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Abstract

Purpose—To demonstrate simultaneous hyperpolarization and imaging of three 13C-labeled
perfusion MRI contrast agents with dissimilar molecular structures ([3C]urea,
[13C]hydroxymethyl cyclopropane, and [13C]t-butanol) and correspondingly variable chemical
shifts and physiological characteristics, and to exploit their varying diffusibility for simultaneous
measurement of vascular permeability and perfusion in initial preclinical studies.

Methods—Rapid and efficient dynamic multislice imaging was enabled by a novel pulse
sequence incorporating balanced steady state free precession excitation and spectral-spatial
readout by multiband frequency encoding, designed for the wide, regular spectral separation of
these compounds. We exploited the varying bilayer permeability of these tracers to quantify
vascular permeability and perfusion parameters simultaneously, using perfusion modeling
methods that were investigated in simulations. “Tripolarized” perfusion MRI methods were
applied to initial preclinical studies with differential conditions of vascular permeability, in normal
mouse tissues and advanced transgenic mouse prostate tumors.

Results—Dynamic imaging revealed clear differences among the individual tracer distributions.
Computed permeability maps demonstrated differential permeability of brain tissue among the
tracers, and tumor perfusion and permeability were both elevated over values expected for normal
tissues.

Conclusion—Tripolarized perfusion MRI provides new molecular imaging measures for

specifically monitoring permeability, perfusion, and transport simultaneously in vivo.
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INTRODUCTION

Perfusion images reflect both modality-dependent physical contrast mechanisms and tracer
physiology, because molecular structure dictates the biodistribution of the contrast agent.
Dissolution dynamic nuclear polarization (DNP) technology (1) has enabled development of
three 13C-labeled tracers that are suitable for hyperpolarized (HP) perfusion MRI, based on
the key criteria of large DNP enhancements (>10,000 fold), long T relaxation time,
negligible metabolism, and low toxicity: [13C]urea (T1 = 47 s in solution at 3T, § = 163
ppm) (2, 3); [3CJHMCP (hydroxymethyl cyclopropane [also known as HP001] or bis-1,1-
(hydroxymethyl)-[1-13C]cyclopropaneds, T, = 95's, § = 23 ppm) (4-6); and [13C]t-butanol
(i.e., [2-13C]2-methyl-2-propanol-dg, T1 = 46 s, § = 70 ppm) (7). As a result of their
dissimilar molecular structures (Fig. 1), these molecules exhibit broad chemical shift
dispersion and have widely different distribution in vivo due to varying lipid bilayer
permeability and transport. For example, urea (octanol-water coefficient log Koy = —2.80)
is highly polar and has correspondingly low bilayer permeability, whereas t-butanol (log
Kow = 0.35) is considered freely diffusible (7, 8). As a biologically significant endogenous
molecule, however, urea is rapidly transported across cell membranes in red blood cells and
in the inner medullary collecting ducts of the kidneys via specific facilitated transport
proteins that are vital for the production of concentrated urine (9, 10).

HP perfusion MRI has the desirable features of direct proportionality of signal to tracer
concentration (times polarization) and higher diffusibility than many other common
perfusion imaging contrast agents, as well as potentially reduced nephrotoxicity (11). This
proportionality could allow improved input function estimation, potentially leading to
improved quantification of blood flow and other hemodynamic parameters using MRI (12).
Rapid high dose infusions of urea are historically known to be safe in humans, exemplified
by the “urea washout pyelogram” diagnostic imaging test (13), and ultrahigh doses (e.g., 1
g/kg) are sometimes used clinically for therapeutic osmotic effects (14). The toxicity of t-
butanol, which is minimal and comparable to ethanol in the acute setting, has been studied
extensively due to its role as an important intermediate in industrial syntheses (15). The
safety profile of HMCP requires further study, but no acute toxicities have been reported in
preclinical HP studies to date at doses up to —220 mg/kg (4, 5).

