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Abstract
In this work, we present a new MR spectroscopy approach for directly observing nuclear spins
that undergo exchange, metabolic conversion, or, generally, any frequency shift during a mixing
time. Unlike conventional approaches to observe these processes, such as exchange spectroscopy
(EXSY), this rapid approach requires only a single encoding step and thus is readily applicable to
hyperpolarized MR in which the magnetization is not replenished after T1 decay and RF
excitations. This method is based on stimulated-echoes and uses phase-sensitive detection in
conjunction with precisely chosen echo times in order to separate spins generated during the
mixing time from those present prior to mixing. We are calling the method Metabolic Activity
Decomposition Stimulated-echo Acquisition Mode or MAD-STEAM. We have validated this
approach as well as applied it in vivo to normal mice and a transgenic prostate cancer mouse
model for observing pyruvate-lactate conversion, which has been shown to be elevated in
numerous tumor types. In this application, it provides an improved measure of cellular metabolism
by separating [1-13C]-lactate produced in tissue by metabolic conversion from [1-13C]-lactate that
has flowed into the tissue or is in the blood. Generally, MAD-STEAM can be applied to any
system in which spins undergo a frequency shift.
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Introduction
Hyperpolarized 13C nuclear magnetic resonance (NMR/MR) spectroscopy and magnetic
resonance imaging (MRI) using dissolution dynamic nuclear polarization (DNP) provides
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the unique ability to non-invasively probe in vivo metabolism (1–3). It has significant
potential to improve the detection and characterization of cancer in individual patients (4–
14). The novel metabolic information this technique provides may have clinical applications
in other metabolic disorders, such as ischemic heart disease (15–17) and inflammation (18),
and has also been applied to imaging metabolism in the brain (19, 20) and lung (21). This
information can be used to determine the severity of disease, as well as monitor the
progression and response to therapy (6,8–10,13, 14). It has also been applied for novel
liquid-state NMR experiments to observe rapid reactions (22). Dissolution DNP increases
the injected substrate signal more than 10,000-fold, which provides sensitivity
improvements over conventional MRI or MR spectroscopy. Furthermore, injected
hyperpolarized agents probe active cellular enzyme-catalyzed metabolic conversions, while
conventional methods can be confounded by signal from inactive pools of metabolites. For
example, lactate that accumulates in cystic or necrotic regions in brain tumors (23) will
likely be inaccessible to injected 13C-pyruvate (12).

Following injection, the observed signal is affected not only by cellular metabolism but also
by vascularity, agent delivery, and transport in and out of cells. The signal likely includes
components that originated in other tissues or in the blood and flowed into the voxel, which
are not representative of tissue metabolism. For example, [1-13C]-pyruvate is enzymatically
converted to [1-13C]-lactate in the blood by erythrocytes that contain lactate dehydrogenase
(LDH) (24, 25). In the kidneys, a substantial portion of the high levels of [1-13C]-lactate
observed following [1-13C]-pyruvate injection are from in-flowing metabolites, and not due
to kidney metabolism (26).

In this paper we present a rapid MR spectroscopy method for direct detection of metabolic
conversion that is applicable to in vivo imaging of hyperpolarized substrates. Most previous
methods do not offer the ability to directly observe this conversion or to distinguish tissue
conversion from in-flowing metabolites. Time-resolved methods offer the capability to
observe flow and kinetics (27–32), an improvement over single time-point acquisitions,
where the flow and kinetics can be estimated using modeling techniques. Metabolic
conversion and magnetization exchange can be observed with saturation or inversion
magnetization transfer (MT), which has recently been applied to hyperpolarized 13C MR
using multiple acquisitions to quantify the conversion (33, 34).

