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Abstract

Natural and synthetic sugars have great potential for developing highly biocompatible and
translatable Chemical Exchange Saturation Transfer (CEST) MRI contrast agents. In this study,
we aimed to develop the smallest clinically available form of dextran, Dex1 (MW~ 1kDa), as

a new CEST agent. We first characterized the CEST properties of Dex1 /n vitroat 11.7T and
showed the Dex1 had a detectable CEST signal at ~1.2 ppm, attributed to hydroxyl protons.

In vivo CEST MRI studies were then carried out on C57BL6 mice bearing orthotopic GL261
brain tumors (n=5) using a Bruker Biospec 11.7 T MRI scanner. Both steady state full Z-spectral
images and a single offset (1.2 ppm) dynamic dextran-enhanced (DDE) images were acquired
before and after the intravenous injection of Dex1 (2 g/kg). The steady state Z-spectral analysis
showed a significantly higher CEST contrast enhancement in the tumor than contralateral brain
(AMTRasyml-2 PPM=0 010+0.006 vs. 0.002+0.008, P=0.0069) at 20 minutes after the injection of
Dex1. Pharmacokinetic analyses of DDE were performed using area under the curve (AUC) in
the first 10 minutes after Dex1 injection, revealing a significantly higher uptake of Dex1 in the
tumor than brain tissue in tumor-bearing mice (AUC(0-10min) = 21.9+4.2 vs. 5.3+6.4 %-min,
P=0.0294). In contrast, no Dex1 uptake was found in the brains of non-tumor bearing mice
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(AUC(0-10min) = —=1.59 + 2.43 %-min). Importantly, the CEST MRI findings were consistent
with the measurements obtained by DCE MRI and fluorescence microscopy, demonstrating
the potential of Dex1 as a highly translatable CEST MRI contrast agent for assessing tumor
hemodynamics.
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Introduction

Dynamic contrast-enhanced (DCE) MRI is an established clinical imaging method for
assessing hemodynamic parameters in tissue, showing promising clinical utility for cancer
diagnosis and treatment monitoring (1,2). In the brain, numerous studies have shown the
utility of DCE MRI to assess the altered hemodynamics and blood-brain-barrier (BBB)
permeability associated with in a variety of brain pathologies (3,4) However, gadolinium-
based contrast agents (GBCA) are limited to patients with normal kidney function (eGFR>
30 ml/min) because of the risk of developing nephrogenic systemic fibrosis (NSF) (5) and
may result in gadolinium deposition (6,7), which, although rare, is an indication against
GBCAs being used frequently and repetitively.

A number of sugars were recently developed as Chemical Exchange Saturation Transfer
(CEST) MRI agents (8,9) with the hope to be used as the alternatives to GBCA to ameliorate
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increasing safety concerns of the use of GBCA in some patient populations. For instance,
D-glucose is being investigated as a biodegradable MRI contrast agent (10-13). Both
preclinical(11,14) and human (13,15) studies have shown the capacity of dynamic glucose-
enhanced (DGE) MRI to assess increased tumor blood volume and BBB dysfunction. Other
glucose-derivatives, including 2-deoxy-D-glucose (2-DG) (16-18), 3-O-methyl-D-glucose
(30MG) (19-21), glucosamine (22), sucralose (23), sucrose (24), and glycogen (25,26) have
also been investigated to pursue safe, CEST-based MRI contrast enhancement. Except for
glycogen, all these molecules are small-molecular-weight molecules and most of them can
be metabolized and some, for instance 2-DG, may result in unwanted cellular effects.