The potential value of these three HP perfusion tracers has been investigated individually
through initial preclinical application studies focused on neuroimaging (4, 7), cancer
imaging (3, 6), and renal functional imaging (16). To obtain an unprecedented level of
physiologic detail, in this study we investigated co-hyperpolarization (17) and simultaneous
imaging of these three distinct “tripolarized” perfusion tracers in a single study. Although
quantification of perfusion using HP 13C MRI has been demonstrated previously (3), we
exploited the varying lipophilicity of these tracers to quantify both vascular permeability and
perfusion parameters simultaneously, a major outstanding goal of perfusion imaging
research (18). We also investigated initial applications of these methods in two initial
preclinical studies with differential conditions of vascular permeability, in normal mouse
tissues, and in advanced transgenic mouse prostate tumors. The overall scope of this work
thus encompasses both a technical description of the new methods for copolarization and
simultaneous imaging of these three HP tracers, and their initial application to preclinical
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murine studies that exploit their varying diffusibility for simultaneous estimation of
permeability and perfusion.

This tandem multiagent approach capitalizes on a singular advantage of MRI over other
medical imaging modalities to resolve multiple tracers based on frequency differences.
However, simultaneous MRI of multiple tracers is traditionally very slow, because it relies
on spectroscopic imaging methods such as chemical shift imaging; therefore, reasonable
spatiotemporal resolution and coverage cannot be achieved within the limited temporal
window dictated by the rapid T, decay of HP magnetization. The performance of imaging of
multiple HP compounds can be greatly enhanced with customized pulse sequence
approaches (19-23). In particular, we employed the method of multiband frequency
encoding (24), which realizes large advantages with wide spectral separation, as for

these 13C tracers. Given the long T relaxation times of these agents (25), an efficient use of
the initial magnetization is also desirable. Balanced steady state free precession (SSFP)
enables both rapid and efficient imaging for HP perfusion applications (2-6), but its spectral
response must be considered (26-28). In this study, we capitalized on the wide, regular
spectral separation of the three aforementioned tracers to achieve rapid dynamic imaging of
all these contrast agents simultaneously with full body coverage in preclinical murine
imaging studies using balanced SSFP and multiband frequency encoding.

METHODS

Pulse Sequence Design

The periodic SSFP response of HP magnetization was modeled in Bloch simulations as a
function of Larmor frequency offset. The magnetization was evolved over 20 pulses with
flip angle a = 20°. An initial a/2 pulse was applied to catalyze a “pseudo steady state”, and
successive pulses were phase modulated by 180°(i.e., +a) (2-5). A TR was selected so that
the on-resonance spectral response would be almost exactly replicated for each of the three
compounds. This was determined from chemical shift differences among the agents, which
were calculated from a HP trial run with non-localized spectroscopy. Since the spectral
separation between HMCP and urea (4495 Hz) is nearly an exact integer multiple of the
separation between HMCP and t-butanol (1497 Hz), an appropriate center frequency near
HMCP and a TR of a multiple of 1/1498 Hz (specifically 18.0 ms) results in replication of
the spectral response for all three compounds to within +1 Hz. A minimum usable
bandwidth of 16 Hz (0.5 ppm) was obtained for each compound, where signal variation as a
function of frequency and oscillation of signal magnitude over the phase encoding steps was
<10% (Fig. 2). While this TR is prohibitively long for 1H SSFP at 3T due to banding,
because of the 4x lower gyromagnetic ratio of carbon, it is actually equivalent in terms of
artifact level to 4.5 ms for protons, a reasonable value (29). The measured spectral shifts
were also used to set up the modified readout filter (6.0 kHz) and reconstruction pixel shifts
for multiband frequency encoding and to compensate for tilted excitation profiles for the
individual compounds along the slice direction due to chemical shift misregistration. Flip
angles were ramped over the dynamic acquisitions to maximize the imaging window. The
flip angles were as follows: a = 0.5°, 1°, 2°, 4°, 6°, 9°, 12°, 16°, 20°, 25°, 32°, 41°, 55°, 70°,
100°, 130°.
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Hyperpolarization

