaging signals from all pixels within ROIs and interpolated to 1-minute intervals. Data
are shown as mean + standard deviation (SD).

Characteristics of spin-echo images vs. chemical exchange-sensitive spin-lock images

To obtain chemical exchange-sensitive contrast, time series of two brain images were
acquired: spin-echo EPI images without spin lock and the same spin-echo EPI readout
preceded by a spin-lock preparation of 50 ms. With the injection of 0.5 g/kg of 2DG in 1.5%
isoflurane anesthetized rats, negative signal changes (blue to purple pixels in Fig. 2A and
time courses in Fig. 2B—C) were observed in the spin-echo imaging data with TE of 30 ms
and TSL of 0. Since R, relaxation is an extreme case of spin-lock with -y B; = 0 (see Eq. [2]),
spin-echo images with a relatively long echo time of 30 ms were sensitive to susceptibility
changes (such as BOLD effects) in addition to chemical exchange-mediated relaxation
which increases after 2DG injection (see black time courses in Fig. 2B-C). In the time series
with TSL = 50 ms, additional relaxation due to an increase in chemical exchange-induced
Ryp caused a much larger signal decrease (Fig. 2A; see red time courses in Fig. 2B-C).
When Ryp was calculated from the data with TSL = 0 and 50 ms, the R»-related effect
during the same TE was removed. An increase in Ryp was detected in most brain regions
(Fig. 2A). Especially, ARyp increased slowly, but continuously over 90 min after the 2DG
injection. It should be noted that blood 2DG peaked immediately after injection, thus the
ARyp induced by 2DG injection originates from the extravascular space (Jin et al., 2014).

2DG dose dependency for determining the dynamic characteristics and detection limit
(Paradigm 1)

To examine dose-dependent response, 0.25, 0.5 and 1 g/kg 2DG were used under 1.5%
isoflurane and time courses were obtained from cortical ROIs (Fig. 3A). When 1 g/kg 2DG
was injected, the R;p change increased rapidly, reached a peak at ~20 min post injection and
then slowly decreased. For two lower doses, the R;p increased faster in the initial ~20 min,
and slowly during the rest of experimental time. Initial uptake slope was closely related to
the injected 2DG dose, suggesting that 2DG transport is dominant at early time points. To
evaluate time-dependent magnitude changes, ARy p values of each 30-min period were
averaged. The AR;p for the initial 5 to 30 min post injection was almost linearly dependent
on the 2DG dose (black points in Fig. 3B). However, the change of /;p at later time points
deviated from linear dependency (red and green points in Fig. 3B), likely due to a slower
increase of 2DG6P trapped in the intracellular space (Kotyk et al., 1989). Because the
accumulation of 2DG6P is limited by the amount of hexokinase and the rate of
phosphorylation, it is not linearly proportional to the dosage of 2DG injection. This sub-
linear dose dependence agrees with a recent glucoCEST study which reported that after 0.5
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g/kg and 1 g/kg of 2DG injection, the increase of 2DG6P concentration is similar (<~20%
difference) (Nasrallah et al., 2013). Since the 2DG6P accumulation is slower than 2DG
transport, it is plausible that early data points are heavily weighted to extravascular 2DG
(both intracellular and extravascular-extracellular) which reflects glucose transport, whereas
later /1p changes have more contribution from the intracellular accumulation of 2DG6P
which reflects glucose metabolism. For long measurement studies (>30 min), significant
2DG-CESL signal changes were robustly observed for all three 2DG doses. Therefore, we
used the lowest 2DG dose of 0.25 g/kg for the remaining experiments to mitigate
intracellular glucopenia induced by 2DG injection.

Anesthesia level dependency for examining source of 2DG-CESL (Paradigm 2)