Recent studies have shown that dextrans have potential as a new class of CEST agents

with several advantages (27-31). Dextrans are highly branched polymers of glucose and
have been used clinically for more than six decades as plasma volume expanders, peripheral
flow promotors, and anti-thrombolytic agents with a proven safety profile (32,33). Indeed,
dextran 70 (dextran with MW ~ 70K) is on the WHO Model List of Essential Medicines.
However, dextrans of high molecular weight (MW) have the risk to cause anaphylaxis or
anaphylactoid reactions (34). To this end, we are interested in the smallest and safest dextran
(MW= 1kDa, Dex1). Dexl1 is available for medical use with the tradename of Promit® and
has been approved by the FDA for reducing the incidence of high-MW-dextran-induced
anaphylactoid/anaphylactic reactions (35). According to the latter report, a clinical survey
among more than 8 million exposures in northern Europe over a period of more than 20
years shows that 20 mL Dex1 administration 15 minutes prior to the administration of LMD
(dextran 40) could effectively reduce severe dextran-induced anaphylactoid/ic reaction by
35-fold (from 1:2000 to 1:70,000) and reduce fatal reactions by 90-fold. Used individually,
no Dex1-caused allergic reactions have been reported before (35). Therefore, Dex1 can be
considered the safest agent in the dextran family when given to patients as an injectable
solution. In the present study, we aimed to investigate the ability of Dex1 to measure tumor
hemodynamics in a mouse brain tumor model.

Experimental

Materials

Without otherwise noted, all chemicals were purchased from Sigma Aldrich (Saint Louis,
MO, USA). Dextranl (MW= 1 kDa, abbr. Dex1, USP grade) was purchased from
Pharmacosmos (Denmark).

Tumor model

In vitro MRI

All animal studies were approved by our Institutional Animal Care and Use Committee.
C57BL6 mice (female, 5-6 weeks, n=4) were stereotactically injected with 2 x 104 murine
glioma GL261 cells at a depth of 3 mm below the dura mater, and orthotopic brain tumors
were formed after 21 days to reach at the desirable size (3-5 mm in diameter).

Dex1 was dissolved in PBS buffer at different concentrations and pH values and studied with
CEST MR using a vertical bore Bruker 11.7 T MRI scanner equipped with a 15 mm volume
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coil and a horizontal bore 3T Bruker BioSpec system (Bruker, Ettlingen, Germany) equipped
a 40-mm volume transceiver coil. Temperature was maintained at 37°C by an air heater. For
11.7T MRI,CEST MR images were acquired using a RARE sequence with a continuous
wave pre-saturation pulse (B;=1.8 uT, 3 sec) swept from —4 to +4 ppm (step=0.2 ppm) for
the full Z-spectrum; TR/TE=6.0s/5 ms, RARE factor=186, slice thickness = 2 m, matrix size=
64x64, FOV = 16 x 16 mm?, spatial resolution= 0.25x0.25 mm?2, number of average=2, total
acquisition time= 16 min 48 s.

For 3T MRI, CEST MR images were acquired using the same RARE sequence with
TR/TE= 6000/4.6 ms, B1=1.8 uT/3 sec, saturation offsets= —5 to +5 ppm with an increment
of 0.1 ppm between +1 ppm and an increment of 0.2 ppm otherwise, slice thickness = 3 mm,
matrix size= 64x64, FOV = 20 x 20 mm?, spatial resolution= 0.31x0.31 mm?, number of
average=1, total acquisition time= 12 min 48 s. Prior to CEST MRI, By was adjusted using
the first-order By shimming method and the resulted FWHM is on the order of <5 Hz. The
WASSR method was used to compute and correct Bg shifts pixel by pixel. Three images
acquired at the offset of 200 ppm were used as the Sp image for Z-spectrum normalization.

In vivo MRI was carried out on a Biospec 11.7 T horizontal MRI scanner equipped with

a 23 mm mouse brain volume coil. The imaging protocol is shown in Figure 1. In brief,
CEST acquisitions were preceded by a water saturation shift referencing (WASSR) scan,
needed for By inhomogeneity assessment and correction in the Z-spectrum (36). During the
dynamic CEST acquisition, a pre-infusion period (2 min) was included to acquire baseline
signal. Then, 200 pL of Dex1 solution (250 mg/mL in saline) was then i.v. infused for 1

min (dose= 2 g/kg, injection rate= 1.67 puL/s), followed by flushing using 50 pL saline (dead
volume= 50 pL). Post-infusion acquisition was long ~20 min. All CEST MR images were
acquired using a modified fat-suppressed RARE sequence (CW saturation pulse: B1=1.8 uT,
3's, TR/TE=5000/5 ms, RARE factor=23, matrix size= 64 x 64 (with partial FT acceleration
to 64 x 23), spatial resolution= 0.28 x 0.25 mm?, slice thickness = 1 mm, number of average
NA=2, acquisition time=7 min). Steady-state Z-spectral acquisitions were acquired from -4
to +4 ppm (0.2 ppm steps) before and 20 minutes after Dex1 injection. Dynamic dextran
enhanced (DDE) MRI was acquired repeatedly at the single frequency offset of 1.2 ppm
relative to the water proton resonance at a temporal resolution of 10 s for 20 minutes.