2D Exchange spectroscopy (EXSY) (35) is a 2D-NMR spectroscopy method for directly
observing exchange between compounds based on a stimulated-echo. It uses multiple
experiments in which the encoding time (t1) is incremented as well as a multi-step phase-
cycling scheme. Performing multiple encoding steps is difficult for detecting in vivo
hyperpolarized compounds because the magnetization is not replenished. 1D stimulated-
echo EXSY methods use multiple mixing times with judiciously chosen t1 times to measure
exchange dynamics (36, 37). (MT experiments have also been designated as 1D EXSY.)
Previous HP 2D-NMR experiments have been performed by using small or variable flip
angle RF excitation pulses (38, 39), and by continuous (40) or interrupted (41) flow of
hyperpolarized compounds. Ultrafast 2D-NMR spectroscopy requires only a single encoding
step and has been applied to hyperpolarized compounds (38, 42), but it assumes spatial
homogeneity in one direction that maybe violated in vivo.

The primary purpose of the method proposed here is to directly observe active cellular
metabolic conversion. Moreover, it could also be used for other applications in which spins
undergo a frequency shift, including determination of rates of chemical reactions,
magnetization exchange, and observing changes in the local magnetic field environment.
Similarly to EXSY, the approach is based on a stimulated-echo acquisition. For this reason,
we have named our method Metabolic Activity Decomposition Stimulated-echo Acquisition
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Mode, or MAD-STEAM. Unlike 1D and 2D EXSY, MAD-STEAM requires only a single
encoding and single acquisition step, an approach which is enabled by a phase-sensitive
detection approach in which metabolites generated by metabolic conversion during the

mixing time are phase shifted by  and show up in the imaginary signal channel. Unlike MT
methods, MAD-STEAM directly detects exchange and can also measure bi-directional
exchange. The key new feature of this method is its ability to detect metabolic conversion
and magnetization exchange between compounds in a single encoding and acquisition step,
making it ideal for hyperpolarized MR. This method also suppresses signal from flowing
metabolites, localizing the detected signal to stationary tissue. Generally, MAD-STEAM is
not limited to metabolic conversion of hyperpolarized substrates and can be applied to any
system in which spins undergo a frequency shift.

Theory
MAD-STEAM Signal Encoding

The signal encoding in the MAD-STEAM method is illustrated in Fig. 1. A 90°y − 90°−y
stimulated-echo encoding followed by a crusher results in the following encoding along MZ:

(1)

where a spatial encoding is created by the gradients, G ⃗(t):

(2)

(3)

and a spectral encoding is created by the time delay

(4)

where f is the precession frequency of an isochromat, and f0 is the reference center
frequency of the RF pulses and receiver.

The final 90°y rotates MZ,enc onto MX and is followed by rephasing that can be described by
a multiplication of the complex transverse magnetization, m = MX + iMY, with a rotation
R(x⃗, f) around z that is represented by the complex term:

(5)

If a spin has a resonant frequency of fenc prior to the mixing time and ffinal after, during the
rephasing, the final transverse magnetization is given by

(6)

Provided spatial modulation is sufficiently high across the voxel volume, V, the first
exponential term integrates to zero across x⃗, and results in a received signal of
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(7)

This includes the inherent 50% signal loss of a stimulated-echo as well as a phase shift,
Δϕ(fenc, ffinal), that depends on the difference between the frequency of the spin at the time
of encoding and finally at readout:

(8)

For spins that undergo no frequency shift during the mixing time (ie ffinal = fenc), there is no
phase shift. However, for spins that do undergo a frequency shift, which can be caused by
magnetization exchange, metabolic conversion, or a change in the local field, there can be a
non-zero phase shift of the received signal.