Our data in Paradigm 1 indicate that 2DG-CESL originates from the extravascular space and
suggest an increasing contribution from glucose metabolism at later periods after injection.
To further investigate whether 2DG-CESL is indeed sensitive to glucose metabolism or is
strongly affected by cerebral blood flow, we measured 2DG-CESL with varying isoflurane
anesthesia levels, because higher isoflurane levels reduce CMRglu but increases CBF
(Maekawa et al., 1986). The CESL signal responses from a 0.25 g/kg 2DG injection were
compared for three isoflurane levels of 0.5%, 1.5% and 2.2% (Fig. 4). Clearly, a lower
isoflurane level induced a higher Ryp increase (Fig. 4). The 2DG-CESL response is
significant in cortical areas but did not pass detection thresholds in some subcortical brain
regions (green arrows). The magnitude of AR;p was larger for the 0.5% isoflurane level than
higher isoflurane levels (Fig. 4B) correlating well with glucose metabolic rates (e.g., 2DG6P
accumulation in the intracellular space). At 0.5, 1.5, and 2.2% isoflurane levels, the averaged
AR, p from 40 to 60 min after injection was 0.43, 0.30, and 0.17 s71, and the averaged ARyp
from 60 to 90 min was 0.45, 0.33, and 0.19 s™1, respectively.

High-resolution glucoCESL for detecting differences in regional glucose metabolism
(Paradigm 3)

The low-resolution study of Fig. 4 suggested that glucoCESL signal has some regional
heterogeneities. It is known that the brain glucose metabolism is highly region-dependent,
and the CMRglu of cortical gray matter is higher than that of white matter and the globus
pallidus (Maekawa et al., 1986). To better determine region-specific glucoCESL responses
of 2DG, high-resolution studies with 333x333x1500 um3 were performed under 0.5%
isoflurane (Fig. 5). The cortical region has higher intensity than the corpus callosum (blue
arrows) and the globus pallidus (red arrow). In ROIs determined from the T1-weighted
anatomical images, the /R;p change averaged over a 50-75 min post-injection period (Fig.
5B) is ~63% and ~68% higher in the cortex than the corpus callosum and globus pallidus,
respectively.

Source of glucoCESL: chemical exchange vs. non-chemical exchange (Paradigm 4)

The three experiments described above suggest that the late response of 2DG-CESL is
sensitive to glucose metabolism but not to cerebral blood flow. However, it is still unclear
whether this metabolic contribution is dominant or there are other contaminations unrelated
to 2DG uptake and metabolism. To examine this issue, the CESL results of 1 g/kg mannitol
were compared with those of 0.25 g/kg 2DG at two y By values of 300 Hz and 3000 Hz. The
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spatial patterns of the ARyp map are similar for the two injections. In the ventricle area (blue
arrows), a large Rip increase can be detected which is similar for both 300 Hz and 3000 Hz,
likely due to a decrease in the CSF volume fraction (Jin and Kim, 2010). In the brain areas,
the spin-lock power-dependent time courses are quite different. 1) The ARyp with mannitol
injection is similar for the two spin-lock powers of 300 Hz vs. 3000 Hz (Fig. 6B). In
contrast, with 2DG injection ARyp is highly dependent on -y B; (Fig. 6C), and the averaged
AR p between 50 to 80 min post injection is 2.7 times larger for -y B; = 300 Hz than for -y B;
= 3000 Hz. 2) Another difference is that the cortical AR;p response reached a peak at ~15
min for the mannitol injection but increased slowly for the whole 80-min duration after the
injection of 2DG. Assuming the contribution from the injection-induced osmolality increase
to ARyp is linearly dependent on injection dose, the contribution from the osmolality effect
to the 2DG-CESL signal was estimated to be ¥ of the ARy p of the mannitol data in Fig. 5B
and plotted as the blue time course in Fig. 5C. At >40 min post-injection, the maximal
contribution from the osmolality effect to the 2DG-CESL signal (blue line in Fig. 6C) is
<20% of ARyp at yB; = 300 Hz.

