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Dynamic glucose-enhanced (DGE) imaging uses chemical exchange saturation transfer magnetic resonance
imaging to retrieve information about the microcirculation using infusion of a natural sugar (D-glucose). How-
ever, this new approach is not yet well understood with respect to the dynamic tissue response. DGE time
curves for arteries, normal brain tissue, and cerebrospinal fluid (CSF) were analyzed in healthy volunteers
and compared with the time dependence of sampled venous plasma blood glucose levels. The arterial re-
sponse curves (arterial input function [AIF]) compared reasonably well in shape with the time curves of the
sampled glucose levels but could also differ substantially. The brain tissue response curves showed mainly
negative responses with a peak intensity that was of the order of 10 times smaller than the AIF peak and a
shape that was susceptible to both noise and partial volume effects with CSF, attributed to the low contrast-
to-noise ratio. The CSF response curves showed a rather large and steady increase of the glucose uptake
during the scan, due to the rapid uptake of D-glucose in CSF. Importantly, and contrary to gadolinium stud-
ies, the curves differed substantially among volunteers, which was interpreted to be caused by variations in
insulin response. In conclusion, while AlFs and tissue response curves can be measured in DGE experiments,
partial volume effects, low concentration of D-glucose in tissue, and osmolality effects between tissue and
blood may prohibit quantification of normal tissue perfusion parameters. However, separation of tumor re-
sponses from normal tissue responses would most likely be feasible.

INTRODUCTION

Contrast agents are important for improving specificity and
sensitivity in the visualization of anatomy and physiology that
is not attainable with standard imaging. For instance, they can
be used to assess perfusion parameters such as blood flow, blood
volume, and transcapillary permeability. At present, all contrast
agents for the 2 clinically most available methods, that is,
computed tomography (CT) and magnetic resonance imaging
(MRI), require chemical labeling. Annually, about 30 million
patients worldwide are injected with iodinated CT agents (IMV
Medical Information Division Inc. CT Census Market Summary
Report, 2004) and another 8.5 million with gadolinium agents
(MRI) (Joint Meeting of the Cardiovascular and Renal Drugs and

Drug Safety and Risk Management Advisory Committee; Gad-
olinium-Based Contrast Agents & Nephrogenic Systemic Fibro-
sis. FDA Briefing Document, 2009). While gadolinium agents are
overall considered safe, reports of adverse effects including
nephrogenic systemic fibrosis (NSF) (1), gadolinium deposition
in deep brain structures (2-4) and bones (5), and increased risk of
stillbirth and neonatal death (6) are accumulating,.

D-glucose is a regulatory-approved biocompatible sub-
stance. Oral glucose tolerance tests are already used clinically
for the diagnosis of diabetes (7), and intravenous glucose toler-
ance testing is often used in clinical research settings to measure
insulin sensitivity (8). Injection of small amounts of glucose will
not change conventional MRI contrast. However, by using
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Chemical exchange saturation transfer (CEST) MRI (9, 10), an
approach using radiofrequency (RF)-based labeling followed by
label transfer (11), small (millimolar) amounts of glucose can be
detected through the water signal with greatly enhanced sensi-
tivity by using the glucose hydroxyl protons as a natural label
that exchanges with water protons (12-17). This method is
named glucoCEST (12-14, 18). In addition, the relaxation times
T1p and T2 are also sensitive to proton exchange, and can be
used to study the effect of glucose and its derivatives on image
contrast (15, 18-22). By injecting the glucose while performing
dynamic imaging (dynamic glucose-enhanced MRI [DGE MRI])
with glucoCEST, information about the microvasculature and
tumor glucose uptake can be obtained (23, 24). These studies are
being performed using both CEST (24) and spin-lock (19-22)
approaches in animals and recently in humans (21). In this
study, we applied the DGE MRI method using glucoCEST in
healthy volunteers at 7 T to investigate the response curves from
different tissues in the brain (arterial blood, normal brain tissue,
CSF), and compared them with the time dependence of blood
glucose levels measured using blood gas analysis of venous
blood.