Animals were also examined by DCE MRI with /. v. injection of ProHance® (0.1 mmol/kg,
bolus over about 10 s, injection volume =50 pL, injection rate= 5 pL/s). A single-slice
FLASH gradient echo sequence (TR/TE=18/3 ms, and flip angle =15°) was used to acquire
DCE images at the same position and spatial resolution as the CEST images. The acquisition
started one minute before injection. The total acquisition time of DCE MRI was 13 min, and
the temporal resolution was 14.6 s.

Synthesis of fluorescent Dex1

Cy5.5-labeled Dex1 was synthesized according to a previously reported route (28). Briefly,
0.4 umol of Dex1 in DMSO (1.5 mL), 0.22 umol of N,N’-Disuccinimidyl carbonate
(DSC) in 1 mL of DMSO, and triethylamine (TEA) (10 pL) were mixed and stirred for
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20 h at room temperature. The activated Dex1 was collected by centrifuging at 4000 x

g for 5 min after dropping the reaction mixture to cold acetone, and conjugated with
Cy5.5-amine (Lumiprobe, Cat#470C0, Hunt Valley, MD, USA) at the molar ratio of
Dex1:Cy5.5-amine=1:3 in DMSO for overnight, catalyzed by five equiv. of anhydrous N,N-
diisopropylethyl amine (DIPEA). The final product was precipitated in acetone, collected by
centrifugation, and washed with acetone.

Immunofluorescence

Tumor-bearing mice were /v, injected with 10 pg (~ 72 nmol) Dex1-Cy5.5 (200 pL of 0.36
mM in saline solution). One hour later, mice were sacrificed, and the brains were harvested,
frozen, and cryosectioned at a thickness of 5 um. Tissue slides were counterstained with
DAPI (Sigma). Images of the brain section were acquired using a Zeiss Axiovert 200 base
microscope.

Data processing

Both /n vitroand in vivo MRI data were processed using custom-written MATLAB scripts.
The magnetization transfer ratio asymmetry was used to quantify the CEST effects with
respect to saturation offset, which is defined as MTRagym=(S™2¢ — S*49)/S; where S*A
and S™2« are the MRI signals with RF irradiation at the offsets of +Aw and —Aw relative

to the water resonance, respectively, and Sy is the signal acquired without RF saturation.
After correcting the Z-spectral frequency for Bg inhomogeneity using the WASSR method,
the /n vivo steady-state CEST contrast was quantified by MTRasym = (S7Aw _ s*hw)/s) at
1.2 ppm. Before and after DDE, the change in CEST signal was quantified by AMTRasym =
MTRasym(post) — MTRgsym(pre).

For the pharmacokinetic analysis, the DDE and DCE data between 0-10 min post-injection
were used, with the time 0 referred to the time point where injection was started. The data
were first subtracted by the corresponding baseline contrast, calculated by averaging the
pre-injection CEST and Ty, contrast between -2 to 0 min (number of acquisitions= 20) and
-1 to 0 min (number of acquisitions =2) for DDE and DCE, respectively.

When a single offset (1.2 ppm) approach was used, as the CEST effect causes water signal
to reduce, the dynamic CEST contrast enhancement was calculated by the absolute values
of MR signal decrease, 7.e., AS(t)1-2PPM/Sy = [S(t=0)1-2PPM/S, - S(1)1-2PPM/S ] x 100%.