Discussions

Signal sources of 2DG-CESL: glucose metabolism weighting

The CESL approach is sensitive to both 2DG and 2DG6P. 2DG6P resides in the intracellular
space while 2DG is located not only in the intracellular space but the intravascular and
extravascular-extracellular spaces as well. It was reported that with a 0.5 g/kg 2DG injection,
the brain concentration of 2DG6P was ~3 times less than 2DG at 5 minutes post-injection
and rose to ~3 times higher than 2DG at 65 minutes post-injection (Kotyk et al., 1989).
Thus, 2DG is dominant at early time points while 2DG6P is dominant at later time points.
Our dose-dependent temporal characteristics can provide insights into the signal sources of
glucoCESL. Right after intravenous injection of 2DG, CESL Ryp increases slowly,
indicating minimal contribution from intravascular 2DG which should reach a peak
immediately after the injection (Jin et al., 2014). The magnitude of /;p changes within the
initial ~20 minutes is nearly proportional to the dose of 2DG (Fig. 3). Previous studies
showed the relationship between brain and plasma glucose level to be linear at a range of 4.5
mM to 30 mM plasma glucose (Choi et al., 2001). Injection of 1 g/kg of 2DG leads to a peak
of ~250 to ~400 mg/dL (i.e., 14 to 22 mM) in the blood 2DG level (Jin et al., 2014;
Nasrallah et al., 2013), thus 2DG transport across the BBB should not be rate-limiting.
Consequently, the CESL signal is expected to be linearly correlated to the injected 2DG
concentration and likely dominated by 2DG transport. At later time points (>30 min), the
change in Ryp is small and exhibits sublinear correlation to 2DG dose. Since
phosphorylation of 2DG to 2DG6P is dependent on the availability of intracellular 2DG as
well as CMRglu, the slowly produced 2DG6P does not accumulate linearly with injection
dose. This metabolic process can explain sub-linear dependence of ARyp on the injection
dose at later time periods. Taken together, our 2DG-CESL intensity may be considered to be
transport-weighted at the initial post-injection periods shifting to metabolism-weighting at
later periods.
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Because glucose metabolism and blood flow are tightly coupled under physiological
conditions to meet metabolic requirements (Siesjo, 1978), one may postulate that the
magnitude of 2DG-CESL response is strongly affected by CBF. To differentiate these two
contributions to 2DG-CESL, isoflurane level was modulated. Since a higher isoflurane
would suppress the uptake and metabolism of glucose but increase CBF (Lenz et al., 1999),
the observation of smaller ARyp with higher isoflurane level can be better explained by
being dominated by lower metabolism rather than elevated CBF. Relative AR, p value of
0.45, 0.33, and 0.19 51 for 0.5%, 1.5% and 2.2% isoflurane level is in good agreement with
2DG autoradiographic results, in which the CMRglu in the cortical area is about 45, 30 and
20 pmol-100g~1-min~1 at similar isoflurane levels, respectively (Maekawa et al., 1986).

Our results also show that AR, p is regionally heterogeneous with a higher change (~63-
68%) in cortical gray matter than white matter and subcortical regions such as the globus
pallidus. According to a previous 2DG autoradiographic study (Maekawa et al., 1986), the
cerebral glucose metabolic rate in the cortex is ~66% and ~3 times higher than the globus
pallidus and corpus callosum of rats under 0.5% isoflurane. The ARyp contrast between
cortex and globus pallidus agrees well with CMRglu data. The ARyp contrast between the
cortex and the corpus callosum is much lower than the CMRglu, which may be due to the
partial-volume contribution of gray matter to the corpus callosum ROl with our limited
spatial resolution.

Signal sources of 2DG-CESL: chemical exchange processes

Since the 2DG-CESL signal is indirectly measured from water, the relatively large dose may
cause other physiological changes unrelated to glucose transport and metabolism such as
osmolality effects and CBF increase (Horinaka et al., 1997). To distinguish chemical
exchange vs. non-exchange contributions, two approaches were adopted. First, non-
transportable mannitol was used assuming similar osmolality effects. In fact, 2DG-CESL is
expected to have less osmolality contribution than the CESL signal of mannitol at the same
dose, since osmolality gradients between blood and brain will be maintained for the non-
transportable mannitol, but decrease over time for the transportable 2DG. The magnitude of
glucoCESL signal induced by mannitol is not much smaller than that of 2DG at the initial
period (e.g. <5 min) after injection but reduces to less than 20% of that by 2DG after 40 min
post-injection. Another important difference is the dynamic properties of the two
compounds. Dynamic AR;p observed for mannitol injection is similar to a previous
hemodynamic study showing that CBF response peaks at 15 minutes after the injection of
0.25 g/kg 2DG and returns nearly to baseline at 40 minutes (Medvedev et al., 1991). The
much slower temporal characteristics for ARyp response after 0.25 g/kg 2DG injection
suggests that it is mainly due to transport and metabolism processes rather than vascular
responses to injection. Clearly, the contribution from hemodynamic or osmolality effects to
2DG-CESL is minimal at >40 min post injection. Second, spin-lock power was modulated to
separate exchangeable proton concentration changes (Ap term) and the y B;-insensitive
ARy o term in Eq. [3]. ARyp has very different -y B; dependence for mannitol and 2DG,
confirming their different signal sources. Our data showed that the ARyp response for 2DG
should be mainly from the Apterm in Eq. [3], whereas the AR;p response for mannitol
would mainly be caused by the AR5 o term.
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Signal sources of 2DG-CESL: other possible sources

