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Perfusion Imaging with a Freely Diffusible Hyperpolarized
Contrast Agent

Aaron K. Grant, Elena Vinogradov, Xiaoen Wang, Robert E. Lenkinski, and David C. Alsop
Department of Radiology, Beth Israel Deaconess Medical Center and Harvard Medical School,
Boston, MA 02215

Abstract

Contrast agents that can diffuse freely into or within tissue have numerous attractive features for
perfusion imaging. Here we present preliminary data illustrating the suitability of

hyperpolarized 13C labeled 2-methylpropan-2-ol (also known as dimethylethanol, tertiary butyl
alcohol and tert-butanol) as a freely diffusible contrast agent for magnetic resonance perfusion
imaging. Dynamic 13C images acquired in rat brain with a balanced steady-state free precession
(bSSFP) sequence following administration of hyperpolarized 2-methylpropan-2-ol show that this
agent can be imaged with 2—4s temporal resolution, 2mm slice thickness, and 700 micron in-plane
resolution while retaining adequate signal-to-noise ratio. 13C relaxation measurements on 2-
methylpropan-2-ol in blood at 9.4T yield T1=46+4s and T»=0.55+0.03s. In the rat brain at 4.7T,
analysis of the temporal dynamics of the bSSFP image intensity in tissue and venous blood
indicate that 2-methylpropan-2-ol has a T, of roughly 2—4s and a T1 of 43+24s. In addition, the
images indicate that 2-methylpropan-2-ol is freely diffusible in brain and hence has a long
residence time in tissue; this in turn makes it possible to image the agent continuously for tens of
seconds. These characteristics show that 2-methylpropan-2-ol is a promising agent for robust and
quantitative perfusion imaging in the brain and body.
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1. Introduction

Abnormal perfusion underlies many leading causes of morbidity and mortality. Stroke (1),
myocardial ischemia (2), cancer (3), and pulmonary embolism (4) are all characterized by
changes in local tissue perfusion. Perfusion imaging can play a key role in the management
of these and other disorders.

Imaging of perfusion requires the use of a tracer in order to track the flow of blood. Many
perfusion imaging techniques make use of exogenous contrast agents for this purpose. A
notable exception is arterial spin labeling, which employs the nuclear magnetization of the
blood itself as a tracer (5). The passage of various tracers through tissue is markedly
different depending upon the extent to which they can escape from the intravascular space
and diffuse through tissue. Agents that can diffuse freely through vessel walls typically exit
the vasculature upon reaching the capillary bed and reside in tissue for tens of seconds
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before they are extracted into the veins. The slow passage of freely diffusible agents allows
for the use of slow imaging techniques and enables robust quantification of perfusion. At the
other extreme, intravascular and partially permeable agents pass from the arteries to the
veins and exit the tissue much more rapidly, requiring the use of faster imaging techniques.
Moreover, these agents highlight vessels more than tissue, and provide quantitative
perfusion data only after complex modeling of input functions, flow dispersion,
permeability, and vascular kinetics.

Existing methods for perfusion imaging can be categorized according to the imaging
modality and the type of tracer. Contrast agents for use with PET include 1°0 labeled water
(6) or other diffusible 11C labeled compounds such as butanol (7). PET techniques provide
excellent quantification but limited spatial and temporal resolution. In addition, while both
butanol and water are diffusible in tissue, the use of short-lived radioisotopes such as 1°0
and 11C requires a nearby cyclotron. Perfusion imaging with SPECT makes use of contrast
agents such as 99™Tc-hexamethylpropyleneamine oxime (Tc-HMPAO) (8). Tc-HMPAO is a
freely diffusible agent that is converted into a poorly diffusible form by cellular metabolism.
SPECT methods based upon this agent have limited spatial resolution, and the ability of this
agent to directly assess flow has been questioned (9). Perfusion imaging with CT can be
performed using agents such as iodinated contrast (10) or xenon (11). lodinated contrast is
partially permeable and therefore, like all non-diffusible agents, requires detailed modeling
in order to obtain quantitative perfusion data. Xenon is diffusible in tissue. However, various
methodological challenges (12) and the radiation dose associated with this method (13) have
limited its widespread use. A variety of contrast mechanisms have been employed for
perfusion imaging with MRI. Partially permeable gadolinium contrast agents form the basis
for dynamic susceptibility contrast (DSC) perfusion imaging (14). Again, however, the
partial permeability of gadolinium agents introduces various technical challenges. Freely
diffusible contrast agents for MR perfusion imaging include water labeled with 170 (15) and
deuterium (16) and, in the case of arterial spin labeling (ASL), the nuclear magnetization of
water protons in flowing blood (5). ASL offers higher spatial and temporal resolution than
PET-based methods. However, the signal-to-noise ratio of ASL perfusion imaging is limited
by the small (~1%) signal modulation induced by labeling of arterial water. In addition, the
relatively short T, relaxation time of the water protons prevents the use of ASL in tissues
with slow blood flow (17). A method that could provide large perfusion-induced signal
changes from a more slowly decaying, freely diffusible contrast agent would offer clear
advantages over existing techniques