For DCE data, the concentration of Gd was calculated by the AS(t)/Sg% (Supplementary
method) as previously described (30). Area-under-curve (AUC) maps for both DDE and
DCE images were calculated by integrating the calculated contrast-enhancement images
(i.e., AS(t)1-2PPM/S % and mM [Gd] for DDE and DCE, respectively) over a period of the
0-10 min after injection using the MATLAB built-in trapezoid function pixel-by-pixel. The
averaged pre-injection signals were used as baseline.

Statistical analysis

Data were expressed as mean + SD unless otherwise stated. The comparison of two groups
was conducted using unpaired two-tailed Student’s t-test. Bland-Altman analysis (37) was
also performed to assess the agreement between DCE and DDE methods, with a criteria of
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95% of the standard deviation of the differences between the two methods. Differences with
P<0.05 were considered statistically significant.

CEST characteristics of dextranl

Dex1-based

The chemical structure of Dex1 is shown in Figure 2A, which contains on average 6 glucose
units and each glucose unit contains 3 hydroxyl protons (38). We first used conventional H
NMR to confirm the chemical shifts of the exchangeable hydroxyl protons. In Figure 2B,
the NMR spectra of 100 mM Dex1 acquired in D,O and H,0 (pH 6.5 and 20 °C to reduce
exchange rate) are compared, showing that the hydroxyl protons appear over a range 5.5

-6 ppm in the IH spectrum, which is about. 0.8-1.3 ppm relative to the water resonance
frequency (4.7 ppm in the TH NMR spectrum). In the Z-spectrum, these protons appear

as a broad CEST signal between 0.5 to 2 ppm with the apparent CEST peak maximum
frequency highly dependent on the B field strength (Figs. S1A,B) due to interference of
direct water saturation. Similar to glucose and other dextrans (30), the CEST signal of Dex1
depends strongly on pH (Figs. 2C,D). For the pH range studied, CEST signal decreases
with increased pH. As the exchange rate of hydroxyl protons was observed to continuously
increase over the range pH 6-8 (as calculated by their T, relaxation times, supplementary
Methods S1 and Figure S2), the reduction in CEST contrast can be explained by the fact
the exchange rate goes from the slow to intermediate to fast exchange regime compared

to Aw = 1.2 ppm x 500 x 21t = ~3768 rad/s. The increase exchange rate also generates a
pH-dependent Ty enhancing effect (relaxivity of 0.195 s~ImM1, Figures S3A and S3B),
whereas negligible T1 enhancement was observed (Figures S3C and S3D). At the same
glucose unit concentration, the CEST contrast of Dex1 at ~1.2 ppm is comparable to that of
glucose, whereas CEST peaks of other hydroxyl protons (2-3 ppm) of D-glucose disappear
in Dex1 due to polymerization (Fig. 2E). Considering that the glucose unit in Dex1 has a
MW of 162, this result reveals that the detectability of Dex1 (MW= 1 kDa, containing 6
glucose units) is approximately six times higher than the CEST signal of glucose at 1.2
ppm on a per molecule basis. Finally, to verify if the single offset approach can be used

for acquiring dynamic CEST at a high temporal resolution, we plotted the (1- S1-2PPM/S)
vs. concentration (Fig. 2F), which shows a good linear relationship in the range of 2 — 40
mM (per glucose unit). The dexCEST contrast is still substantial for pH values below 7 at
3T (Fig. 3 A-C). Compared to 11.7T, the detectability of Dex1 at 3T was lower as a result
of the decreased chemical shift (in units of Hz) with respect to water) and shortened T,
relaxation times at lower fields (Fig. 3D).

contrast-enhanced CEST MRI in brain tumors

We first compared the Z-spectra before and at 20 minutes post-administration of Dex1. As
shown in Figure 4A, there was a substantial CEST contrast enhancement in the tumor, in
good agreement with contrast-enhanced (CE) image obtained by Gd-DOTA. Interestingly,
there were also some areas showing noticeable CEST contrast outside tumor but the
magnitude of contrast enhancement was much weaker. The comparison of pre- and post-
injection mean ROl CEST contrast (Figs. 4B—C) revealed a significantly elevated CEST
contrast at 1.2 ppm in the tumor (Fig. 4D, P=0.0201) but not in contralateral brain (Fig.
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4E, P=0.6290). The contrast enhancement in the tumor for five mice was significantly
higher than that in the brain (AMTRay,=0.010 +0.006 and 0.002+0.008, respectively,
P=0.0069, Fig. 4F). The selected tumor uptake of Dex1 was also confirmed by fluorescence
microscopy, where a much higher intensity of red fluorescence (Dex1-Cy5.5) was observed
in the tumor bed than that outside tumor rim (Figs. 4G, S4). Higher steady-state CEST MRI
contrast enhancement in the tumor than in the brain was observed in all five mice studied
(Fig. S5).