Choosing this phase shift to be ±π/2 is the basis for the MAD-STEAM method, meaning
spins undergoing metabolic conversion or exchange will be observed solely in the imaginary
signal channel:

(9)

for an integer k and a frequency shift from fA to fB during the mixing time. The reverse
conversion will also show up in the imaginary channel, but with an opposite sign:

(10)

Exchange Spectroscopy Interpretation
The MAD-STEAM experiment can also be viewed as a single step in an 2D exchange
spectroscopy (EXSY) MR experiment (35), and this interpretation is illustrated in Fig. 2.
EXSY is designed to measure longitudinal magnetization exchange and also uses a
stimulated-echo formed by three 90° pulses. It is a 2D experiment in which the time between
the first two 90° pulses, t1, is incremented between acquisitions and the stimulated-echo is
acquired in the t2 dimension. This results in a 2D spectrum that is the Fourier Transform,
ℱ{·}, of the 2D time data

(11)

In a 2D-EXSY spectrum, the diagonal peaks have undergone no net frequency shift while
the cross peaks are a result of a frequency shift during the mixing time.

MAD-STEAM is a single step of 2D-EXSY with t1 = TE/2, and the time domain signal is:

(12)

The resulting MAD-STEAM 1D spectrum in relation to the 2D EXSY spectrum is then
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(13)

where ✶ represents the convolution operation.

This result is a projection along one frequency dimension of the 2D EXSY spectrum
multiplied by a complex exponential with a period of 2/TE, as illustrated in Fig. 2. This
period means that the phase difference in the MAD-STEAM spectrum between an EXSY
diagonal peak at f1 = fenc and a corresponding exchanging cross peak at f2 = ffinal is 2π(ffinal
− fenc)TE/2, the result of in Eq. 8. In MAD-STEAM, the sampled t1 = TE/2 is chosen such
that the phase shift between the peaks of interest is ±π/2. Note that previous 1D-EXSY
methods with judiciously chosen encoding times (37) use t1 = (1/2+k/2)/(fB − fA) (assuming
fB > fA with an integer k) for two-site exchange, while MAD-STEAM uses t1 = (1/4 + k/2)/
(fB − fA).

Sources of Phase
MAD-STEAM uses the signal phase to separate exchanging or converting components, and
thus is sensitive to other sources of phase in MR experiments. Coherent flow and other
coherent bulk motion will introduce a spatially-dependant phase, but which does not vary
with frequency. Provided all components of interest experience the same coherent motion
this will not corrupt the MAD-STEAM phase-sensitive detection. Turbulent flow and
incoherent motion such as diffusion are inherently suppressed by the encoding and
rephasing gradients in the STEAM sequence, and this is the basis for STEAM diffusion
imaging. In the mixing times used of greater than several seconds, most flow is incoherent
and is thus suppressed, meaning MAD-STEAM is primarily observing extra-vascular
components.

Other contributing sources to signal phase include RF amplifiers, which can have phase
instability between excitations, RF coils with spatially varying phase profiles, and timing
offsets that will introduce first order spectral phase.

Materials and Methods
Pulse Sequence

Figure 3 shows the pulse sequence used in the MAD-STEAM experiments shown. The 90°
pulses were 1.8 ms, and the final 90° was slab-selective and used a progressive flip angle,
α[n], as described in (43), in order to equalize the signal across multiple readouts by
adjusting for the depletion of hyperpolarized magnetization by previous RF pulses. While
not required for detection of exchange, these multiple readouts allow for observation of the
conversion kinetics. Two non-selective adiabatic sech pulses as described in (44) (associated
crusher gradients not shown) were used to move the echo later in time. This enables robust
phase sensitive detection by symmetric sampling of the echo, which has narrow spectral
linewidths in both the real and imaginary channels. In these experiments, TESE = 140 ms.
The encoding gradient strength was chosen as a balance of (a) providing at least several 2π
cycles of phase accumulation across the slab size for appropriate averaging of the STE
modulation, and (b) minimizing losses from diffusion-weighting for the mixing time (TM)
range of interest. A 102.4 ms readout was used with a 2.5 kHz spectral bandwidth.
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Pre-saturation of lactate or pyruvate-hydrate was performed in several experiments by
applying 3 maximum-phase 20 ms saturation pulses with 150 Hz bandwidth and
accompanying crusher gradients centered on the metabolite to be saturated prior to the
MAD-STEAM sequence. Pulse sequence timings were calibrated on a phantom containing
enriched [1-13C]lactate and [1-13C]acetate by removing any first-order spectral phase
effects. 13Curea was included in all experiments as a phase reference, and was used to
determine the zeroorder spectral phase correction.

