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Of Exchanging Hyperpolarized Substrates

Yan Xingl, Galen D. Reed?, John M. Pauly2, Adam B. Kerr2, and Peder E. Z. Larsonl"*

1Department of Radiology and Biomedical Imaging, University of California - San Francisco, San
Francisco, California

°Magnetic Resonance Systems Research Laboratory, Department of Electrical Engineering,
Stanford University, Stanford, California

Abstract

In metabolic MRI with hyperpolarized contrast agents, the signal levels vary over time due to 7;
decay, 7, decay following RF excitations, and metabolic conversion. Efficient usage of the
nonrenewable hyperpolarized magnetization requires specialized RF pulse schemes. In this work,
we introduce two novel variable flip angle schemes for dynamic hyperpolarized MRI in which the
flip angle is varied between excitations and between metabolites. These were optimized to
distribute the magnetization relatively evenly throughout the acquisition by accounting for 7;
decay, prior RF excitations, and metabolic conversion. Simulation results are presented to confirm
the flip angle designs and evaluate the variability of signal dynamics across typical ranges of 7;
and metabolic conversion. They were implemented using multiband spectral-spatial RF pulses to
independently modulate the flip angle at various chemical shift frequencies. With these schemes
we observed increased SNR of [1-13C]lactate generated from [1-13C]pyruvate, particularly at later
time points. This will allow for improved characterization of tissue perfusion and metabolic
profiles in dynamic hyperpolarized MRI.

Introduction

Magnetic resonance imaging (MRI) with hyperpolarized 13C agents provides the unique
ability to non-invasively probe in vivo metabolism [1, 2, 3]. It has significant potential to
improve the detection and characterization of cancer in individual patients [4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14], and may also have clinical applications in other metabolic disorders,
such as ischemic heart disease [15, 16, 17] and inflammation [18]. This information can be
used to determine the severity of disease, as well as monitor the progression and response to
therapy [6, 8, 9, 10, 13, 14]. Hyperpolarized [1-13C]pyruvate kinetics are particularly
informative about cancer biology: pyruvate-lactate conversion can be used to discern
cancerous from healthy tissues and to monitor cancer progression [4].

Dissolution dynamic nuclear polarization (DNP) increases the injected substrate signal more
than 10,000-fold, creating a hyperpolarized state that provides sensitivity improvements

©2013 Elsevier Inc. All rights reserved.

" Address Correspondence to: Peder E. Z. Larson, Byers Hall, Room 102C, 1700 4th St, San Francisco, CA 94158, TEL: (415)
514-4876, peder.larson@ucsf.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xing et al.

Theory

Page 2

over conventional MRI or MR spectroscopy. The hyperpolarized magnetization is in a
highly non-equilibrium state, and decays back to thermal equilibrium with the longitudinal
relaxation time, 7;. Furthermore, magnetization is lost due to transverse relaxation ( 7;)
following creation of transverse magnetization following radio-frequency (RF) excitations.
The rapid loss of the nonrenewable polarization necessitates rapid and efficient imaging
methods.

Specifically, hyperpolarized MR requires specialized RF excitation schemes for efficient
usage of the magnetization, a number of which have been developed to date. Variable flip
angle (“vfa”) schemes have been designed to account for losses due to RF excitation and 7;
relaxation across multiple excitations [19, 20]. RF pulses using multiple spectral bands
(“multiband”) with different flip angles to account for metabolic conversion have been used
for dynamic hyperpolarized 13C imaging, demonstrating improved observation of metabolic
products and kinetics by minimally exciting the substrate magnetization [21, 22, 23, 24].
Independent control of metabolite flip angles has also been implemented in metabolite-
specific imaging with spectral-spatial RF pulses, including for monitoring the arrival of
[1-13C]pyruvate and conversion to 13C-bicarbonate and [1-13C]lactate with varying flip
angles across time [25] and for measuring kinetics with saturation transfer [26].