Here we propose the use of hyperpolarized freely diffusible 13C labeled contrast media for
MR perfusion imaging. This technique combines many of the advantages of ASL while
ameliorating two of its most significant drawbacks, namely its low SNR and the short
lifetime of the spin label. Hyperpolarization offers ample signal strength for perfusion
imaging, and by choosing a suitable labeled compound it is possible to obtain long T4 and
T, relaxation times. Although a variety of small organic molecules labeled with 13C or 15N
are suitable for use in perfusion imaging, here we focus on 13C labeled perdeuterated 2-
methylpropan-2-ol shown in Fig. 1 (this compound is also variously known as
dimethylethanol, tertiary butyl alcohol and tert-butanol). Previous work on hyperpolarized
perfusion imaging (18,19) demonstrated the utility of hyperpolarization for high-resolution
imaging, but made use of partially permeable and relatively toxic tracer compounds.

2-methylpropan-2-ol has several features that make it a particularly attractive agent for
perfusion imaging. The toxicity of 2-methylpropan-2-ol is low and has been well
documented in the literature. These studies have shown that 2-methylpropan-2-ol is
metabolized to form the excretory metabolites t-butanol-glucuronide, 2-methyl-1,2-
propanediol, and 2-hydroxyisobutyrate. Its half-life in blood is roughly 5-7 hours (20,21).

Magn Reson Med. Author manuscript; available in PMC 2012 September 1.
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Although the diffusibility of 2-methylpropan-2-ol has not been previously documented in
the literature, its octanol-water partition coefficient (log KOW) is 0.35 (22), indicating a
comparable affinity for aqueous and lipid environments and suggesting that it should diffuse
freely in tissue. Many other alcohols, including ethanol and n-butanol, are known to be
freely diffusible in the brain (23,24). In addition, 2-methylpropan-2-ol has long T1 and T,
relaxation times when labeled as shown in Fig. 1. Finally, this material can be readily
hyperpolarized using dynamic nuclear polarization (DNP) (25-28).

Measurement of 2-methylpropan-2-ol with balanced steady state free precession enables
repeated imaging of the bolus passage for an extended period of time. Following a bolus
injection, the agent passes slowly through tissue owing to its large distribution volume. The
slow bolus passage combined with the long relaxation times of the agent make it possible to
image the agent continuously for tens of seconds, thereby enabling extensive signal
averaging and robust modeling to extract quantitative estimates of perfusion.

2. Materials and Methods

A. Measurements of 2-methylpropan-2-ol 13C relaxation times in blood at 400 MHz field

strength

Perdeuterated 13C labeled 2-methylpropan-2-ol (Sigma-Aldrich, Saint Louis MO) shown in
Fig. 1 was used for all measurements. Initially, the sample was deuterated on all methyl
groups as well as the “OD” group. However, when placed in aqueous solution the OD group
should be protonated by exchange.

To estimate the in vivo 13C relaxation times of 2-methylpropan-2-ol, measurements were
performed in a single sample of human blood using non-hyperpolarized 2-methylpropan-2-
ol. Blood was drawn into a heparin treated vessel and 20mM sodium citrate was added to
prevent coagulation. This procedure was approved by our institutional review board. To
prevent separation of blood components, the sample was then sonicated to lyse the red blood
cells. Perdeuterated 13C labeled 2-methylpropan-2-ol was added to a concentration of
100mM and the mixture was placed in a 5mm NMR tube. The sample was then transferred
to a 400 MHz (9.4T) spectrometer (Varian INOVA, Palo Alto, CA) and T; was measured
using a saturation recovery method. The saturation recovery method was chosen over
inversion recovery because it can be performed with a shorter repetition time. The more
rapid acquisition of data ensured the stability of the blood sample during the measurements.
T, was measured using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with an echo
spacing of 20ms. A heater was used to maintain the sample at a temperature of 36C
throughout the experiment.