Methods of dissolution DNP and co-hyperpolarization of multiple agents were similar to
those described previously (1, 6, 17). [}3C]urea (Sigma, St. Louis, Missouri, USA) was
dissolved in glycerol (6.4 M), with 18 mM trityl radical OX063 and 1.0 mM Dotarem
(Guerbet, Roissy, France). HMCP was mixed with water in a ratio of 2.78:1 by weight, with
19 mM OX063 (Oxford Instruments, Tubney Woods, UK) and 1.2 mM Dotarem. [13C]t-
butanol (Sigma) was mixed with glycerol (50:50 by weight), with 15 mM “FINLAND” trityl
radical (Oxford Instruments) and 1.0 mM Dotarem. For each study, 0.5 mmol each of
[L3C]HMCP, [13C]t-butanol, and [13C]urea were loaded in that order into the sample cup of
the Hypersense DNP polarizer (Oxford Instruments, Abingdon UK). Each compound was
loaded into the sample cup individually, with freezing by immersion in liquid nitrogen at
each stage to prevent mixing. Dissolution in 4.5 mL phosphate-buffered saline resulted in a
solution isomolar for each compound at 110 mM, close to physiologic pH (~7.3) and
slightly hypertonic.

MRI Experiments

MRI hardware consisted of a 3T MRI scanner (GE Healthcare, Waukesha, Wisconsin, USA)
equipped with multinuclear capability and a custom dual-tuned volume coil for imaging
mice. Feasibility of the pulse sequence methods was first tested by imaging a pair of vial
phantoms containing enriched [*3C]urea in glycerol (6 M) and HMCP in water (5 M),
respectively, both doped with Magnevist (Bayer, Leverkusen, Germany) (1% by volume).
Subsequently, four normal mice and four transgenic mice with prostate cancer (transgenic
adenocarcinoma of mouse prostate [TRAMP]) were imaged (30). Mice were maintained
under isoflurane anesthesia during these experiments and were placed on a heated water pad
inside the scanner. For each study, the mouse was injected over 12 s with 350 L of
copolarized material. The 13C pulse sequence parameters were as follows: axial two-
dimensional balanced SSFP; matrix = 16 x 16; field of view (FOV) = 4 cm; slice thickness =
10 mm; echo time (TE)/repetition time (TR) = 9.0/18.0 ms. The nominal spatial resolution
was 2.5 x 2.5 x 10 mm or 0.0625 cm?3. The minimum filter bandwidth, which for multiband
frequency encoding must be set wider than the conventional imaging setting of vG - FOV, is
(max — Smin *+ A8min)YBo = 6.0 kHz over 64 total readout points covering all three agents.
The transmit gain for all experiments was set using signal from a urea reference vial placed
adjacent to the animal. Dynamic multislice imaging commenced at the start of injection and
was repeated every 3.8 s over 57 s. Slice selective excitation by a sinc pulse of duration 2.63
ms (bandwidth = 1500 Hz) and centered near HMCP resulted in offsets of approximately
one slice for t-butanol and three slices for urea, due to chemical shift misregistration of the
transmit profile, which was corrected in reconstruction.

Three extra slices beyond the animal were acquired to correct for this effect. Axial multislice
To-weighted fast spin echo 1H images were acquired for overlay of the dynamic HP images
(matrix = 192 x 192; FOV = 10 cm; slice thickness =2 mm; TE/TR = 79.7/628 ms;
bandwidth = +83.3 kHz; number of excitations = 6). Axial three-dimensional time-of-flight
(TOF) MR angiography (MRA) images were also acquired to better define input vessel size,
as required for better quantification of the input function given partial voluming in the 13C

Magn Reson Med. Author manuscript; available in PMC 2014 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

von Morze et al. Page 5

images (matrix = 160 x 128 x 32; FOV = 8 cm; slice thickness = 2 mm; TE/TR = 2.8/20 ms;
a = 13°; bandwidth = £30 kHz).