This paper presents two novel variable flip angle schemes for dynamic hyperpolarized
imaging that account for metabolic conversion as well as losses due to RF excitation and 73
relaxation by independently controlling the flip angle of individual metabolites. We
implemented this using multiband spectral-spatial RF excitation pulses for monitoring the
conversion from [1-13C]pyruvate to [1-13C]lactate in vivo. The new variable flip angle
schemes distribute the nonrenewable hyperpolarized magnetization relatively evenly
throughout a dynamic acquisition, which increases the temporal window. They were
designed for dynamic acquisitions that measure the metabolic tracer and conversion Kinetics.
These approaches could also be applied for reducing blurring due to 7; and metabolic
conversion during longer (> 5 sec) imaging acquisitions. The first scheme uses effective
relaxation rates to distribute the magnetization (“ 7Z-effective”); the second scheme uses
numerically optimized flip angles to maintain constant signal over the duration of
acquisition (“const-signal”).

Previous variable flip angle (vfa) schemes proposed that the pulse flip angle can be
progressively increased during the course of the acquisition in hyperpolarized MR to
account for losses due to RF excitation and 77 relaxation and maintain a flat signal response
[19, 20]. In this method, the flip angle, 6 [, for the nt flip angle, is given by:

0[ ] B E% _ E%(N_n_”) "
n|=cos —_—
2(N-n+1)
1- E;

TR
E]:eXp (_T_l) 2

where Nis the total number of excitation pulses. In this way, the last flip angle generated by
this algorithm will be a 90° pulse, which utilizes all of the remaining polarization.

In this work, we additionally account for metabolic conversion by independently varying the
flip angle of individual metabolites based on their conversion rates. We considered the case
of hyperpolarized [1-13C]pyruvate converting to [1-13C]lactate. (This is directly generalized
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to any substrate to product conversion, see Discussion.) Their magnetization can be
quantified using a two-site exchange model:

1
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where A7) and L(f) are the hyperpolarized magnetizations of pyruvate and lactate,
respectively, at time, ¢, Kp; is the metabolic conversion rate from pyruvate to lactate, and we
assumed that the back conversation rate from lactate to pyruvate is negligible.

Integrating equation (3) over the acquisition time, with the simplification to a matrix A:

K O @
KPI. _T_:L

We obtain:
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In our 71-effective scheme, we observed that pyruvate and lactate in the model in equation

1
(5) have approximate relaxation rates of RmeﬂzT_lp+KPL (including additional losses for
1
conversion to lactate) and Rip- T~ et (including magnetization gained from

conversion), respectively. In this s'(':'heme, we calculated the flip angles, 6 x[77] for metabolite
X (ie pyruvate, lactate) as in Equation (1), but with these approximate relaxation rates:

Ez _E2(N—n+l)
[n]zcos_] _x X (6)

(7]
1 E]2§(N—n+l)

X

1
E, ,=exp (_TR(T_ +KPL)) (7

1P

1
E,  =exp (_TR(T_ - KPL)) (8)

For the const-signal scheme, we numerically optimized the flip angles of pyruvate and
lactate for constant signal amplitude during the scan assuming both 7; relaxation and
metabolic conversion. With the 7I-effective scheme, pyruvate already maintains a constant
signal level in our two-site exchange model; thus the same pyruvate flip angles from
Equations 6 and 7 were used in this scheme. The optimization of the lactate flip angles was
determined by an empirical approach, where a constant signal level (Ss) Was assumed and
the corresponding flip angles were calculated as:
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where M, [r]is the remaining lactate magnetization after pulse 7. Sy Was iteratively refined
until the maximal available magnetization has been utilized, signified by a negligible
amount of magnetization of lactate by the end of acquisition and a final flip angle of 90°.

All simulations and flip angle designs were performed in MATLAB (The Mathworks Inc.,
Natick, MA). A library of spectral-spatial RF excitation pulses was created using the
Spectral-Spatial RF Pulse Design package for MATLAB [21, 27] (available at http://
rsl.stanford.edu/research/software.html). MATLAB scripts for the two design schemes are
available online at http://www.radiology.ucsf.edu/research/labs/larson/software.

Flip angle designs with our new schemes for comparison to prior methods in simulation and
normal rat experiments used the following design parameters: initial magnetizations of 2 (0)
=1and L(0) = 0.05 (accounting for some lactate build up by the start of the acquisition);
longitudinal relaxation times ( 77) of 25 seconds for both pyruvate and lactate, even though
the actual 77 values may vary significantly with the surrounding environment and may differ
between pyruvate and lactate [28]; Kpp; = 0.025 s™1 based on previous simulation [29] and
experimental [8] results; repetition time, TR = 1 s; and a total acquisition time of 44 s was
chosen for the effective utilization of magnetization and detectable signal level.