Experimental Setup
Experiments were performed 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. A custom built, dual-tuned mouse birdcage coil was used for RF transmission and
signal reception (45). Compounds consisting of neat [1-13C] pyruvic acid (14.2 M) with the
trityl radical OX063 (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
simultaneously polarized (46) 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 to 60–80 mM (pyruvate) and 60–115 mM (urea) in a TRIS/NaOH/EDTA buffer to
produce a solution with neutral pH that was used in phantom experiments or injected into
the animals. The pH was measured from a separate aliquot of this solution.

Experiments
Two types of validation experiments were performed in syringes: (1) hydration experiments
observing the conversion between pyruvate and pyruvate-hydrate and (2) metabolic assay
experiments with lactate dehydrogenase (LDH) to observe the conversion between pyruvate
and lactate.

The hydration experiments were performed on syringes containing 0.5–1 mL of
hyperpolarized solution at approximately room temperature (≈ 296 K). The phase validation
experiments were performed on the same day using solution from two dissolutions (pH =
8.0, 7.35) with 60 mM [1-13C]-pyruvate and 60 mM 13C-urea. The spin-echo MR
spectroscopy comparison experiments were all performed using 4 syringes from a single
dissolution (pH = 7.54) with 80 mM [1-13C]-pyruvate and 80 mM 13C-urea. The MAD-
STEAM sequence used an encoding gradient on the Z axis with a spatial encoding period
(1/|k⃗(T)|) of 3.6 mm, a diffusion-encoding of b(TM) = 0.15 + (TM − .05)2.6 s/mm2, and TM
from 50 ms to 14.05 s.

Metabolic assay experiments were performed by adding the hyperpolarized solution to a
syringe containing 25.56 units of LDH and 14 µM nicotinamide adenine dinucleotide
(NADH) (Sigma-Aldrich, St. Louis, MO) dissolved in 2.5 mL phosphate buffer, similarly to
(47). This was mixed with 0.5mL from the dissoluved pyruvate and urea mixture, resulting
in 8.5 µM pyruavte and 9.8 µM urea. The MAD-STEAM acquisition was initiated as soon as
possible following mixing to measure the metabolic conversion. The sequence used an
encoding gradient on the Z axis with a spatial encoding period (1/|k⃗(T)|) of 5.2 mm, a
diffusion-encoding of b(TM) = 0.019 + (TM − .01)1.45 s/mm2, and TM from 14 ms to 9.01
s.

Experiments were performed in normal mice and in a transgenic adenocarcinoma of mouse
prostate (TRAMP) mouse model. 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
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monitored by periodic visual inspection. In these studies, 350 µL of 80 mM [1-13C]-
pyruvate and 115 mM 13C-urea solution were injected into the animals over 12 seconds. The
MAD-STEAM pulse sequence was initiated 20–25 sec after the start of injection to allow
for perfusion of the bolus into the tissue. The sequence used an encoding gradient on the Z
axis with a spatial encoding period (1/|k⃗(T)|) of 3.0 mm, a diffusion-encoding of b(TM) =
0.056 + (TM − .01)4.36 s/mm2, and TM from 14 ms to 19.01 s.