Large increase in Ryp after both 2DG and mannitol injection was detected in the CSF
region, which is independent of spin-lock power, indicating a non-chemical exchange
contribution. In pixels containing both tissue and CSF, a change of their relative volume
fractions can cause y By-insensitive ARy p. In our functional activation studies (Jin and Kim,
2010), an increase of blood volume leads to a reduction in the CSF volume fraction resulting
in an increase of R;p which is independent of -y B; (Jin and Kim, 2010; Jin and Kim, 2013).
It has been reported that an injection of 0.2 g/kg 2DG almost doubles CBF (Horinaka et al.,
1997), which can induce a significant increase in blood volume due to tight coupling
between blood flow and volume. Thus, a decrease of CSF volume with smaller R;p value
may explain the R;p increase after 2DG (and mannitol) injection in the CSF region.

Previous studies showed that 2DG6P reaches a peak at ~40 min after 0.5 g/kg of 2DG
injection and then slowly decreases (Kotyk et al., 1989; Nasrallah et al., 2013). In contrast,
the 2DG-CESL responses at >40 min after a 0.25 g/kg or 0.5 g/kg injection either sustain or
slowly increase. The reason for these potential descrepancies is not clear, but one possibility
is the detection of increased glucose signals in addition to 2DG and 2DG6P. Deuel et al.
reported that 0.5 g/kg 2DG injection in awake rats induces blood glucose levels to increase
from 4.4 mM to 16.6 mM at 2.5 hr later (Deuel et al., 1985). This slow elevation in blood
glucose (hyperglycemia) would likely be transported to the brain tissue and may affect the
2DG-CESL response, especially after a long period (>1 hr).

In Paradigm 2, an isoflurane level of 0.5% was used while animals were paralyzed with
pancuronium bromide. Several hormonal changes due to fear or anxiety at such low
anesthesia levels (e.g., norepinephrine and epinephrine) may cause a change in the glucose
metabolism rate as well as a breakdown of global glycogen stores and the release of glucose
to the blood stream. Thus, the contribution from glucose due to hormonal changes cannot be
excluded. However, since the quantitative ARy p of 2DG-CESL is closely correlated with
CMRglu, we expect that the observed higher 2DG-CESL response at 0.5 % isoflurane is
mainly due to an increase of glucose metabolism associated with reduced anesthesia.

Comparison of glucoCEST and glucoCESL

Although both glucoCEST and glucoCESL techniques can detect 2DG and its metabolic
product, their sensitivity and exact signal sources differ. CESL likely has higher sensitivity
than CEST for the detection of 2DG (Jin et al., 2014; Zu et al., 2014) since CESL is less
susceptible to small B, drift and has faster temporal resolution (Jin et al., 2014).
Furthermore, it is known that the sensitivity of the CEST technique is optimal for slow
chemical exchange applications (van Zijl and Yadav, 2011; Ward et al., 2000), i.e. where the
chemical exchange rate between water and labile protons & is much smaller than their
chemical shift §, and spin-lock MRI is more suitable for studies of intermediate or fast
chemical exchanges (Jin et al., 2011). The proton exchange between water and glucose and
2DG hydroxyl group was estimated to be around ~4600 s~ under physiological conditions
(Jin et al., 2014; Yadav et al., 2014), falling into the intermediate exchange regime at high
magnetic fields (of 7 to 11 T) and into the fast exchange regime at clinical field strength (<3
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T). Thus, the sensitivity advantage of glucoCESL would be expected to be even larger at
lower clinical magnetic fields (Jin et al., 2014).