Experiments were performed in normal rats and in a transgenic adenocarcinoma of mouse
prostate (TRAMP) mouse model on a 3 Tesla clinical-research MRI system (GE Healthcare,
Waukesha, WI, USA) with 40 mT/m, 150 mT/m/ms gradients and a broadband RF
amplifier. All animal studies were carried out under a protocol approved by our Institutional
Animal Care and Use Committee. The animals were placed on a 37°C heating pad in the RF
coil, and anesthesia was maintained by a continual delivery of isoflurane (1-1.5%) with
oxygen (1 liter/min). Respiratory rate and skin color were monitored by periodic visual
inspection. A custom built, dual-tuned mouse birdcage coil was used for RF transmission
and signal reception [30]. Compounds consisting of neat [1-13C] pyruvic acid (14.2 M) with
the trityl radical 0X063 (15 mM) (Oxford Instruments, UK), and 99% 13C -urea (Sigma-
Aldrich, St. Louis, MO) in glycerol (6.4 M) with the trityl radical OX063 (23 mM), were
polarized in a HyperSense DNP system (Oxford Instruments, Abingdon, UK) at 3.35 T and
a temperature of 1.3° K. The hyperpolarized compounds were dissolved in a TRIS/NaOH/
EDTA buffer to produce a solution with neutral pH that was injected into the animals. The
pH was measured from a separate aliquot of this solution.

The normal rat experiments used a 2.6 mL injection over 12 s of 100 mM [1-13C]pyruvate.
Data acquisition of dynamic 13C -spectra began 13 s after the start of injection, and were
acquired over a 4 cm slab containing kidneys and liver with echo time, TE = 50 ms, an
adiabatic double spin-echo [31], TR =1 s, and 44 repetitions. The data was normalized by
the initial pyruvate flip angle divided by the initial pyruvate peak height to account for
differences in polarization between injections. The metabolite peak heights were fit to the
two-site exchange parameters using non-linear least squares fitting in MATLAB. The fitting
routine included scaling factors to account for the various RF flip angles.

The TRAMP experiments used a 350 UL injection over 12 s of 80 mM [1-13C]pyruvate and
80 mM 13C-urea [32]. 3D dynamic magnetic resonance spectroscopic imaging (MRSI) was
acquired using a compressed-sensing echo-planar spectroscopic imaging (EPSI) sequence as
described in [23]. To summarize, the sequence had: a spectral resolution of 9.83 Hz and a
581 Hz spectral bandwidth to include all metabolites of interest; TE = 160ms, TR = 250ms;
12x12x16 matrix, 5x5x5.4 mm resolution (0.135 cc); time resolution of 2 s. For these
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experiments, a 71-effective dynamic variable flip angle scheme was generated using Kp; =
0.025 1/s, T1p= Ty, = 00, 44 s total acquisition time, and was compared to a constant 6
(pyruvate & urea) and 12 (lactate & alanine) degree multiband excitation [23].

Sample flip angles and simulated signals are shown in Figure 1. The new schemes
theoretically lead to increased metabolite signal at the end of the dynamic acquisition, and
utilize all of the available magnetization. Lactate signal in the 7I-effective scheme is not
particularly flat for the first 20 s because the change in lactate magnetization is dominated
by Kp;. However, it is nearly flat after 20 s because 71, becomes a larger effect and the
change lactate is closer to Ry ¢fr

Figure 2 shows the spectral profiles for three different spectral-spatial RF pulses that were
designed for the 71-effective flip angles in Fig. 1. These designs included spectral bands for
pyruvate, lactate, alanine, and urea, where the urea flip angle was set to be the same as
pyruvate and the alanine flip angle to be the same as lactate. The spectral profiles show that
the pulse design specifications, which included a flip angle variation (ie ripple) tolerance of
1/30t the flip angle, were achieved with the multiple frequency excitation bands and their
variations across time.

It is important to understand the effect of 7; relaxation, metabolic conversion, and initial
lactate magnetization on the simulation results, as the experimental values may vary from
the design values used to generate the flip angles. Simulations performed with + 20%
deviations from the design 77 (25 s), £50% deviations from the design K, (0.025 s™1), and
+50% deviations from the design initial lactate magnetization (£(0) = 0.05 for A0) = 1) are
shown in Figure 3. These simulation results show how variation in experimental parameters
within a voxel will lead to deviations in the locally observed dynamics. In particular, the
dynamics for both schemes vary significantly with changes in Kp;, allowing for distinction
of regions with high metabolic activity such as cancer. However, they are also sensitive to
differences in 77. The const-signal scheme appears more sensitive to differences in the
initial magnetization levels because it applies a large initial flip angle, while the 71-effective
approach only has small shifts in the curve heights.