The kinetics were estimated by fitting the experimental data to a two-site exchange model in
MATLAB. In the saturation-recovery pyruvate hydration experiments, the data magnitude
was normalized to the pyruvate (P) plus pyruvate-hydrate (H) signal to compensate for T1
decay, and fit to:

(14)

For the MAD-STEAM experiments without saturation, the real (ℜ{·}) and imaginary (ℑ{·})
components were used in a two-site exchange model between pyruvate (P) and either
pyruvate-hydrate or lactate (X) including T1 decay (R1P, R1X):

(15)

The T2 of the 13C isotopes used in these studies has been measured to be > 100 ms in vivo at
3T (48). T2 decay at the overall TEs of 153–155 ms will weight the data towards longer T2
components (which have less dipolar coupling to the local environment), but this weighting
will not affect the analysis because it was constant for all mixing times.

Results
In the syringe experiments shown in Fig. 4, real-time exchange between pyruvate (pyr) and
pyruvate-hydrate (pyr-hyd) in water was observed, validating the MAD-STEAM method.
Experiments at different TE times with pre-saturation of pyruvate-hydrate show that the
pyruvate-hydrate generated from pyruvate during the mixing time appears with the expected
Δϕ as predicted by Eq. 8 with fpyr−hyd − fpyr = 270 Hz at 3T. We also compared the
pyruvate hydration kinetics derived from MAD-STEAM to a conventional saturation-
recovery experiment in Fig. 5. The rate of pyruvate-hydrate formulation was similar
between the conventional spin-echo and MAD-STEAM saturation-recovery experiments
(A,C), and also between the MAD-STEAM experiments with and without pre-saturation
(C,D). These rates were slower than our previous saturation-recovery MAD-STEAM
experiments, which is likely due to the different pyruvate and NaOH buffer concentrations
of 80 versus 60 mM used.

MAD-STEAM LDH assay experiments to observe the conversion from pyruvate to lactate
(lac) are shown in Fig. 6, for which TE = 14.0 ms was used to give a

 phase shift this pathway for flac − fpyr = 393 Hz at 3T. These
experiments validated the MAD-STEAM approach because all metabolites initially had the

same phase, but the lactate generated through metabolic conversion had the expected 
phase shift. The relatively flat real lactate signal is likely the result of RF miscalibration with
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the progressive flip angle used across TM, for which smaller than desired flip angles will
cause a relatively flat and even increasing modulation over TM (49).

Note that in these pyruvate-lactate experiments, Δϕpyr−hyd→pyr = −0.22π, and pyruvate-
hydrate converting to pyruvate will create some negative imaginary component that will
potentially corrupt the pyruvate phase. Previous investigators have assumed the formation
rate of polarized pyruvate-hydrate as 0.02sec−1 in vivo based on inversion transfer
experiments (33). For this rate and an equilibrium ratio of pyruvate:pyruvate-hydrate ≈ 11 :
1 (measured from in vivo experiments), up to 8.3% of pyruvate can be generated from
pyruvate-hydrate over our maximum TM of 19 sec, which could cause up to a 5.9% of the
pyruvate to be imaginary, or a pyruvate phase shift of up to −3.5°. This would have a small
effect on the detection of conversion between pryuvate and lactate.

Experimental results in a normal mouse are shown in Figure 7, in which the MAD-STEAM
method was applied to a slab across the abdomen where there is known to be relatively high
metabolic conversion from pyurvate to lactate. The spectrum from the first time point (TM =
14 ms) is almost entirely in the real channel because little metabolic conversion has occured
at this short mixing time. The real lactate at this time point is due to metabolic conversion
prior to the experiment (which began 20 s after the start of injection to allow for perfusion of
the pyruvate). With increasing mixing times, pyruvate remained primarily in the real
channel throughout the 19 sec experiment, while the lactate curves show a clear build-up of
an imaginary component from metabolic conversion. By TM = 10 sec, the lactate in the real
(originally encoded) and imaginary (generated from pyruvate) components were roughly
equal.