Temporal characteristics of CEST and CESL in the normal brain are quite different,
especially during the plateau period of blood 2DG concentration after the injection of 0.5 to
1.0 g/kg 2DG. 2DG6P and blood 2DG maintain a relatively stable level during the 30-80
min post-injection period (Nasrallah et al., 2013). During the same period, glucoCEST
signals return to the pre-injection baseline (Nasrallah et al., 2013) while glucoCESL signals
sustain a relatively similar level (slightly increase or decrease) (Fig. 3A). This difference in
CESL and CEST should be caused by the differential sensitivities of non-chemical exchange
components and 2DG/2DG6P. First, the glucoCEST study with injection of L-glucose
(which cannot be transported across the BBB, similar to mannitol used here) showed that
glucoCEST is insensitive to the osmolality effect (Nasrallah et al., 2013). Since the
contribution of osmolality effect is also small in glucoCESL (see Fig. 6), this cannot explain
the temporal difference between CEST and CESL. Second, glucoCEST and glucoCESL
have different sensitivities to different chemical exchange rates, as mentioned prior.
Therefore, they may have different weightings between the extracellular and intracellular
spaces, because chemical exchange rate is dependent on pH and the concentration of
exchange catalysts, both of which may differ in these two pools. Third, blood flow and
volume increase after 2DG injection may change susceptibility effects, which affect
glucoCEST more than glucoCESL (Jin et al., 2014). To further understand the different
signal sources of glucoCEST and glucoCESL, systematic comparison studies would be
necessary in the future.

Technical issues of 2DG-CESL

The sensitivity of glucoCESL to 2DG is much higher than that of glucose, likely due to the
fast metabolism of glucose as well as the accumulation of metabolized 2DG6P in cells.
Consequently, the 2DG time course (Fig. 2D) is quite different from that of D-glucose where
a peak was observed about 15-20 min after bolus injection (Jin et al., 2014) dropping to pre-
injection baseline in ~60 minutes after the injected D-glucose was fully metabolized.
However, the application of 2DG has a major limitation, namely its toxicity. While the usage
of 2DG in humans is only limited to special cases with an oral dosage of less than 0.2 to 0.3
g/kg (Dwarakanath et al., 2009; Singh et al., 2005), recent studies show that a dose of 0.5
g/kg of FDG can be tolerated in anesthetized rats with minimal side effects to cerebral
physiology and evoked BOLD-fMRI response to forepaw stimulation (Coman et al., 2014).
In our studies, a dose of 0.25 g/kg 2DG was used to reduce its toxicity, while retaining
sufficient sensitivity to enable glucose metabolism-related mapping.

CESL sensitivity is also dependent on spin-lock parameters. A higher spin-locking power
will suppress the chemical exchange effect (Eq. [3]), and a lower spin-locking power may
increase low-frequency fluctuations, such as those due to the BOLD effect (see the /-
weighted response from Fig. 2B and 2C). While a spin-locking frequency of 500 Hz was
adopted in this study (except Paradigm 4), the sensitivity of 2DG-CESL may slightly
improve if this frequency is optimized. Additionally, CESL sensitivity may be further
improved if better RF coil and/or advanced imaging techniques were adopted such as
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parallel imaging. The threshold dose can be lower for conscious subjects where glucose
utilization is higher than in the anesthetized condition (Lenz et al., 1999; Ori et al., 1986)
and may also be reduced for pathological applications where glucose transport or
metabolism is elevated compared to normal tissues such as in tumors.

Conclusion

The 2DG-CESL signal in the healthy rat brain is strongly dependent on the injection dose,
anethesia level, brain regions, and the spin-lock power level. 2DG-CESL signals likely
contain both transport and metabolisim components which are respectively more heavily
weighted during the early and later response. With careful control of animal physiology, a
single dose of 0.25 g/kg can provide sufficient sensitivity for high-resolution metabolic
imaging under our settings. Our results suggest that 2DG-CESL may be a useful technique
for the study of glucose transport and metabolism in normal and pathological brains.
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Highlights

. Chemical exchange-sensitive spin-lock (CESL) MRI signal increases
linearly with 2DG dose at initially but not at later periods.

. The 2DG-CESL signal is reduced at higher isoflurane anesthesia levels
correlating well with glucose metabolism rate.

. 2DG-CESL signal shows spatial heterogeneity and is higher in gray
matter than white matter.