The flip angle schemes were tested in vivo in a normal rat, the results of which are shown in
Fig. 4. The new schemes resulting in improved signal at later time points, particularly for the
metabolic products due to the more efficient use of the magnetization. They led to a nearly
constant pyruvate signal that was identical for both schemes, as predicted by simulation. The
T1-effective scheme also showed relatively flat lactate and alanine signal curves. However,
unlike simulation, these metabolites had a non-flat response for the const-signal scheme due
to differences between the actual 77, K, and initial magnetization values and those used in
designed the flip angles (Fig. 3). In particular, the simulation results in Fig. 3¢ show that this
scheme is sensitive to the initial magnetization levels, suggesting that the in vivo initial
levels were higher than expected which led to very high initial signal values. This was
confirmed through kinetic model fitting in Table 1, where the fitted initial product
metabolite signal levels were almost 2-fold higher than expected by the design. Also, the
fitted relaxation times were shorter and the conversion rate was less than those used in the
design, which explains the deviation of these curves from the predicted signal curves. Such
model fitting can be used for future refinements of the flip angle design parameters. (The
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alanine initial values were unexpectedly different between experiments, which could be due
to alanine metabolism differences during the ~3 hours the animal was anesthetized.)

A TI-effective dynamic variable flip angle scheme that only compensated for estimated
metabolic conversion (77 = o) was designed to provide a balance of temporal window and
SNR for the 3D dynamic compressed sensing MRSI acquisition in Fig. 5 [23]. (Using 7; <
oo resulted in smaller initial flip angles for which the metabolite signals were below the
noise, data not shown.) Both flip angle schemes used identical flip angles for pyruvate and
urea, and for lactate and alanine. The variable flip angle scheme led to an increased temporal
window for all metabolites over previously used constant flip angle schemes. Having a
greater number of images with detectable signal is particularly beneficial to improve the
quality of the compressed sensing reconstruction. The lactate and alanine signal was greater
over most of the experiment duration, while the pyruvate and urea signal was greater at later
time points. Alanine was primarily observed in the liver, as thus was not shown for the
kidneys and prostate tumor regions. This in vivo result demonstrates the value of dynamic
variable flip angles schemes that account for metabolic conversion.

Discussion

In this work, we optimized the spectrally-selective flip angles for a constant signal across
excitations. This was done in order to evenly distribute the available hyperpolarized
magnetization between dynamic images and increase the temporal window. This increased
window improved the 3D dynamic compressed sensing MRSI reconstruction. This would
also reduce signal variation between TRs that can cause blurring or ghosting artifacts. A
constant signal was chosen to demonstrated this principle because it was a straightforward
parameter to optimize, but other signal modulations are possible. For example, we had
improved results even without accounting for 77 (Fig. 5), which does not theoretically result
in a constant signal.

The two schemes presented require very similar inputs, with the const-signal requiring an
estimate of the initial magnetization. As shown in Fig. 3, both schemes are sensitive to
changes in the metabolic conversion rate, which is very important to distinguish cancerous
and normal tissues. There are also both sensitive to changes in 77, which could vary based
on the local metabolite environment or flow in and out of a voxel. The const-signal scheme
is more sensitive to the initial magnetization than the 7Z-effective scheme because it uses
larger initial flip angles. It may not be desirable to be sensitive to the initial magnetization as
this depends on the acquisition timing.

All parameters can be fit with kinetic modeling. However, as shown in Table 1, the kinetic
model fits unexpectedly varied between the four acquisitions. We believe this is due to
instabilities when fitting a two-site exchange model with noisy data [33]. For this reason,
future work will thoroughly investigate which flip angle schemes result in the most accurate
kinetic modeling.

In the TRAMP study, we used 7; = oo in the flip angle designs because otherwise the initial
flip angles for the chosen acquisition TR and duration were too small to observe the
metabolites. However, there was still an improvement in temporal window, particularly for
the metabolic products, when using the 71-effective variable flip angle scheme. When using
design 7; < 09, the total acquisition duration will be limited because the initial flip angles
will become smaller.