B. DNP Hyperpolarization of 2-methylpropan-2-ol

A series of experiments were performed to assess the level of polarization that can be
achieved by means of dynamic nuclear polarization (DNP). The DNP process requires that
the agent be combined with a paramagnetic radical and frozen in a glassy state at low
temperature. Although undiluted alcohols such as n-butanol (IUPAC name butan-1-ol) have
been reported to form a glass when frozen rapidly in small drops (29), this approach was not
immediately practical for our device. To ensure glass formation, 2-methylpropan-2-ol was
therefore combined with glycerol to form a mixture containing 40-50% 2-methylpropan-2-
ol by volume.

Preliminary experiments were performed with two radicals: 4-amino-TEMPO (Sigma
Aldrich, St. Louis, MO) and “FINLAND? trityl radical (full name tris[8-carboxyl-2,2,6,6-
tetramethyl-benzo(1,2-d:4,5-dS)bis(1,3) dithiole-4-yl] methyl sodium salt, GE Healthcare,

Magn Reson Med. Author manuscript; available in PMC 2012 September 1.
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London UK). The FINLAND radical was found to provide higher levels of solid-state
polarization and was employed in all subsequent experiments at a concentration of 15mM.

Three samples containing 50% 2-methylpropan-2-ol by volume mixed with either
protonated or deuterated glycerol were prepared. In two experiments, gadolinium contrast
(ProHance, Bracco, Italy) was added at a concentration of roughly 1mM. In experiments
with pyruvic acid, the addition of gadolinium has been shown to provide higher levels of
polarization in the solid state and more rapid polarization buildup at the cost of a
shortened 13C T in the liquid state (30).

Samples were polarized by means of a commercial DNP hyperpolarizer (Oxford
Instruments, Oxfordshire UK) using methods described previously (31). Briefly, material to
be polarized was placed in an open sample cup and transferred to the polarizer where it was
frozen in liquid helium. The temperature was then lowered to 1.4K and microwaves at a
frequency of 94.111 GHz and a power of 50 or 100mW were applied. The microwave power
was found to have a negligible impact on the polarization buildup, and was set to 50mwW
only if the system was unable to maintain a temperature of 1.4K at 100mW. Periodic ‘bake-
outs” were performed as necessary to remove impurities and ensure that the system could
maintain a temperature of 1.4K at power levels of at least 50mW. Each sample was
polarized until the solid-state 13C NMR signal reached at least 95% of the maximum,
saturated, level as determined by automated fitting software included with the polarizer.
Samples were then flushed from the polarizer using 4ml of water containing 25mg/liter of
disodium EDTA and promptly placed within a 13C volume coil in a 4.7T horizontal bore
animal scanner (Bruker Biospec, Billerica MA). A single FID was then acquired. Several RF
pulses were then applied to crush the hyperpolarized magnetization, and the sample was
allowed to return to thermal equilibrium over a period of 10 minutes. The thermal
equilibrium 13C signal from the sample was then measured. The polarization levels were
then computed from the ratio of the hyperpolarized signal to the thermal equilibrium signal,
as predicted by the Boltzmann distribution.

C. In vivo experiments: animal handling

Two male Wistar rats, weight approximately 210g, were imaged a total of four times
separated by at least seven days. All methods were approved by our Institutional Animal
Care and Use Committee. Prior to imaging, the rats were anesthetized by inhaled isoflurane
at 2—-3% concentration. Following induction of anesthesia the level of isoflurane was
reduced to approximately 1%. A catheter was placed in the tail vein and connected to a
narrow plastic tube approximately 1 meter in length. The animal was placed on an MR
compatible bed and anesthesia was maintained using inhaled isoflurane delivered via a nose
cone. Throughout the imaging experiment the level of anesthesia was assessed by
respiratory monitoring and adjusted as necessary to obtain a respiratory rate of
approximately 60 breaths per minute.

Solutions of hyperpolarized 2-methylpropan-2-ol were prepared as described below and
administered via the tail vein catheter. The volume administered in the four studies ranged
from 1.5 to 3ml as specified in Table 1; in each case the solution was injected at a rate of
approximately 100 microliters per second, resulting in bolus durations of 15 to 30s.