Contrast enhancement in the tumor assessed by DDE MRI

We also acquired dynamic dextran-enhanced (DDE) CEST MRI during the first 20 minutes
after injection of Dex1 according to the image scheme in Figure 1. To illustrate the dynamic
changes, three ROIs (tumor, contralateral brain, and ventricle) were drawn manually based
on the T,-weighted anatomical images (Fig. 5A). As shown in Figure 5B, the injection of
Dex1 induced a substantial CEST enhancement (AS1-2PP™/Sy) in the tumor, whereas a much
lower, initially negative effect was observed in contralateral brain and ventricle. To ensure
the dexCEST contrast was not caused by the change in By inhomogeneity, we also measured
the AB shifts after Dex1 infusion, which were determined to be negligible in majority of the
brain and not substantially different between tumor and brain parenchyma (Fig. S6). Using
the dynamic curve, one can calculate the area-under-curve (AUC) between 0-10 min. As can
be seen in Figure 5C, the AUC images showed clear tumor enhancement. Among four mice
studied with DDE MRI, the mean AUC(0-10min) values in the tumor and contralateral brain
ROIs were 21.9+4.2 and 5.3+6.4 %-min, respectively (Fig. 5D, P=0.0294, paired Student’s
t-test). The Gd-based DCE MRI also showed strong contrast enhancement in the tumor but
not in the brain (Figs. 5, 5F). For DCE, the average AUC(0-10min) values were 0.75
+0.27 and —0.07 + 0.10 mM-min for tumor and contralateral brain, respectively (paired
Student’s t-test, P=0.0203, Fig.5G). Of note, there was a low but noticeable signal loss in

the contralateral normal hemisphere and ventricles, attributed to the circulating Gd contrast
agent in the blood vessels leading to a T2* effect. Since the To* effect is more pronounced at
higher magnetic field, there will be a significant decreased MRI intensity, which counteracts
the T effect caused by the Gd contrast agent (39). The observation of a To* effect in the
contralateral hemisphere indicates that, when assuming a linear relationship between MRI
intensity and Gd agent concentration, the quantification of concentration in the tumor may
lead to underestimation since a To* effect would also occur in the tumor when the Gd
contrast agent enters the extravascular space (40).

We also conducted DDE MRI in non-tumor bearing mice (Figs. 6, S7). The result shows a
negligible contrast enhancement in the non-tumor-bearing normal brain (Fig. 6B). As shown
in Figure 6C, the mean AUC (0-10 min) value in the similar regions (indicated in Fig. 6A
and Fig. 5A) in the brains of non-tumor bearing mice was determined to be —1.59 + 2.43
%-min, which is lower than that of the normal brain in tumor-bearing mice (/.e., 5.36.4
%-min, unpaired Student’s t-test, P=0.143).
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Discussion

Our study shows that Dex1 has potential as a non-chemically-labeled, diamagnetic

CEST agent for tumor hemodynamic characterization, 7.e., assessment of perfusion and
permeability properties. Recently, we (29,30,41) and others (27) have demonstrated that
dextrans of different MW can be used as CEST contrast agents. Dextrans cannot be
metabolized by most mammalian cells (42,43), and hence are suitable for being used as
contrast agents with a relatively longer blood lifetime than small molecular imaging agents
such as D-glucose. Different from our previous studies where dextrans of high MW were
used, the present study employed Dex1, the smallest and safest form of dextran, which
may ease future clinical translation. Dex1 (Promit®) has been approved by the FDA as

an intravenous injectable agent for effectively reducing the chance of an allergic reaction
to dextran-based fluids, such as dextran 40 and dextran 70 (35,44). Studies have shown
that Dex1 is biologically inert and can be eliminated from blood circulation rather quickly.
For example, Schwarz et al reported that the a mean elimination half-time of Dex1 was
only 1.9 h in healthy subjects, whereas that of Dex40 is around 9.5 h, and more than