METHODOLOGY

Subjects and MR Imaging

The project was approved by the local ethics committee (The
Regional Ethical Review Board in Lund and the Institutional
Review Board at the Johns Hopkins University in Baltimore),
and written informed consent was obtained from each volun-
teer. Seven healthy volunteers (4 males; age 24 -50 years) were
examined in Lund on an actively shielded 7 T MRI scanner
(“Achieva”, Philips, Best, The Netherlands) equipped with a dual
transmit head coil with a 32-channel phased-array receive coil
(Nova Medical, Wilmington, MA). To exclude any pathology,
morphologic images of each volunteer were examined by an
experienced neuroradiologist (PS). To participate in the study,
the volunteers had to be able to tolerate gadolinium (creatinine
was tested for) as well as D-glucose (ie, diabetes mellitus, sickle
cell disease, and blood iron deficiency were contraindicatory). A
fasting blood glucose value between 3.9mM to 7.5mM (70
mg/dL to 135 mg/dL) was considered normal. Previously pub-
lished data (24) from the Johns Hopkins University, Baltimore,
were also included to increase the number of samples. That data
consisted of 4 healthy volunteers (1 male; average age 28 years).
A difference from the Lund data to the Baltimore data was that
the normal fasting glucose value was limited to <7mM (126
mg/dL) at the Johns Hopkins University.

The RF-based saturation in the CEST sequence was achieved
using an equidistant train of 32 sinc-gauss pulses with peak
B1 = 1.96 uT, duration of 50 milliseconds, and separation of 25
milliseconds. Since acquisition of a full Z-spectrum is not
needed using DGE-MRI due to the peak width of the glucose OH
resonance, data were acquired at a single saturation offset of 1.2
ppm, where 3 of the hydroxyl protons of glucose resonate. Each
saturation train was followed by a gradient-echo imaging mod-
ule with repetition time = 5 milliseconds, echo time = 1.48
milliseconds, and a flip angle of 30°, to dynamically acquire a
single transaxial slice with thickness of 6 mm, field of view of
224 X 224 mm?, and in-plane resolution of 3 X 3 mm?. Satu-
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ration images were acquired at a temporal resolution of 5.3
seconds. For 1 subject, a protocol with 90 dynamics was used
(total scan time, 7 minutes and 57 seconds) was employed
however, to get more information, the rest of the subjects were
scanned using a protocol with 180 dynamics. Total scan time
was 7 minutes and 57 seconds for the first protocol and 15
minutes and 54 seconds for the second protocol.

The images from the Johns Hopkins University were ac-
quired in the same way as the experiments described in this
study. However 1 volunteer was scanned using a protocol of 90
dynamics, 1 using a protocol of 70 dynamics, and the rest with
at least 165 dynamics.

Normal D-glucose (50% dextrose, APL, clinical grade) was
used as a contrast agent. Manual infusion started 3 minutes into
the scan, and the infusion time ranged from 23 to 65 seconds.
The total amount of glucose that was infused was 25 g in a
50-mL unit. Before the scan, a venous blood sample was drawn
and the plasma glucose level was measured using a blood gas
analyzer (i-Stat, Abbot Scandinavia AB, Sweden). Venous blood
samples were also collected and analyzed for plasma glucose at
0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 7.0, 10, 15, 20, 30, 45, 60 minutes after
end of the infusion. The amount of blood that was drawn for
each sample was ~1-2 mL. After the scanning, the volunteers
were asked to report their experiences during the infusion.

Postprocessing

The first 2 of the DGE images was discarded to assure a proper
steady state. Baseline images with intensity Spase Were generated by
averaging 3-27 of the preinfusion images. Glucose dynamic dif-
ference images were generated by taking the difference between
Shase and dynamic image intensity S(#), normalized to Spase:

Sbase - S(tl) AS(l‘l)

glucoCEST(¢#)( %) = X 1000% =

base base

where S(t;) is the image intensity at time point i. One AIF was
registered in each volunteer by selecting 2-3 voxels in the
anterior cerebral artery (ACA) and then averaging the dynamic
relative glucose difference curves for these voxels. The AlFs
were temporally smoothed using a 4-point moving average.