Perfusion and Permeability Modeling

Tripolarized dynamic perfusion data in normal mouse tissues (brain and liver) and abnormal
TRAMP tumor tissues were modeled according to a single-compartment model governed by
the differential equation

dctissue (t) EF

dt :EFC[)lasmu (t) - ‘Tctis(swte (t) [1]

T

where Cyisge IS the tracer concentration in tissue (MR signal/mL) and Cpjagma is the arterial
input function (MR signal/mL), while F is the tissue perfusion (mL/mL/s), E is the
extraction fraction of each agent (unitless), and V7 is the distribution volume of each agent
(mL/mL). All tracer dynamic curves were fit by joint nonlinear least squares to its solution,

Ctissue(t):(l - Ub)Echp(_EFt/ VT ® Cplasma(t)+vb Cplasma [2]

including a blood volume vy mL/mL). The extraction fraction E was modeled as a function
of vessel permeability surface (PS) product (mL/mL/s), by E = PS(PS+ F). Due to
impermeability of red blood cells to HMCP, its arterial input function was corrected by
dividing by (1 - hematocrit, estimated) or 0.55. These methods are based on a standard
single compartment model as commonly applied in other modalities such as dynamic
contrast-enhanced MRI and blood flow positron emission tomography (PET) (12). To take
maximal advantage of the high diffusibility of t-butanol, its dynamic data were first
separately fit (assuming E = 1, as a freely diffusible tracer) to estimate the perfusion F,

VT t-butanol» @nd Vi, Subsequently, PSproducts and distribution volumes of the remaining
tracers were jointly estimated using all of the data, with F, VT t_pytanol, and vy, established by
the initial separate fit (to within bounds of +10%). Tissues were manually defined on the T,
images for region of interest analysis, and corresponding dynamic signal curves were
generated, as well as image-derived arterial input functions from a segment of the aorta. Due
to partial voluming of input vessels in the 13C images, for the purpose of perfusion
quantification, input vessel size was estimated using the TOF MRA data. Although the
ramped flip angle scheme maintains a relatively consistent proportionality of signal to tracer
concentration, dynamic data were first compensated for relaxation effects by filtering the
data according to the expected signal level within the ramped flip angle scheme. This was
achieved by estimating the signal for each tracer at the center of each k-space frame (M)
following the preceding n = 8 pulses according to the formula previously given by Svensson
etal. (5):

a a2 a 2\"
J\VI7L:1\IZ7osin§<(E1cos§) +(E2cos§) ) [3]

where Mg is the longitudinal magnetization at the start of each train, E1 = exp (-TE/T1),
and E2 = exp (-TE/T2). The effect of prior pulse trains and relaxation between dynamic
repetitions was also included (3). The assumed approximate relaxation times in tissue were:
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T1,umep = T1 t-butanol = 328, T1,urea = 18 S, T2, imcp = T2,t-butanol = 900 MS, T2 yrea = 200
ms. Since deviation from these expected T4 and/or T, relaxation times within tissues could
affect the data analysis, potential effects were investigated in the simulations described
below. Because blood concentration was sampled close to the tissue of interest and
frequently in comparison with expected T relaxation times in blood, differential relaxation
between blood and tissues would not be expected to have a significant effect on the results.
Assuming short transit from the input blood to tissue, the majority of any effect of
differential relaxation in blood is removed in the step of sampling the input function.

The above perfusion modeling methods were studied in computer simulations. Virtual tracer
concentration time curves were generated by convolving three tracer residue functions,
defined as above by EFexp (EFt/V7), with a gamma-variate arterial input function known to
approximate the arterial concentration curve for the injection procedure as described
previously (3), defined by

Cpl(),s’m,a, (t Z O)ZAO (t - tO)anp(_(t - to)/ﬂ) [4]

where tg is the tracer arrival time (with a = 3.3, p = 4.0). While the perfusion, distribution,
and blood volumes were held constant (F = 60 mL/dL/min, VT yvcp = 0.2, VT t-butanol =
0.45, VT yrea = 0.12, vy = 0), three biological sets of conditions corresponding to low (F =5
PSimcp = 25 PSyreq), intermediate (F = PSypmcp = 5 PSyrea), and high (F = 0.2 PSycmp =
PS,rea) Vascular permeability were simulated (Fig. 3). These simulations were also repeated
for nonzero blood volume (v, = 0.25). After generating the tracer curves over 60 s at a fine
temporal scale (100 ms), data were sampled at the time points specified above, including
both the estimated sensitivity variation due to relaxation effects as described above and
contamination by Rician noise at expected levels based on in vivo results (noise standard
deviation = 2% of peak t-butanol tissue signal). The effects on parameter estimates of
varying relaxation (actual tissue relaxation times set £25% and £50% expected values)
versus perfect compensation were investigated. Perfusion, tracer permeabilities, distribution,
and blood volumes were then estimated from these data samples by the nonlinear least
squares fitting procedures described above. Each set of conditions was simulated over 500
repetitions with random noise and random variation of the tracer arrival time ty over a
temporal window of 3 s in order to simulate experimental variation. The means and standard
deviations of the absolute percent errors in the parameter estimates were tabulated for each
scenario.