. 2DG-CESL predominantly measures chemical exchange-related signals
in the extravascular space.
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Fig. 1. Experimental setup and protocol for 2DG-CESL study
(A) A schematic illustration of the transport and metabolism of 2DG in brain. The injected

2DG in the intravascular space is transported by glucose transporters across the blood brain
barrier to the extravascular-extracellular space and followed by uptake into the intracellular
space where it is phosphorylated into 2DG6P. Both 2DG and 2DG6P have hydroxyl groups
which rapidly exchange with water protons and can be detected by the CESL technique. (B)
A schematic illustration of our animal-experiment setup shows a combination of volume coil
transmit and surface coil receive, and the 2DG is injected through a venous line. (C) The
pulse sequence for chemical exchange-sensitive spin-lock (CESL) MRI used in this study
contains an adiabatic spin-lock (SL) preparation followed by spin-echo echo planar imaging
for imaging acquisition. By: spin-lock power level, TSL: spin-lock time, TE: echo time. (D)
Each glucoCESL MRI experiment was performed by repeated acquisitions of four images
(one TSL =0 ms and three TSL = 50 ms) before and after injection of 2DG or mannitol.

A time series of Ryp (=1/71p) was generated from data with two TSL values.
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Fig. 2. Spin-echo vs. spin-lock MRI results
Comparison of the percent change maps (A), time courses of 7,-weighted (TSL =0 and TE

=30 ms) and 7yp-weighted (TSL =50 ms and TE = 30 ms) signals (B and C), and
calculated Ryp responses (D) from two representative animals. 0.5 g/kg of 2DG was
intravenously injected to 1.5% isoflurane anesthetized rats at time 0. Data in (B-D) was
obtained from all pixels of brain in all slices. Large fluctuations were observed in B and C,
but not in D where the 7, contribution during TE was removed.
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Time courses of the CESL R;p change (A) obtained from the rat cortex for three 2DG doses
of 0.25 (n=4 animals), 0.5 (n=6) and 1 g/kg (n=7). Animals were maintained under 1.5%

isoflurane. (B) Dose-dependent /;p changes in 5 to 30 min, 31 to 60 min, and 61 to 90 min
periods. The Ryp change is linearly dependent on the injection dose at an early time, but not
later time. This suggests that the early response is sensitive to 2DG transport while the later

time is more weighted to metabolized 2DG6P. Error bars: SD.
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Fig. 4. Anesthesia level dependency
Percent change maps of 2DG-CESL R;p in representative animals (A) and averaged time

courses from cortical ROIs under 0.5% (n=6 animals), 1.5% (n=5), and 2.2% (n=4)
isoflurane. A 0.25 g/kg of 2DG dose was used. The blue contoured ROI was shown in 2.2%
isoflurane data in the right hemisphere (A) and used for obtaining time courses (B). 2DG-
CESL correlates well with glucose metabolism. Data were shown as mean + SD.
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Fig. 5. Regional heterogeneity measured by high-resolution 2DG-CESL
Comparison of 7;-weighted images and maps of R;p changes (two slices) (A), and the time

courses from the cortex, corpus callosum (CC, blue arrows), and globus pallidus (GP, red
arrows) ROI (B). R;p changes with 333x333x1500 pum? resolution were measured with 0.25
g/kg 2DG injection under 0.5% isoflurane. Pixels of ROIs were shown as green, blue and red
color in the right hemisphere for the cortex, CC, and GP, respectively. Lower Rip change
was observed in the CC and the globus pallidus indicating that 2DG-CESL correlates with
glucose metabolism. Error bars: SD
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Fig. 6. Signal sources of 2DG-CESL
Ryp changes were measured at two spin-lock power levels with 1 g/kg of mannitol (n=4

animals) vs. 0.25 g/kg 2DG injection (n=4). Rats were anesthetized with 0.5% isoflurane.
Ryp change maps were overlaid on 7;-weighted images (A); and the time courses were
obtained from cortical ROIs (shown in one hemisphere by the red contour in 71-weighted
image) for mannitol (B) and 2DG (C). Data were shown as mean + SD. Assuming the
contribution from the injection-induced osmolality increase to ARyp is linearly dependent on
the injection dose, the contribution from the osmolality effect to the 2DG-CESL signal were
estimated. The blue time course in (C) represents the non-chemical exchange contribution to
the CESL signal, taken as % of the ARyp time course of mannitol injection. Large Rip
change at the ventricle area (blue arrows) is due to a relative volume change of CSF in the
voxel (see text).
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