D. Preparation of 2-methylpropan-2-ol for in vivo experiments

All experiments made use of 2-methylpropan-2-ol/glycerol mixtures containing 15mM
FINLAND radical as described above. The sample compositions for the four experiments
are listed in Table 1. As before, samples were polarized at 50 or 200mW microwave power
for sufficient time to achieve a solid-state polarization level of at least 95% of the maximum
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saturated level. Samples were then dissolved using 3—-4ml of 0.45% saline solution
containing 250mg/liter of disodium EDTA and transferred to a syringe for injection.

E. Image acquisition

13C MR imaging was performed on a 4.7T horizontal bore animal scanner (Bruker Biospin,
Billerica MA) using a balanced steady state free precession (bSSFP) sequence. Because
hyperpolarized magnetization does not exhibit T; recovery, a true steady state is not
achieved with this sequence. Instead, the sequence behaves more like a RARE (rapid
acquisition with relaxation enhancement) sequence for which a pseudosteady state (32) is
achieved until the magnetization gradually decays with T, and T relaxation. The use of
bSSFP, rather than a conventional RARE sequence, preserves the signal from flowing spins,
a property for which bSSFP is well known. Indeed, at the onset of imaging, hyperpolarized
spins present in the imaged slice are placed in a pseudosteady state for imaging, while spins
that flow into the slice transition to the pseudosteady state as they arrive. The bSSFP method
has been advocated previously for hyperpolarized imaging (33), and offers several
advantages for perfusion imaging. In particular, when employed with a low tip angle, this
sequence can image the hyperpolarized magnetization over an extended period of time that
is comparable to the bolus passage time. This aids in quantitation. Moreover, when
employed with a short repetition time, the bSSFP RF pulse train serves to refocus the
magnetization after each readout, so that the magnetization decays at a rate set by T, rather
than T,". This prolongs the decay time of the hyperpolarized signal, which can be used to
improve the signal-to-noise ratio or to extend the time available for imaging.

The acquisition parameters for each of the four in vivo experiments are summarized in Table
2. Briefly, the bSSFP imaging parameters were TR/TE 4.08ms/2.04ms, 32 kHz Bandwidth,
6-10 cm axial field of view and matrix size 64x64 or 128x128. The slice thickness was 2—
3mm. In each experiment, an “alpha/2” preparation pulse was applied and 100 successive
images were acquired continuously with a temporal resolution of 248ms (for 64x64 matrix)
or 502-521ms (for 128x128 matrix).

To assess the timescales for delivery and washout of 2-methylpropan-2-ol, several different
scan delays were employed as summarized in Table 2. The scans with short delays enabled
monitoring of the arterial signal and inflow of the tracer. Scans that were initiated later
allowed full delivery of the bolus into the tissue prior to the application of RF pulses,
thereby maximizing the signal available for assessment of the washout of the tracer. In
addition, to assess the tolerable dose and concentration of 2-methylpropan-2-ol in the bolus
injection, various concentrations were employed across the four experiments.

All images were acquired using a transmit/receive 13C surface coil. The coil consisted of
two turns of 18-gauge magnet wire and was contoured to match the surface of the head. In
order to verify the positioning of the coil and calibrate the 13C RF pulses, a vial containing
2.5M 13C labeled 2-methylpropan-2-ol in water was placed on top of the coil over the
midline of the brain. Prior to administration of hyperpolarized 2-methylpropan-2-ol a series
of 13C bSSFP scans at varying transmit power were acquired. The image intensity in the vial
was used to determine the transmit power that yielded maximum signal, and hence a 180°
refocusing pulse in the vial. 180 seconds were allowed between images to assure complete
T4 recovery. Although the surface coil is expected to have an inhomogeneous B1 profile, the
coil and vial were situated with respect to the brain such that this technique is expected to
yield a satisfactory, if approximate, estimate of the tip angle near the center of the brain (see
also Fig. 3 below). Based on this calibration procedure, the refocusing pulse was set to either
60° or 180° as summarized in Table 2.

Magn Reson Med. Author manuscript; available in PMC 2012 September 1.
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Images were reconstructed by zero-filling the raw data to a 512-by-512 matrix size followed
by Fourier transformation using MATLAB (The Mathworks, Natick MA). The phase of
each complex image was adjusted by applying a constant overall phase correction (for
Experiments 1,3 and 4) as well as a phase correction that was linear with position along the
read direction (for Experiment 2). The latter phase correction was necessitated by a slight
offset of the center of k-space for this particular acquisition. All phase corrections were
constant with respect to time. The final images were then obtained by taking the real part of
these phased images.