MRI Experiments

Due to the periodic SSFP frequency response, 13C nuclei in both HMCP and urea vial
phantoms were excited by the RF train with given TR and flip angle, with center frequency
near HMCP. The component images appeared side by side along the frequency-encoded
dimension. Reconstructed phantom images are shown in Figure 4.
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No effects on heart rate or respiration were observed during or after infusions. Tripolarized
imaging revealed potentially informative differences in the in vivo distributions among the
three tracers, most prominently in the brain. t-Butanol is freely diffusible in brain tissue,
while urea crosses the blood brain barrier only about 240x slower than water (8). Therefore,
simultaneous imaging of these tracers provides separation of the cerebrovascular and
perfused brain tissue compartments. Image data high-lighting the differential diffusivity of
the tracers in normal mouse brain tissue is shown in Figure 5. In order of increasing image
intensity in brain tissue, the tracers are urea, HMCP, and t-butanol. This differential tracer
signal in brain tissue apparent from these images is reflected in the vascular permeability
measurements given below.

A set of tripolarized dynamic in vivo images and tissue region of interest curves from a
TRAMP mouse are given in Figure 6. With some similarity to the neuroimaging results,
preliminary tumor imaging suggests a slightly increased vascular component of the urea
signal, which tends to fill more isolated regions of the tumor mass, in contrast with t-butanol
and HMCP, which more rapidly fill the entire tumor volume. However, in contrast with the
normal brain data, the main finding is that HMCP and urea both exhibit relatively high
signal levels in tumor tissue, a result that is reflected quantitatively in the PS products given
below.

As depicted in Figure 7, the simulations confirmed the ability of perfusion modeling
methods to quantitate high, low, and intermediate PS products, in addition to perfusion,
based on the shapes of simulated tripolarized dynamic curves. Errors in the estimated blood
flows were low and the mean absolute error did not exceed 11%, even with deviation from
expected relaxation times of up to +50%. Errors in tracer PS products were also low except
in the high permeability regime, in which there was some systematic underestimation of the
true permeabilities, especially for large deviations from expected relaxation times (up to
44% error for the case of 50% overestimation of the true relaxation times). However,
although it was difficult to pinpoint the precise value of the PS product in this regime,
computed values were correctly much higher than the perfusion. With this exception, errors
in estimated relaxation times were reflected mainly only in the computed distribution
volumes. For the case of nonzero blood volume (vp, = 0.25), there was little effect on
estimated perfusion or distribution volumes, but there was some systematic overestimation
of tracer permeabilities, especially for low PS conditions. For example, in the low PS
condition, the permeability of the least diffusible tracer (urea) was overestimated by 175%
on average, and the permeability of HMCP by 35%. Imperfect compensation for relaxation
further compounded these errors. However, in all cases perfusion was much higher than
these estimated PS values, indicating that the modeling once again correctly categorized the
relative levels of F and PS.

Perfusion and Permeability Modeling

Dynamic mouse brain data showed similar characteristics to simulation data in low PS
condition (Figure 8), with comparatively large t-butanol signal. Estimated perfusion
parameters for normal mouse brain obtained using tripolarized perfusion MRI methods are
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summarized in Table 1, along with data from the other mouse tissue types that were
modeled. Tumor perfusion parameter images are shown in Figure 9. Across the three
TRAMPs, computed mean tumor blood flows per unit tissue volume (57+16 mL/dL/min)
were higher than expected for normal tissues in this anatomic region and similar to reported
values for tumor tissues based on established methods of measurement (31, 32). Tumor
permeability surface products were also high (in excess of 500 mL/dL/min). As shown in
Table 1, normal liver tissue displayed intermediate permeabilities between normal brain and
tumor tissues, but with greater variation in the results.