The schemes can readily be extended to include substrate conversion to a second product,
such as [1-13C]pyruvate to [1-13C]alanine. For the 71-effective scheme, the effective
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1

relaxation rates simply become: W 14.ef :T_4 - KPA, and Ry efFremains
the same, where Kp4 is the conversion rate from pyruvate to alanine. For the const-signal
scheme, the pyruvate flip angles are the same as the 71-effective, and the alanine flip angle
can be numerically optimized identically to lactate using equation (9).

1
RIW=T—+KPL+KWR

While this manuscript focused on [1-13C]pyruvate to [1-13C]lactate conversion, the methods
are generalizable to other compounds. They can be directly applied for any substrate to
product(s) conversion with negligible back conversion rates. Also, while we used multiband
RF excitation pulses, these schemes could be implemented using spectrally selective pulses
in metabolite-specific imaging [34].

When the back conversion is not negligible, the 71-effective relaxation rates can be

K

PL

1 1
modified as (eg for pyruvate and lactate): R1R<ﬁ':T_+ ~Kir and RlL.eﬁ‘:T_ - KPL+KL,,,

where K pis the conversion rate from lactate to p;ll?uvate. To obtain a constant signal, a
more complex numerical optimization of the flip angles would be required.

Conclusion

A flip angle scheme that varies not only over time but also between metabolites is beneficial
for improving the detected signal in hyperpolarized metabolic imaging experiments. We
have described two variable flip angle schemes with multiband RF pulses that can account
for 77 decay, prior RF excitations, and metabolic conversion. The in vivo results
demonstrated the improved performance of these schemes for extending the temporal
window in dynamic hyperpolarized 13C imaging, which will in turn improve the
characterization of tissue perfusion and metabolic profiles.
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Figure 1.

Comparison of multiband constant in time scheme (“multiband”), variable flip angle -
constant between metabolites without metabolic conversion or 77 (“v/@”), optimized scheme
using effective relaxation rates (“ 7Z-effective”), and optimized scheme for constant signal
(“const-signal’), the last two using Kp; = 0.025 s™1 and A0) = 1 and L(0) = 0.05, and 7;p=
71, = 25s. (a) Flip angle variation over time. Simulated (b) signal curves and (c) remaining
magnetization. Note that the pyruvate flip angles and simulated signal are the same for the
T1-effective and const-signal schemes.
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Figure 2.

Sa?nple spectral-spatial RF pulse spectral profiles for the 15t, 22", and 44t pulses out of 44
total RF pulses designed for the 7Z-effective scheme in Fig. 1. The urea flip angle was set to
be the same as pyruvate and the alanine flip angle to be the same as lactate. The dashed lines
indicate the specified flip angle ranges.
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Figure 3.

Simulated signal when the (a) 77 = T1p= 714, (b) Kpz, and (c) initial lactate magnetization
levels vary (dashed lines) from those used in the flip angle designs (“expected”, solid lines)
for the presented 71-effective and const-signal schemes. The flip angles used are shown in
Fig. 1a as (the pyruvate flip angles are the same for both of these schemes).
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Figure4.

Metabolite peak height dynamics following a [1-13C]pyruvate injection in a 4 cm abdomen
slab of a normal rat (left). The flip angle schemes used are shown in Fig. 1.
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Dynamic 3D-MRSI in a transgenic prostate tumor mouse model (TRAMP) with 2-s time
resolution. A 71-effective dynamic variable flip angle scheme was generated using Kp; =

0.025 1/s, T1p= Ty, = 00, 44 s total acquisition time, and compared to a constant 6

(pyruvate & urea) and 12 (lactate & alanine) degree multiband excitation [23].
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Page 16

Kinetic model fits to the data in Fig. 4. For an accurate comparison to the parameters used in the flip angle
design, both metabolic products of lactate and alanine have been summed together for the fitting (X=L+A)

since they received the same flip angles. The data was normalized such that A0) = 1.

Tip | Taix | kex X(0)
Design parameters | 25 25 0.025 0.05
multiband 13.0 | 13.7 | 0.0146 | 0.0596
vfa 13.8 | 13.1 | 0.0156 | 0.0901
T1-effective 13.9 | 143 | 0.0153 | 0.0837
const-signal 16.0 | 12.0 | 0.0252 | 0.0920
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