Maps of the area under the curve (AUC) were calculated
from the DGE images using the following equation:

- S(t) L AS(1)

n .
AUC= D, Stase 7 ) 10000 = >,
1

base 1

(2)
base

The AUC over a 5-minute postinjection period was calcu-
lated. The start of the bolus was assigned as t = 0 (cf. Results)
and the venous plasma glucose levels where subtracted with the
baseline level.

The postprocessing was done in a similar fashion, with 2-3
voxels selected from the ACA. The limited number of voxels was
selected to minimize partial volume effects as much as possible.
ACA was used in all cases except 1, where no AIF could be found
in the ACA and the AIF was instead selected in the insular artery.

In addition to analyzing the differences between the AlFs
and the blood glucose levels, we also placed 2 regions of interest
(ROIs) in the brain tissue of the volunteers. These ROIs were
placed so that the outer cortical matter and ventricles were
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Figure 1. Comparison of the arferial input function (AlFs) from dynamic glucose-enhanced (DGE) imaging (red) with the
sampled venous plasma blood glucose levels (blue) for all volunteers from Baltimore (B1-B4) and Lund (L1-L7). The pink-
shaded area shows the glucose infusion period. Notice the different vertical scales used to maximize the visualization of

the shape.

excluded. The ROI response (ie, relative signal difference) curves
were then averaged to 1 curve. Furthermore, data from ROIs
placed in the CSF in the ventricles (1 in each of the frontal horns
of the lateral ventricle) were averaged for analysis of the DGE
curve from CSF.

RESULTS
Figure 1 shows the AlFs in comparison with the sampled increase
in venous plasma glucose levels, for a period of —154 seconds to

302 seconds in 2 subjects, and to 604 seconds in the remainder of
the subjects. Note that a positive glucoCEST intensity reflects an
increased concentration of D-glucose in the voxel. There are clear
differences between the AlFs in different volunteers, both in terms
of maximum intensity and the decay rate of the glucoCEST inten-
sity. The increase in glucoCEST effect in general is proportional to
that in the measured increase in blood glucose level.

In Figure 2, the AUC image from 1 volunteer is shown
together with all the individual voxel AUC values plotted in a

16
Figure 2. Area under the curve 12
(AUC) image from 1 volunteer .
together with the values of the ;
individual AUC voxels plotted in a 04
histogram. The image is calcu-
lated using the first 5-minute im- .
ages after start of injection. The 04
color scale bar corresponds to
relative signal difference in R
percent. 12 0
-3 -2 -1 0 1 2 3
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Figure 3. D-glucose response curves obtained from ROlIs in healthy brain tissue from the volunteers from Baltimore (B1-

B4) and Lund (L1-L7).

histogram. Note that CSF spaces can show either hypointensity
(negative CEST effect) or hyperintensity, which will be further
discussed below, while vessels always show hyperintensity (high
CEST effect).

Figure 3 shows the tissue response curves from ROIs in the
normal brain tissue for the volunteers. One can see an increase
in the glucoCEST intensity when the glucose arrives in similar
fashion to the AIF, but followed by a negative signal change in
most cases.

CSF response curves for the volunteers are shown in Figure
4. Interestingly, there was a fairly steady uptake of glucose
throughout the response curve in 3 cases.

Figure 5 shows a scatter plot between the venous blood
glucose and the AIFs for all individual exams (without zero
baseline). When including the (0, 0) point, the correlation anal-
ysis showed r = 0.3.

The volunteers reported effects ranging from feeling warm,
sugary taste in the mouth, transient heat flashes in head and
crotch, to a feeling of the urge to urinate during the initial part
of the glucose infusion. The effect was short-lived and was
usually resolved within a few minutes. We noted that some of
these side effects were stronger when the infusion was faster,
and they were comparable to some adverse effects caused by
some iodine-based contrast agents (25). We attribute some of
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these effects to the osmolarity of the glucose solution, which is
approximately 10 times higher than the osmolarity of blood.
When highly osmotic contrast agents are injected in the blood-
stream a transport of water from the extravascular space to the
intravascular space will occur in an effort to restore equilibrium
in the osmotic pressure. This will lead to an increase in intra-
vascular pressure.