DISCUSSION

We have demonstrated simultaneous dynamic multislice imaging of three co-
hyperpolarized 13C perfusion MRI contrast agents using a novel, specially designed pulse
sequence methodology incorporating efficient balanced SSFP excitation and rapid spectral-
spatial readout using multiband frequency encoding. These methods enable both rapid
tandem screening of these individual small molecule 13C perfusion agents with varying
physiology, and resulting novel multiparametric contrast based on the multiple simultaneous
image data sets. Significantly, these HP 13C tracers have negligible acute pharmacological
effects at the dosages used in this study, and in particular are not expected to exhibit
nephrotoxicity, a major risk associated with other common medical imaging contrast agents
(12).

The widely varying physiological characteristics of these three agents provide previously
inaccessible, potentially valuable biological data. In particular, the novel contrast can be
modeled for the estimation of tissue perfusion and permeability parameters. We measured
higher permeability of mouse prostate tumor tissue to urea and HMCP as compared with
normal mouse brain and liver. Normal mouse cerebral blood flows measured in this study
were somewhat elevated over values obtained using other methods (e.g. radiotracer
methods), for example increased 18% over the upper end of the range of cerebral blood
flows measured in a recent study (33). This could be due to a vasodilatory effect of
isoflurane in our study (34). Unfortunately, the difficulty of obtaining true gold standard
measurements of tissue blood flow in mice (i.e. using the method of radioactive
microspheres) in our studies and others precludes the ability to confirm these quantitative
results. The permeability of normal brain tissue to urea was correctly estimated to be much
lower than its permeability to water (35). Estimated permeability-surface product values
were also high, consistent with the characteristic hyperpermeability of tumor vasculature.
The significance of the PS product estimates will likely vary by tissue according to baseline
permeability, as capillary beds have varying permeability to urea (e.g., very low in brain).
Simulations showed that relative estimates of both perfusion and permeability are fairly
robust to deviation from the expected tracer relaxation values, which mainly affected only
the estimated tracer distribution volumes. This is not surprising since the modeling can
mistake changes in tissue tracer affinity for tracer decay, which is potentially separable from
changes in the dynamic curve shapes that define vessel permeability and perfusion.
However, absolute permeability was prone to systematic underestimation in the high
permeability regime and potential overestimation in the low permeability regime in the case
of nonzero blood volume, indicating that caution should be exercised in the absolute
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interpretation of quantitative PS product data. The sensitivity of the absolute parameter
measurements to small changes in permeability is likely low.

In terms of other applications, multiagent perfusion imaging could similarly provide new
molecular imaging data for isolating vascular and perfused tissue compartments in
neuroimaging (e.g., as depicted in Figure 5) and for studying molecular transport
mechanisms with high specificity, such as for improved assessment of renal function (16).
Illustrating the significance of the tumor imaging example, the efficacy of chemotherapy is
known to depend substantially on drug delivery to the tumor within a normal, intact vascular
network (36). Existing perfusion imaging methods based on any single tracer are likely to
have a more limited ability to distinguish vascular leakage from normal perfusion. Thus, this
approach may provide additional information to describe the perfusion and permeability
characteristics of tumor vasculature for the purpose of tailoring individual chemotherapeutic
regimens. Furthermore, since a perfusion metabolism mismatch is associated with adverse
disease features in certain human cancers (37-39), HP 13C perfusion imaging has great
synergy with HP 13C metabolic imaging (e.g., with [1-13C]pyruvate), which has been the
focus of most prior research on HP 13C methods (40-42).