F. Estimation of in vivo relaxation times

Images acquired with the above methods can be used to obtain estimates of the in vivo Ty
and T relaxation times of 2-methylpropan-2-ol. These estimates are at best approximate
owing to the use of a transmit/receive surface coil with an inhomogeneous B1 field as well
as uncertainties on the 13C tip angle. Keeping these caveats in mind, however, the decay rate
of the image intensity at a given tip angle can be related to T4, To, and the blood flow in the
tissue. The signal decay rate can be converted to estimates of T1 and T using previously
reported measurements of cerebral blood flow in rats under isoflurane anesthesia (34).

In the bSSFP steady state with refocusing tip angle a the magnetization is maintained at an
angle a/2 with respect to the main magnetic field and undergoes both transverse and
longitudinal decay. In addition, the signal intensity will decay owing to outflow of the tracer.
For a freely diffusible tracer with blood/tissue partition coefficient A in a tissue perfused at
flow rate f, the net decay time T is given by

1 =cosﬁ(a/z) ‘ sinz(a/2)+ f

T T, T a (1)

The first two terms on the right hand side of Eq. (1) describe the signal decay rate in the
bSSFP steady state in the absence of flow (35). The last term incorporates the effect of tracer
outflow (5). Note that for the short echo spacings employed for the in vivo studies, the
effects of microscopic field inhomogeneities are largely refocused and the decay rate
depends on T, rather than T,*.

To apply Eqg. (1) for estimation of the relaxation times, an estimate of f/ is required. For rats
under isoflurane anesthesia, the whole-brain average of the flow rate is 127+29ml/100g/min
(34). The partition coefficient A is defined as the ratio of the quantities of the tracer in 1ml of
blood and 1g of tissue when tissue and blood are in equilibrium. Although the partition
coefficient 1 of 2-methylpropan-2-ol has not been measured, measurements using the closely
related compound n-butanol yield 2 = 0.77+£0.29 ml/g (36). Based on these values, we obtain
f/2 = 0.027+0.012 s~1, where we have combined, in quadrature, the error on / with an
additional 20% error to account for uncertainties in f and differences between n-butanol and
2-methylpropan-2-ol.

The considerations of the preceding paragraph apply only to static magnetization in the
imaging plane; magnetization outside the imaging plane undergoes free longitudinal decay
with the usual T relaxation time and dilution by fresh inflowing blood. The net decay rate
given by substituting ¢=0 in Eq. (1): /T=1/T1+f/A. As a result, fresh venous blood flowing
into the imaging plane should show high persistent signal relative to static tissue,
particularly at high tip angles.

Magn Reson Med. Author manuscript; available in PMC 2012 September 1.
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3. Results and Discussion

A. Relaxation times in blood at 400 MHz field strength

In Figure 2 we display saturation recovery measurements of Tq (left) and CPMG
measurements of T, (right) in blood. Fits to the data yield T1=46+4s and T,=0.55+0.03s.
These relaxation times, measured at 9.4T, are not expected to coincide exactly with in vivo
measurements at 4.7T. However, they do qualitatively support the expectation that 13C 2-
methylpropan-2-ol should have relatively long relaxation times in vivo.

B. Polarization of 2-methylpropan-2-ol

The sample compositions and polarization values for the polarization measurements are
given in Table 3. The results show that both protonated and deuterated glycerol yield 5-10%
polarization levels. Gadolinium does not appear to dramatically shorten the polarization time
constant, which ranges from 37 to 43 minutes for the four samples in Table 3, nor does it
increase the measured polarization in the liquid state. Polarization measurements in the solid
state (not included in Table 3) show that addition of gadolinium can increase the solid-state
polarization by a factor of 1.1 or more. However, these gains in polarization appear to be
offset by the shortened 13C T4 in the liquid state. The higher polarization level obtained with
Sample 1 may be a result of sample composition or, alternatively, may be a consequence of
the smaller sample size. We speculate that smaller samples form superior glasses because
they freeze more rapidly than larger samples, and that this superior glass formation leads to
higher polarization levels. By comparison, typical polarization levels obtained with DNP at
3.35T and 1.2-1.4K include 5% polarization for [5-13C]-glutamine (37) and 14—28% for
[1-13C]-pyruvic acid (38). Although many aspects of 2-methylpropan-2-ol polarization
remain to be explored, these data show that polarization levels comparable to those achieved
previously can be obtained with relatively straightforward sample preparation techniques.