77% of administered Dex1 was excreted through urine in 6 hours without metabolic
changes (42). Our /n vitro result showed that Dex1 generates approximately same CEST
contrast as D-glucose on a per weight/volume concentration basis, or 6-time higher on

a per molecule basis. As glucose-enhanced CEST MRI has been tested on 3T clinical
scanners recently (12,13), Dex1 may be also potentially clinically useful, given the similarity
between the CEST MRI properties and detectability between Dex1 and D-glucose. As a first
demonstration, the present study systemically investigated the ability of Dex1 as an MRI
contrast agent to detect and characterize brain tumors.

Like Gd-based DCE MRI, Dex1-based DDE MRI provides a quantitative measure of the
tumor hemodynamics. In our study, we analyzed DDE data using the AUC values between
0-10 minutes and compared them to DCE. The AUC analysis is a widely used model-free
method for quantifying the regional uptake of diagnostic or therapeutic agents (45) and is
particularly suitable for assessing BBB integrity (46). Indeed, the AUC method has been
used by us (14,15) and others (11) in dynamic glucoCEST MRI studies. AUC analysis

of DDE MRI provided a quantitative assessment of the increased tumor uptake of Dex1,
reflecting most likely a combined effect of increase blood volume and disrupted BBB in the
tumor, which was consistent with DCE MRI.

As one of the most abundant types of exchangeable protons, the hydroxyl proton has

drawn strong interest for generating CEST contrast (8). For example, D-glucose is being
extensively studied as a safe agent for tumor detection, which has entered human testing
recently (12,15,47). In addition to D-glucose, other glucose analogs are being investigated
as CEST agents on different mouse tumor models (18-22). The contrast between tumor

and normal tissues is reflective of higher tumor uptake and accumulation of these agents,
attributable to the hemodynamic changes such as perfusion, increased blood volume,
vascular permeability and BBB integrity (14,48), and pathological changes such as, for some
sugars, overexpressed glucose transporters (49). Compared to those agents, dextrans are
non-metabolizable and BBB impermeable, hence more suitable for assessing BBB integrity.
In fact, fluorescently labeled dextrans of various sizes have been widely used in preclinical
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studies to assess BBB permeability (50-52). Our study also shows that the intravenously
infused Dex1 preferentially extravasated in the brain tumor, providing an effective way to
characterize the altered hemodynamics associated with tumor pathology. More importantly,
our results showed that the dexCEST contrast is substantial at low pHs (i.e., pH < 7) at 3T,
Therefore, it is feasible to use dexCEST MRI at 3T to detect tumors where extracellular
extravascular space pH is acidic(53). Hence, Dex1 may be used as a substitute for Gd-based
agents for detecting BBB dysfunction. While the molecular weights for Dex1 (1kDa) and
Gd-DOTA (559 Da) are very similar, the experiments show different pharmacokinetics,
indicating that other factors are relevant. These could for instance be conformation/shape
and surface charge/hydrophilicity. Although of the same order of magnitude, the MW of
Dex1 (1 kDa) is still almost double that of Gd-DOTA (559 Da); Also, dextran is a branched
polymer and has inherently great flexibility and high degrees of conformational freedom due
to its a-1,6-linkages(54), whereas Gd-DOTA is a monomer with well-defined more rigid
structural conformation. On the other hand, different injection rates and volumes were used
for Dex1 and Gd-DOTA, which also contribute to the different tracer kinetics between the
two agents. For example, Dex1 was infused over 1 min at an injection rate of 1.67 pL/s

(total volume =100 pL), whereas Prohance was injected as a bolus within 10 s at an injection
rate of 5 puL/s (50 pL). Figure S8 shows the estimation of the time dependent (arterial

and venous) blood concentrations of Dex1 and Gd-DOTA, indicating the two agents have
different arterial-input and venous-output functions and thus may have different response
curves. All these factors may contribute to the difference in MRI contrast appearance
between the two agents. Nevertheless, our study has demonstrated the utility of Dex1-based
CEST MRI for hemodynamic assessment. Future optimization of acquisition parameters and
data processing methods are warranted to fully harness the ability of Dex1-based CEST MRI
to characterize the hemodynamic properties of brain tumors.