Similar results observing pyruvate-lactate conversion were also obtained in a transgenic
prostate tumor mouse model (TRAMP), shown in Figure 8, in which [1-13C]-lactate has
been demonstrated to be a biomarker of disease, disease progression, and response to
therapy (5,6). In a slab across the tumor, there was substantial generation of lactate within 4
sec after encoding, and the measured rate constant kpyr→lac was greater than in the abdomen
shown in Figure 7. There also is a slight decrease in the imaginary pyruvate component over
the experiment, which could be generated by the back-reaction from encoded lactate to
pyruvate but also may include contributions from pyruvate-hydrate to pyruvate conversion.
Experiments were also performed with saturation of lactate prior to the MAD-STEAM
sequence, shown in Fig. 8C, to validate this method in vivo. TEs of 14.0 and 15.3 ms were

chosen such that the expected phase of generated lactate, Δϕpyr→lac, would be either  or 0,
respectively. In both experiments, the generated lactate appeared primarily in the expected
real or imaginary channel, providing an in vivo validation of MAD-STEAM.

Discussion
We have demonstrated a new MR technique for directly measuring active metabolic
conversion non-invasively using hyperpolarized 13C agents. The technique was validated in
syringe experiments observing the hydration of hyperpolarized [1-13C]-pyruvate, and our
results also demonstrated direct observation of conversion between hyperpolarized [1-13C]-
pyruvate and [1-13C]-lactate both ex vivo and in vivo. This technique is not limited to
hyperpolarized [1-13C]-pyruvate. It could be applied to other hyperpolarized 13C substrates,
such as [1, 4-13C]-fumarate, [2-13C]-fructose, [5-13C]-glutamine, and [1-13C]-
dehydroascorbate (DHA) all of which have been shown to undergo enzyme-catalyzed
metabolic conversions in vivo. Another potential application is hyperpolarized 129Xe gas
imaging, for which the in vivo chemical shift is very sensitive to the local environment (50),
which has allowed for novel characterizations of microstructures (51, 52) and lung function
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(53). MAD-STEAM would allow for direct observation of molecules transitioning between
environments. Applied to lung function imaging, this could provide improved evaluation of
lung function by monitoring the transition of hyperpolarized 129Xe molecules between the
lung space, lung parenchyma, and blood. MAD-STEAM can also generally be applied to
non-hyperpolarized MR experiments, provided the nuclei are undergoing metabolic
conversion, exchange, or any other chemical shift that is slower than the encoding time and
RF pulse durations but faster than T1 recovery.

In all of these applications, MAD-STEAM data provides an excellent basis for kinetic
modeling, and we have shown preliminary results of kinetic model fits. Compared with a
conventional dynamic spin-echo MR spectroscopy (as in Fig. 5), MAD-STEAM adds
additional information by separating pre-existing and newly generated signal components.
This provides improved accuracy for kinetic modeling. Future studies will further examine
the use of kinetic models and their application to disease processes. Note that MAD-
STEAM does not distinguish between metabolic flux and magnetization exchange, both of
which have been shown to be occuring in vivo following a hyperpolarized [1-13C]-pyruvate
injection (54), so the measured rate constants will include both effects. MAD-STEAM also
does not inherently distinguish between transport (e.g. via monocarboxylate transporters for
pyruvate and lactate) and metabolic conversion. Thus the measured MAD-STEAM pyruvate
to lactate rates in vivo are not true enzymatic rate constants since they may also include the
effects of transport.

In comparison to other methods, the SNR of MAD-STEAM has an inherent 50% loss that
affects all stimulated-echo based methods (such as 2D-EXSY). When compared to 1D and
2D EXSY methods, this new approach requires only a single encoding and acquisition step
(the multiple acquisitions shown are not required to measure the exchanging component
pool sizes). The contrast is similar across these methods, as they also explicitly separate
exchanging components and measure bidirectional exchange. MAD-STEAM, in its current
form, is limited to two-site exchange, but we are working on extensions to measure multisite
exchange. MT-based methods also require multiple acquisition steps, since a reference must
be measured prior to MT measurements, but they do not suffer from the inherent 50% SNR
loss. One main drawback to MT is that it only measures one-directional exchange. MAD-
STEAM is more sensitive to motion than EXSY and MT methods due to the gradient
encoding used, although these other methods are still somewhat sensitive to motion between
the multiple steps required. The motion sensitivity in MAD-STEAM can be exploited as a
feature to suppress moving spins.