C. Invivo images

Images were successfully acquired in all studies. There were no signs of distress, e.g.
respiratory rate elevation, during the injection and animals survived repeated studies in
apparent good health. Fig. 3 shows images acquired using the parameters from Experiment 1
given in Tables 1 and 2. Fig. 3a shows an axial T, weighted proton image of the rat head and
a vial, described above, containing 2.5M 13C 2-methylpropan-2-ol in water. Figs. 3b—e show
a series of 13C images acquired after administration of hyperpolarized 2-methylpropan-2-ol.
The temporal resolution of the underlying acquisition was 502ms per image; these images
have been averaged in groups of four to yield 2.08s temporal resolution. The 13C signal
strength from the vial seen in Fig. 3a is insufficient to make it readily visible in the 13C
images shown in Figs. 3b—e. However, in an image obtained by averaging all 100 frames
(not shown), the vial is indeed visible.

Figs. 4a—j show 13C images acquired in Experiment 3, averaged 10 frames at a time to
obtain 5.2s temporal resolution. In this case, the lower refocusing flip angle (60° rather than
180°) results in slower consumption of the hyperpolarized magnetization and a longer time
window for image acquisition. Indeed, following the peak signal (presumably corresponding
with the first pass of the bolus) occurring in Fig. 4c, the signal persists for tens of seconds
afterward. Fig. 4k shows an SNR-optimal perfusion-weighted average of all 100 frames
acquired in Experiment 3, described in more detail below.

These images can be used to quantify the signal-to-noise ratio attainable by these methods,
to estimate the in vivo relaxation times of 2-methylpropan-2-ol, and to assess the ability of
this agent to diffuse through brain tissue. The following sections address each of these
topics.

Magn Reson Med. Author manuscript; available in PMC 2012 September 1.
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D. Signal-to-noise ratio

Signal-to-noise ratio (SNR) can be quantified either in terms of the SNR of a single k-space
acquisition or in terms of a suitable temporal average of frames. In Fig. 5 we display the first
502ms frame acquired during Experiment 1, expressed in SNR units. The SNR has been
computed by dividing the signal in each pixel by the RMS noise in a noise-only region
consisting of 100 columns of pixels adjacent to the right-hand edge of the image (this noise-
only region has been cropped out in Fig. 5 to show the brain more clearly). In this example,
the 2-methylpropan-2-ol bolus has been fully delivered into the brain tissue, and the high
flip angle maximizes the available signal. The SNR over the bulk of the brain is in the range
of 6-12.

Given the long residence time of 2-methylpropan-2-ol in tissue (see Sections 3E, 3F below),
it is unlikely that the 502ms temporal resolution of Fig. 5 would be needed for perfusion
quantification. An alternative measure of SNR is provided by an SNR-optimal weighted
average of the entire set of 100 images. The optimal SNR is obtained by averaging the
frames with a weighting factor proportional to the average signal intensity in the brain. More
explicitly, the averaging procedure begins with forming the simple average of all the frames
to be included in the final image. A pixel-by-pixel binary mask is then constructed which is
equal to 1 in pixels that have SNR greater than 4 and 0 otherwise. The weighted average is
then formed by averaging the frames with a weight proportional to the sum of the pixel
magnitudes in each frame multiplied by the binary mask. Fig. 6 shows the weighted average
images for Experiments 1-4 in SNR units. The peak SNR is on the order of 20-40 in all
studies. In Experiments 1 and 4 the imaging sequence was initiated after bolus
administration and the late frames show very little signal. Hence in Experiment 1 only the
first 20 frames were included in the average, while in Experiment 4 the first 50 frames were
included.

Detailed SNR comparisons between the experiments will depend on a variety of factors
including the 2-methylpropan-2-ol dose, the polarization, the slice thickness, the in-plane
resolution, and the RF tip angle. In addition, although respiratory monitoring was employed
during the studies, variations in other physiological parameters may also influence the
results. For purposes of perfusion imaging, the dependence on tip angle is of particular
interest, as it impacts the signal persistence time as well as the SNR of each frame. The
reduction in refocusing tip angle from a=180° in Experiment 1 to a=60° in Experiments 2—4
might naively be expected to result in a 2-fold reduction in SNR because the transverse
magnetization is proportional to sin(a/2). However, this reduction in SNR is partially
compensated by the longer persistence time of the signal at lower tip angles, which provides
a longer time window for signal averaging. This is apparent from the comparison between
Experiment 1 (with 3mm slice and 781 micron in-plane resolution) and Experiment 3 (with
2mm slice and 664 micron in-plane resolution). On the assumption that the two studies were
performed under nearly equivalent physiological conditions, the higher resolution and lower
tip angle of Experiment 3 would naively result in a substantial (~4-fold) reduction in SNR
relative to Experiment 1. However, the images of Fig. 6 show comparable SNR in brain
tissue for Experiments 1 and 3. The three bright dots above and on either side of the brain in
Experiment 1 are the result of a venous time-of-flight effect described below, and are not
directly relevant to this comparison.