Quantification of blood flow using conventional perfusion MRI with paramagnetic Gd-
chelates is hampered by limited tracer diffusibility, resulting in mixed effects of perfusion
and permeability, and difficulty in estimating tracer concentration, especially the critically
important arterial input function due to nonlinearity of signal at high tracer concentration
(12). In contrast, HP perfusion MRI offers linearity of signal with tracer concentration,
increased tracer diffusibility, and the ability to obtain multiagent perfusion contrast in a
single acquisition. Estimation of the input function in blood flow PET, on the other hand, is
hampered by limited spatial resolution, often necessitating arterial blood sampling to ensure
accurate measurement. Not only is HP 13C perfusion MRI capable of higher spatial
resolution than PET, mitigating this effect, it also has the significant potential of using other
high-resolution *H MRI contrast (e.g., TOF MRA) to precisely define the input vessel size
for better image-derived estimates of arterial concentration. In addition to providing unique
information, the use of multiple perfusion tracers also provides a degree of redundancy that
suppresses the effects of noise on perfusion modeling. More work is needed to compare our
results with existing perfusion imaging methods like dynamic contrast-enhanced or dynamic
susceptibility contrast MRI, and blood flow PET, and to validate our approach against
existing gold standard methods for measurement of tissue blood flow.
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FIG. 2.
Simulated transient response of HP magnetization to SSFP RF pulse train (a = +20°) over a

1-ppm range of Larmor frequencies near resonance, in terms of magnetization magnitude
(a), phase (b), and remaining z-component (c) as a function of pulse number.
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scenarios described in text (a—c), prior to inclusion of relaxation effects, noise, and
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COMPOSITE

-

HMCP vial phantom

FIG. 4.
Thermal vial phantom images of enriched 13C urea (6 M) and HMCP (5 M), obtained using

balanced SSFP excitation with multiband frequency encoding readout. Images include: *H
image (top left), individual 13C images (bottom row), and composite overlay (gray = 1H,
blue = urea, red = HMCP). Unlabeled bright areas in 1H image are from a water-heating pad
attached to the coil.
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FIG. 5.
Axial tripolarized images of mouse brain (color) overlaid on T, images (gray). Images are

remarkable for showing that t-butanol rapidly crosses the blood—brain barrier, unlike urea
and HMCP.
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Tripolarized 13C dynamic perfusion images (color) from three adjacent axial slices (a—c) in
TRAMP mouse, overlaid on To-weighted fast spin echo H images (gray). For optimal
contrast, different window-level settings were applied to each image series as indicated by

the colorbars on the right. Slice locations are indicated on coronal H image (d). Mean

tissue-specific perfusion curves (e) are given for HMCP (black), t-butanol (red), and urea
(green), in tumor (top), kidney (middle), and liver (bottom).
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FIG. 7.
Simulated impact of potential relaxation effects on quantitation of perfusion and

permeability parameters in three biological regimes as described in text (a—c, as shown in
Fig. 3). Actual parameter values are marked by a black x in the left-most column of each
data set. Shown are the estimated parameter means (black dot)+SDs (upper and lower
bounds shown by red error bars) over 500 repetitions with errors in estimated T, and T»
relaxation times of £25%.
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Comparison of simulation data (a) with actual raw uncorrected in vivo mouse brain dynamic
data (b) including relaxation effects and noise, under low PS conditions. c: Fits of corrected
mouse brain tissue data to the model. The selected voxel was from the center of the mouse
brain, with estimated F = 220 mL/dL/min, PSyreaimcp <20 mL/dL/min. The ratio of tissue
to arterial signal levels was higher for the in vivo data compared with simulation data due to
higher perfusion (F = 220 mL/dL/min versus 60 mL/dL/min for simulations). The single
simulated S, curve depicted in panel A ignores relaxation and therefore reflects the assumed
identical arterial concentration for all tracers. The actual individual simulated arterial signal
curves differed slightly due to added relaxation and noise.
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FIG. 9.
Quantification of perfusion and permeability parameters in axial slice through TRAMP

tumor based on tripolarized perfusion data. Tumor borders are indicated in green. Dynamic
signal curves for the voxel indicated by the blue arrow, estimated blood flow map, tracer
permeability surface products, tracer distribution volumes, and blood volume. The mean
tumor blood flow was 73 mL/dL/min. Corresponding raw dynamic tripolarized image data
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(color), overlaid on anatomic T,-weighted *H MRI image for this slice (gray), are shown
below.
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