There are several trade-offs and limitations to this technique. The frequency shift between

the exchanging nuclei must be precisely known in order to choose TE such that a  phase
shift is achieved. When observing larger frequency shift systems MAD-STEAM will be
more sensitive to any errors in TE. The method is also currently limited to observing two-
site exchange except in cases where the chemical shift between sites allows for a single TE

to create  phase shifts for multiple exchange pathways. For two products at ffinal1, ffinal2
from one substrate at fenc, the exceptional case is a solution to

(16)

for integers k1, k2 that result in TE values on the order or less than T2.

Proper phasing is critical to MAD-STEAM in order to detect real and imaginary
components. In these experiments, we used simultaneously injected 13C-urea as a reference
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since it is an inert perfusion agent that does not undergo metabolic conversion. This phase
referencing assumes that all 13C-labeled compounds are in the same locations within the
slab. Proper phasing may also be accomplished using proton images to determine the loaded
coil phase spatial profile and/or an external reference object to track phase offets in each
acquisition.

In MAD-STEAM, exchange or conversion pathways other that the pathway of interest will
potentially corrupt the phase and thus the kinetic measurements of the compounds of
interest. Conversion in these pathways to the compounds of interest will appear with a phase
as predicted by Eq. 8. There may be exceptional cases where the chemical shifts result in no
phase shift. In the results, we estimated the maximum phase shift contribution from
pyruvate-hydrate in our pyruvate to lactate experiments at TE = 14.0 ms to be relatively
small in vivo, ≤ |3.5°|. In these experiments, pyruvate is also converted to alanine, and the
reverse reaction would create pyruate with Δϕala→pyr = 0.44π, potentially introducing some
corruptive positive imaginary pyruvate component, although we believe this effect would be
small in vivo. One way to eliminate corrupting sources of phase is to apply pre-saturation to
other compounds that are not of interest. Following saturation, there would be no net
conversion from these other compounds to the compounds of interest and thus no phase
corruption. For example, when measuring conversion between [1-13C]-pyruvate and
[1-13C]-lactate, this could be accomplished by saturating [1-13C]-pyruvate-hydrate and
[1-13C]-alanine prior to the MAD-STEAM sequence.

The STEAM encoding gradient is required for proper spatial averaging of the sinusoidal
modulation, but it also introduces motion sensitivity. The motion sensitivity is advantageous
in removing flowing metabolite signals, and can also introduce diffusion-weighting. The
minimum gradient area should be chosen to provide at least several 2π cycles of phase
accumulation across the voxel size, but should be kept near this threshold if no diffusion-
weighting is desired. The diffusion-weighting b-value is proportional to the mixing time,
which will limit the maximum TM before ithere is significant diffusion signal loss.
Hyperpolarized MAD-STEAM is limited to a single 90-90 encoding because it uses up the
entire magnetization. The signal amplitude is reduced by half, inherent to the stimulated-
echo, but some of this can be recovered by using a super-stimulated echo (26, 55).
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Highlights

• Rapid approach for measuring magnetization exchange and metabolic
conversion

• Single encoding step enables use of this approach with hyperpolarized substrates