Surprisingly, both CEST MRI and immunofluorescence results indicate there was a low but
detectable quantity of Dex1 in some supposedly normal brain regions in the tumor-bearing
mice. While the exact reasons are still under investigation, we speculate that these regions
are not completely normal and may have subtle changes as no significant CEST MRI
contrast was observed in the brain of non-tumor bearing mice after injection of Dex1 at the
same dose. One possible reason is that Dex1 can be taken up in CSF through a disrupted
CSF barrier and sequentially diffuse to other parts of the brain. For example, Kress et al
showed in their study that the exchange of fluorescently labeled 3 kDa dextran between
CSF and brain parenchyma was pronounced in young and middle age mice (55). It is

also possible that these areas were affected by tumor infiltration or systemic inflammatory
reactions. In fact, we used the C57BL/6 syngeneic cell line GL261 to form intracranial
tumors, which, unlike the commonly used 9L and U87 mouse models, exhibit rapid growth
and invasive growth pattern similar to the human disease and often have margins that are
not sharply delineated as tumor cells infiltrate into the surrounding brain tissues. Of note,
dextran is a clinical plasma expander, and the administration of Dex1 in our study may cause
transiently increased cerebral blood volume (CBV) (56) and flow (CBF) (57). Moreover,
Dex1, if infused at a high dose may cause increased blood glucose level (58). Those

effects may also lead to changes in the CEST contrast, and sometimes cause negative effect
(decrease of CEST signal at 1.2 ppm)(48,59). Another technical challenge for dynamic
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CEST contrast enhancing MRI is the transient effect of contrast injection. For instance, in
our study, the injection volume of Dex1 solution is 150 pL, which would cause a 7.5%
blood volume increase, assuming the total blood volume in a mouse is 2 mL. Given the

T4 and T, relaxation times of saline (3) are substantially different from those of blood at
11.7 T (60,61), the injection can result in noticeable change in MRI intensity and frequency
(BOLD effect) and lead to misinterpretation if only the change in MRI signal at a single
offset (i.e., S(1.2ppm)/Sg in the present study) is used to quantify CEST contrast. Hence, our
AUC results contain a small but non-negligible error raised from the injection itself. On the
other hand, the Z-spectral approach can provide a more reliable quantitative measurement of
Dex1 because the MTRagym analysis after BO field correction can effectively compensate for
the T1 and T, effects, and the body fluid equilibrium can be resumed after a few minutes.
Further investigation of these potentially confounding effects is warranted.

Our study used a dynamic continuous wave CEST acquisition scheme to assess the signal
change at a single offset (i.e., 1.2 ppm). Of note, hydroxyl protons of sugars can also be
detected by other chemical exchange-sensitive MRI contrast methods, including T, (spin
lock) (e.g., for glucose (12) and 3-OMG (48)), Toex (e.9., for glycogen (62), glucose(63),
and D-maltose (64)), and on-resonance variable delay multiple pulse (onVDMP) (e.g., for
glucose (65)). Compared to the standard off-resonance CEST approach, these alternative
methods may provide higher contrast in the detection of hydroxyl protons whose exchange
rate falls into the intermediate to fast exchange regime. We will investigate the potential of
these methods in the detection of dextrans in our future studies.

In summary, we explored the smallest form of dextran, Dex1, as a new MRI contrast agent
and applied it to assess brain tumor hemodynamics. Our results showed the intravenously
injected Dex1 led to a substantial CEST MRI contrast enhancement in the tumor but not

in the brain. Pharmacokinetic analysis of dynamic dextran-enhanced MRI data revealed the
high uptake of Dex1 is due to the augmented vascular permeability in the tumor, in good
agreement with Gd-based DCE MRI and fluorescence microscopy. As Dex1 has an excellent
safety profile, it has great potential to be developed towards a clinically useful MRI contrast
agent.
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Figure 1. Timeline of CEST and DCE MRI acquisitions.