DISCUSSION

Arterial input functions are often required when tracer kinetic
approaches are used to extract different perfusion-related pa-
rameters, such as cerebral blood volume, cerebral blood flow
and transcapillary permeability. In T2*-weighted dynamic sus-
ceptibility contrast (DSC) MRI for perfusion imaging, the con-
centration-time curve is deconvolved with the AIF to obtain the
tissue impulse response function (26), which can be used to
calculate cerebral blood flow and mean transit time (MTT). In
T1-weighted dynamic contrast-enhanced MRI (DCE-MRI) for
perfusion and permeability imaging, one could, in principle,
also deconvolve the concentration-time curve with the AIF (27),
although this approach is not frequently applied due to low
signal-to-noise ratio. Instead, compartment models such as the
so-called Tofts or extended Tofts models are more common (28,
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Figure 4. D-glucose response curves obtained from ROlIs in the ventricles from the volunteers from Baltimore (B1-B4)
and Lund (L1-L7).

29). The extended Tofts model requires the use of the AIF to
calculate the permeability-related parameter K™"S the ex-
travascular extracellular volume and the plasma volume. As the
tracer kinetics in DGE-MRI is different (delivery, uptake, and
metabolism combined), it is important to be able to characterize
the AIF in order to calculate perfusion- and/or permeability-
related parameters using DGE-MRI. Another difference be-
tween DSC-MRI/DCE-MRI and DGE-MRI is that individual
insulin responses will influence the shape of the DGE AIF.
However, since every change in the AIF will be followed by a
change in the uptake curve in the tissue the correct assess-
ment of the AIF should not hamper calculation of the tracer
kinetic parameters.

A first observation regarding the blood glucose curves in
Figure 1 is that, contrary to typical gadolinium infusion exper-
iments, all individuals showed very different temporal patterns
of plasma glucose after the infusion, both in shape and magni-
tude. This variability of glycemic responses may be because of
individual differences in insulin secretion from the pancreas
and/or peripheral insulin sensitivity (30, 31), although this was
not explicitly assessed in our study. After infusion, the glucose
arrives in the brain tissue, where a small fraction is extracted
and transported over the blood-brain barrier to the extravascu-
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lar extracellular space (EES) and further to the glial and neuro-
nal cells via active transport by the GLUT1 and GLUT3 trans-
porters proteins (32). After entering the brain and crossing the
EES, the D-glucose is taken up in the intracellular space, where
it is rapidly phosphorylated and metabolized to pyruvate. The
intracellular concentration of phosphorylated glucose is in the
micromolar range (33), indicating that the signal in glucoCEST
mainly originates from the EES (12), with some intravascular
contribution. Most of the blood sugar is not taken up by the
brain (the glucose extraction fraction, GEF, for normal brain is
only about 10% (34)) and will instead recirculate in the rest of
the body where it will be metabolized by all organs. The glucose
uptake in peripheral tissues (eg, skeletal muscles), is facilitated
by other transport proteins, such as GLUT4, which is insulin-
dependent. GLUT4 is coupled to hexokinase II that facilitates the
metabolism of glucose in peripheral tissues under insulin-stim-
ulated conditions, such as during the postglucose infusion pe-
riod (35). As plasma blood glucose levels rise, pancreatic insulin
secretion is stimulated in response (36). The circulating insulin
in the blood then facilitates insulin-mediated glucose uptake in
peripheral tissues, therefore lowering the blood glucose level.
For the short period of time over which the DGE response is
studied, the brain metabolism most likely has only a minor
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influence on the blood glucose response curve as a whole,
because the GEF is constant in healthy volunteers and would
produce a similar shape and intensity. We therefore attribute the
variations in early decay rate seen in the blood glucose drawn
from the intravenous blood to the insulin response. A vigorous
insulin response will lead to a quick drop in blood glucose level
after the infusion peak, while a slower or more modest insulin
response will manifest as a slowly decaying curve.