The results of Figs. 5 and 6 can be evaluated by comparing with a recent ASL study in the
rat brain, which reported SNR values in the range of 4.7-6.7 for perfusion weighted images
acquired with 24s total scan time (39). These images were acquired at 2.35T field strength
with 4x2 cm field of view, 128x64 matrix size, and 2mm slice thickness. After convolution
with a Gaussian kernel, the effective in-plane resolution was approximately 625 microns.
Direct comparisons to the results of Figs. 5 and 6 are complicated by differences in field
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strength (2.35T versus 4.7T) and by the use of a smaller (1 cm) surface coil in the ASL
study, which should provide higher local SNR than the 3 cm surface coil employed here.
Nevertheless, the SNR values in Figs. 5 and 6 compare favorably to those obtained with
relatively mature ASL techniques.

E. Estimation of in vivo relaxation times

The data from Experiment 1, which were acquired after the arrival of the bolus using a high
tip angle, can be used to estimate Tq and To. Figs. 7a,b display fits to the signal decay time
for representative pixels in the central region of the brain and in venous blood at lower right
in Fig. 3. Fig. 7c shows a pixel-by-pixel fit to the decay rate. The fitted decay time constant
in regions of static tissue in the brain is in the range 2—4s. At a tip angle of 180°, Eq. (1)
together with the above estimate /4 = 0.027+0.012s 1 (see Sec. 2F) implies To~2-4s. The fit
also shows that venous signal seen above and on either side of the brain decays with a time
constant of 20s. Using Eq. (1) with a=0 as outlined in Sec. 2F yields T1=(1/T-f/
1)"1=43+24s, a value comparable to that found in blood at 9.4T (see Fig. 2).

The data of Experiments 2—4 provide a consistency check on the results of the preceding
paragraph, demonstrate the extended signal decay times obtained by imaging at a lower flip
angle, and illustrate the slow washout of the tracer. These characteristics enable imaging of
2-methylpropan-2-ol over extended periods of time. Fig. 8 shows pixel-by-pixel fits to the
decay time after the first pass of the bolus in Experiments 2—4. For the regions of interest
highlighted by yellow squares, the decay times are 11+2s, 18+4s, and 19+5s for Experiments
2, 3 and 4 respectively (meanzstandard deviation within the ROI). By comparison, for
T1=43+24s, T,=3%1s, f/1=0.027+0.012s~1, and 0=60°, Eq. (1) predicts a decay time constant
T=8-22s, consistent with the measurements of Fig. 8.

F. Evidence for free diffusibility of 2-methylpropan-2-ol in brain tissue

The data of the preceding sections also provide evidence for the free diffusibility of 2-
methylpropan-2-ol in the brain. Freely diffusible agents have at least two characteristics that
differentiate them from intravascular agents: first, they have a significantly longer residence
time in tissue than intravascular or partially permeable agents; and second, the venous signal
from a diffusible agent is comparable to the signal from extravascular tissue, whereas the
venous signal from an intravascular agent is stronger than the signal in tissue.

More quantitatively, in brain tissue perfused at a flow rate of 127+29ml/100g/min (34) and
having a blood volume of 5mL/100g, a purely intravascular agent would be expected to pass
through the brain in 2-3s. A freely diffusible agent, however, would have residence time of
roughly 50s. The blood volume also implies that an intravascular agent should have a
venous signal roughly 20 times larger than the signal in tissue. By contrast, a diffusible
agent distributes freely through the extravascular space, resulting in roughly equal
concentrations of the agent in the tissue and the veins. Consequently, in the absence of
relaxation or time-of-flight effects, the venous signal should be equal to the signal in tissue.