• In vivo validation with hyperpolarized pyruvate to lactate conversion

• Only metabolites in tissues were measured because owing spins were
suppressed
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Figure 1.
Illustration of the phase-sensitive signal encoding in MAD-STEAM. (a) Stimulated-echo
pulse sequence. (b,c) Signal encoding with no net frequency shift during the mixing time
(TM), where the received signal has no phase shift (ie Δϕ = 0 from Eq. 8) (d) Signal
encoding with a frequency shift during the mixing time, where the received signal a phase
shift. In MAD-STEAM and this illustration example, TE is chosen such that Δϕ = π/2.
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Figure 2.
Illustration of the relationship between 2D exchange spectroscopy (EXSY) and MAD-
STEAM. MAD-STEAM is a single step in an EXSY experiment, and their spectra are
related by the relationship in Eq. 13. The MAD-STEAM TE is chosen such that the complex
exponential weighting gives a phase difference of ±π/2 between the two peaks of interest.
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Figure 3.
MAD-STEAM pulse sequence. The Encoding (90°-90°) section stores the magnetization
along MZ with a sinusoidal encoding (MZ,enc). The encoding was refocused and data
acquired at multiple mixing times (TM). These used a progressive flip angle, α[n], (43) to
account for the depletion of stored magnetization by previous excitation pulses. An adiabatic
double spin-echo was used following the excitation pulse and refocusing gradient to allow
for symmetric sampling of the echo.
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Figure 4.
Validation of the MAD-STEAM method observing pyruvate (pyr) hydration following pre-
saturation of the pyruvate-hydrate (pyr-hyd) resonance. (A) Pyruvic acid dissolved into an
aqueous solution creates exchange between pyruvate and pyruvate-hydrate, which are in
equilibrium. (Teal indicates enriched 13C.) (B) TE = 13.0 ms experiment showing urea
(phase reference) and the conversion from pyruvate to pyruvate-hydrate. (C) Various TE
experiments showing the phase of the generated pyruvate-hydrate. In all of different TE
experiments shown, the experimental data (x’s) phase matches well with the expected curves
(dashed lines), which are based on the predicted phase shift, Δϕ, and the fitted conversion
rate. Diffferences between the data and expected curves are likely due to imperfect
pyruvate-hydrate saturation.
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Figure 5.
Comparison of pyruvate hydration kinetics using (A) Spin-echo MR spectroscopy with pre-
saturation of pyruvate-hydrate. (B) Spin-echo MR spectroscopy without presaturation (Note:
the kinetics cannot be esimated from this experiment). (C) MAD-STEAM with TE = 13.0
ms and pre-saturation of pyruvate-hydrate. (D) MAD-STEAM with TE = 13.0 ms and no
pre-saturation. The two-site exchange fits (dashed lines) were very similar between both
spin-echo and MAD-STEAM saturation recovery, as well as between MAD-STEAM with
and without pre-saturation. The experimental data is denoted by x’s.
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Figure 6.
Ex vivo LDH enzyme assay validation using TE = 14.0 ms to observe the conversion from
pyruvate to lactate. (A) Pyruvate to lactate conversion is mediated by the LDH enzyme and
NAD cofactors. (B) Spectra at first and last time points. (C) Peak amplitude time courses:
data (x’s) and fitted two-site exchange model with exponential decay (dashed lines). Lactate
was partially suppressed prior to the experiment by pre-saturation pulses.
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Figure 7.
Normal mouse results from a 10 mm slice through the abdomen. The pulse sequence started
20 sec after the start of injection to allow for perfusion of the bolus. (A) Slab location on a
coronal image. (B) Spectra at first and last time points. (C) Peak amplitude time courses:
data (x’s) and fitted two-site exchange model with exponential decay (dashed lines).
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Figure 8.
Prostate tumor mouse model results from a 20 mm slab across a tumor. The MAD-STEAM
pulse sequence was started 25 sec after the start of injection to allow for perfusion of the
bolus. (A) Peak amplitude time courses without pre-saturation: data (x’s) and fits (dashed
lines). (B) Slab location on a coronal image. (C) Lactate time courses following pre-
saturation of lactate. These experiments used TE = 14.0 ms (left) and 15.3 ms (right) to
modulate the phase of lactate generated from pyruvate (Δϕpyr→lac) similarly to Fig. 4. All
curves were normalized to the peak pyruvate, and the relative amounts of lactate generated
were similar across all three experiments.
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