~2 min 1 min‘ ~20 min
post-infusion

pre- infusion

Two 7-min steady state full Z-spectra acquisitions were performed before and at
approximately 10 minutes after the injection of 2 g/kg Dex1 in saline solution (infusion
time=1 min). Dynamic CEST MRI was started at 2 min before the injection to 18 min

after the injection at a temporal resolution of 10 s. Two WASSR scans (~ 33 sec) were
acquired to assess the By inhomogeneities before and after each CEST acquisition. Dynamic
contrast-enhanced (DCE) MRI was acquired using a Ty, single-slice FLASH sequence (TR/
TE=18/3 ms) from 1 min before the injection to 12 min after the i.v. injection of ProHance®
(0.05 mL bolus over ~3s).
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Figure 2. In vitro CEST characterization of Dex1.
a) The chemical structure of dex1 (average m = 6). B) NMR spectra of 100 mM dex1

in D20 and H,0 (pH 6.5, 20 °C). C) Z-spectra, and D) MTRgym plots of 20 mM Dex1

(20 mg/mL) and PBS at pH 6.0-8.0. E) Comparison of CEST signal of 1.8 mg/mL Dex1
(concentration per glucosyl unit ~ 22 mM) and 20 mM glucose at pH =7.4. F) Plot of
1-S1-2PPM/S ) at pH = 7.4 vs. concentration of Dex1 (in glucose units), showing a good linear
correlation. All studies were performed using 3-second long CW pulse (B, =1.8 uT) at 37°C
unless otherwise noted.
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Figure 3. DexCEST (B1=1.8 uT/3 sec) contrast at 3T.
A) MTRgsym parametric maps of Dex1 (20 mM) at a function of pH (37 °C). Note that

a D-glucose sample (20 mg/mL, pH 7.4) was included as control. B) Z-spectra and C)
MTR,sym 0f 10 mM Dex1 at pH ranging from 6.0 to 8.0. D) pH dependency of DexCEST
contrast at 3T as compared to that at 11.7T.
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Figure 4. Dex1-enhanced CEST MRI in the GL261 brain tumor model.
A) From left to right: T2w, CEST images, and Gd-enhanced image of a representative

mouse. B-C) Mean ROI Z-spectra and MTRasym plots before and after dextranl injection in
the tumor (B) and contralateral brain (C). D-E) Comparison of the pre- and post-injection
CEST contrast in the tumor (D) and brain (E) of 5 mice. F) Comparison of dextranl-induced
contrast enhancement in the tumor and brain in 5 mice. G) Immunofluorescence image
showing the high uptake of Dex1 in the tumor, in which blue is nuclei (stained with DAPI)
and red is dextran (labeled with Cy5.5). Right lower area: tumor; left upper area: normal
brain. *; P<0.05, **: P<0.01, /V.S.= not significant (Student’s t test, two tailed and paired,
n=5).
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Figure 5. DDE CEST MRI in the GL261 brain tumor model.
A) Tow image showing the three ROIs for tumor (T), brain (B) and ventricle (V). B-

D) Dynamic changes of the mean CEST contrast, as quantified by AS1-2PPM/S, (t)%=
[S1-2PPM/S ) (t=0)- S1-2PPM/S, (1)]x100% (B). C) AUC map between 0 to 10 min after the
injection of Dex1. D) Comparison of the mean AUC values in the tumor and brain. E-F)
Dynamic Gd concentration change after the injection of 0.1 mmol/kg ProHance (~ 0.05 mL
of 0.5 M solution). F) DCE AUC (0-10 min) map. G) Comparison of the mean AUC (0-10
min) in the tumor and brain. *: P<0.05 (Student’s t test, two tailed and paired, n=4).
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Figure 6. DDE MRI in the normal brain.
A) Tow image of a representative mouse B) AUC map between 0 to 10 min after the

injection of Dex1.C) Comparison of the mean AUC (0-10 min) in non-tumor bearing mice
with that of tumor in tumor-bearing mice.
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