The data displayed in Fig. 8 (particularly those from Experiments 3 and 4) imply a lower
bound on the residence time of 2-methylpropan-2-ol in tissue. Indeed, the signal decay in
Experiments 3 and 4 is hastened by the application of the bSSFP RF pulse train, and even in
the presence of these pulses the signal persistence time is 18-19s. In addition, the
persistence of the venous signal shown in Fig. 7a implies a residence time of not less than
20s, as this decay rate includes the effects of both washout and T, decay. Taken together,
these measurements imply a tissue residence time well in excess of what would be expected
for an intravascular or partially permeable agent. However, these data are readily
accommodated by the hypothesis that 2-methylpropan-2-ol diffuses freely.
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Comparisons of the venous and extravascular signal intensities can be seen in Figs. 4-6. In
all cases, the two compartments show comparable signal intensity, providing further support
for the free diffusibility of 2-methylpropan-2-ol in brain tissue. The locations of prominent
veins seen in Experiment 1 have been noted in Fig. 3, which shows bright venous signal
after the first pass of the bolus owing to a time-of-flight effect. In the first frame of
Experiment 1 (shown in Fig. 5) the tissue and venous signals are comparable.

4. Conclusions

This initial study has demonstrated that 13C hyperpolarization offers an interesting option to
improve perfusion imaging studies. Though DNP hyperpolarization has received more
attention for metabolic applications, the high image quality and limited technical demands of
perfusion imaging with appropriate tracers merits further development.

Apart from the quality of images that can be obtained, the utility of perfusion imaging with
hyperpolarized diffusible tracers will depend on the availability and cost of polarizing
systems. Polarizer technology is rapidly developing and at this stage, it is difficult to predict
future configurations. One potential advantage of the perfusion application, relative to many
metabolic studies, is that suitable tracers for Parahydrogen Induced Polarization (PHIP) (40)
can be identified. Because PHIP does not require liquid helium temperature or high
magnetic fields, it may ultimately be a more economical system for widespread use.

Other important factors for wider use are the toxicity and side effects of the tracer. The 2-
methylpropan-2-ol, still mixed with free radical, used in our study is not acutely toxic.
However there is limited experience with the side effects and longer-term toxicity of
intravenous injection of 2-methylpropan-2-ol. In our study, the dose was primarily limited
by the quantity of 2-methylpropan-2-ol that could be polarized using our methods and the
dilution of the tracer by glycerol and saline prior to injection. The 2-methylpropan-2-ol dose
used here is 500mg/kg, approximately one seventh the LD50 in rats, implying that higher
doses may be tolerable. This agent is one of many small molecules with nearly equal
solubility in water and lipids that could serve as hyperpolarized perfusion tracers.
Identification of the optimal tracers to maximize polarization, T4 and T,, and to minimize
toxicity is clearly an important next step.

These results highlight the potential of hyperpolarized diffusible tracer perfusion studies.
The absence of background intensity, the long residence time in tissue, the relatively slow
decay rate and the high potential SNR are major advantages of this approach. Despite the
early stage of development, this method provides perfusion weighted images comparable
with the best achieved with ASL or dynamic contrast techniques. Improvements in
polarization by better glassing methods and lower bath temperatures (41) promise an
additional 5 to 10 fold increase in signal for the same dose.
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Perdeuterated 13C labeled 2-methylpropan-2-ol. In aqueous solution, the OH group is
protonated by exchange.
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Measurements of the relaxation times of the quaternary 13C of 2-methylpropan-2-ol in blood
at 9.4T and body temperature: saturation recovery measurements of T, (left) and CPMG

measurements of T, (right).
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Fig. 3.

(a). Axial proton image showing rat brain and t-butanol/water vial. Panels (b)—(e) show 13C
images acquired with 2.08s temporal resolution following administration of hyperpolarized
t-butanol. In panel (e), arrows indicate bright signal from venous blood (see text).
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(@)—(j). Frames acquired in Experiment 3, averaged to obtain 5.2s temporal resolution. Panel
(k) shows SNR-optimal weighted average of all 100 frames.

Fig. 4.
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12

Fig. 5.
The SNR of the first 502ms frame from Experiment 1. The scale is given by the bar at right.
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Fig. 6.
(a)—(d). SNR-optimal averages of data from Experiments 1 to 4 (a—d, respectively),
displayed in SNR units. The bar to the right of each image specifies the SNR scale.
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Fig. 7.

Fits to the signal decay time T in venous blood (a) and in brain tissue (b). Panel (c) shows
pixel-by-pixel map of the decay rate across the field of view. The bar at far right is in units
of seconds.
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60

Fig. 8.
Pixel-by-pixel fits to the decay time in Experiments 2,3 and 4 (a—c, respectively). The bar at
far right is in units of seconds.
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