In addition to real differences likely based on insulin re-
sponse, a major confounding factor that may influence the
maximum intensity of the experimentally measured AIF is the
occurrence of partial volume effects. Due to the limitation in
spatial resolution (3 X 3 X 6 mm?), it is difficult if not impos-
sible to obtain information from a voxel that contains only
blood. Due to the low GEF, the sagittal sinus would be another
choice for monitoring, but then as a venous output function.
However, such a voxel may still not contain 100% blood, mainly
due to the through plane resolution of 6 mm. Due to the partial
volume effects, we have contributions from normal brain tissue
and, especially in cortical and ventricular regions, CSF are
included in the AIF sampling, and this can of course influence
the shape and the amplitude of the AIF, similar to DSC-MRI (26).
Also, in our current experimental protocol, we were limited to
one slice covering healthy brain tissue thereby excluding a full
coverage sagittal sinus.

The normal brain tissue response (Fig. 3) shows a trend with
a small early rise and then a decay to a constant negative or
close to zero level until the glucose level in blood has normal-
ized. While the shape of this normal brain tissue response re-
flects somewhat the AIF shape, this normal brain tissue response
was generally within the noise level. These curves have very low
signal-to-noise ratio compared with, for example, DSC-MRI
[where the signal drop is often of the order of 40% in healthy
tissue (37)]. The negative effect in DGE may be because of tissue
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water loss due to the difference in osmolality of blood and
combined with the small contrast-to-noise may make it prob-
lematic to determine perfusion parameters for normal tissue
from DGE. This small effect in normal tissue is expected because
of the ~4 -5 times lower glucose level in the brain tissue (38, 39)
compared to blood. Fortunately, uptake in the EES of brain
tumors with an affected blood-brain barrier should be much
higher, which, contrary to fluorodeoxyglucose-positron emis-
sion tomography, enables stronger observation of DGE contrast
between tumor and normal brain tissue.

Several response curves from CSF showed a fairly steady
increase of glucose uptake, much higher than in tissue. This is in
line with reports of rapid ventricular glucose uptake (40). Under
normal conditions, the CSF/plasma glucose ratio is between 0.3
and 0.8 (mean 0.6) (41). This ratio can be higher under hyper-
glycemic conditions, as glucose can enter the CSF through the
choroid plexus. This is a vascular tissue that connects the blood
and the CSF (ie, the blood-CSF barrier) and allows facilitated
transport of glucose into the CSF (42). Interestingly, the gluco-
CEST values in ROIs near and in CSF spaces can appear both as
hyperintense and hypointense. One would expect glucoCEST
hyperintensity in pure CSF, where the water saturation curve
broadens. On the other hand, partial volume effects with tissue
due to ventricular swelling as a consequence of glucose uptake
(40) will cause hypointensity, because the much narrower CSF
saturation spectrum is mixed with the tissue saturation spectrum
(24). In addition, similar to brain tissue, vessel dilatations due to
the injection of the glucose can also result in a signal change at
the boundary between tissue, vessel, and CSF. To simplify inter-
pretation in and near the CSF, a major improvement of the DGE
technique would therefore be to remove the CSF signals using
suppression techniques.

Another issue that might be relevant during the rather long
glucoCEST scan is motion. Minor motion patterns were observed
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in a few of the subjects, but these effects might be much larger
in patients, as they are frequently affected by, for example,
agitation or pain. Brain or even just ventricular motion can also
cause positive and negative effects due to different partial vol-
ume rations in ventricular border regions as described above for
ventricular swelling. This physiological motion may cause pos-
itive false effects in the DGE images. Motion correction is often
necessary in dynamic experiments, but the use of a single slice
hampered motion correction methods for the current group of
subjects. In the future, acquisition of more slices is thus war-
ranted, not only for more complete coverage of the pathology
but also to be able to do retrospective realignment of volumes.

As a final technical issue, it is important to realize that the
blood water signal intensities measured in the current DGE
approach depend on RF saturation effects induced in D-glucose
and transferred to water over a period of 2.4 seconds. For the
small Nova Medical head coil used, the saturation of blood water
starts only when it enters at the bottom of the brain and may
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