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SUMMARY:

We present a protocol to measure the magnetic field dependence of the spin-lattice relaxation
time of 13C-enriched compounds, hyperpolarized by means of dynamic nuclear polarization, using
fast field-cycled relaxometry. Specifically, we have demonstrated this with [1-:3C]pyruvate, but
the protocol could be extended to other hyperpolarized substrates.

ABSTRACT:

The fundamental limit to in vivo imaging applications of hyperpolarized *3C-enriched compounds
is their finite spin-lattice relaxation times. Various factors affect the relaxation rates, such as
buffer composition, solution pH, temperature, and magnetic field. In this last regard, the spin-
lattice relaxation time can be measured at clinical field strengths, but at lower fields, where these
compounds are dispensed from the polarizer and transported to the MRI, the relaxation is even
faster and difficult to measure. To have a better understanding of the amount of magnetization
lost during transport, we used fast field-cycling relaxometry, with magnetic resonance detection
of 13C nuclei at ~0.75 T, to measure the nuclear magnetic resonance dispersion of the spin-lattice
relaxation time of hyperpolarized [1-13C]pyruvate. Dissolution dynamic nuclear polarization was
used to produce hyperpolarized samples of pyruvate at a concentration of 80 mmol/L and
physiological pH (~7.8). These solutions were rapidly transferred to a fast field-cycling
relaxometer so that relaxation of the sample magnetization could be measured as a function of
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time using a calibrated small flip angle (3°-5°). To map the Ti dispersion of the C-1 of pyruvate,
we recorded data for different relaxation fields ranging between 0.237 mT and 0.705 T. With this
information, we determined an empirical equation to estimate the spin-lattice relaxation of the
hyperpolarized substrate within the mentioned range of magnetic fields. These results can be
used to predict the amount of magnetization lost during transport and to improve experimental
designs to minimize signal loss.

INTRODUCTION:

Magnetic resonance spectroscopic imaging (MRSI) can produce spatial maps of metabolites
detected by spectroscopic imaging, but its practical use is often limited by its relatively low
sensitivity. This low sensitivity of in vivo magnetic resonance imaging and spectroscopy methods
stems from the small degree of nuclear magnetization achievable at body temperatures and
reasonable magnetic field strengths. However, this limitation can be overcome by the use of
dynamic nuclear polarization (DNP) to greatly enhance the in vitro magnetization of liquid
substrates, which are subsequently injected to probe in vivo metabolism using MRSI*“. DNP is
capable of enhancing the magnetization of most nuclei with non-zero nuclear spin and has been
used to increase in vivo MRSI sensitivity of '3C-enriched compounds such as pyruvate>®,
bicarbonate’®, fumarate®, lactate!®, glutamine!!, and others by more than four orders of
magnitude'?. Its applications include imaging of vascular disease'®?!, organ perfusion!316-18,
cancer detection®22, tumor staging®>?4, and quantification of therapeutic response?%23-26,

Slow spin-lattice relaxation is essential for in vivo detection with MRSI. Spin-lattice relaxation
times (T1s) on the order of tens of seconds are possible for nuclei with low gyromagnetic ratios
within small molecules in solution. Several physical factors influence the transfer of energy
between a nuclear spin transition and its environment (lattice) leading to relaxation, including
the magnetic field strength, temperature, and molecular conformation?’. Dipolar relaxation is
reduced in molecules for carbon positions with no protons directly attached, and deuteration of
dissolution media can further reduce intermolecular dipolar relaxation. Unfortunately,
deuterated solvents have limited abilities to extend in vivo relaxation. Increased relaxation of
carbonyls or carboxylic acids (such as pyruvate) can occur at high magnetic field strengths due to
chemical shift anisotropy. The presence of paramagnetic impurities from the fluid path during
dissolution after polarization can cause rapid relaxation and need to be avoided or eliminated
using chelators.

Very little data exist for the relaxation of '3C-containing compounds at low fields, where spin-
lattice relaxation could be significantly faster. However, it is important to measure 71 at low fields
to understand relaxation during preparation of the agent used for in vivo imaging, since the
hyperpolarized contrast agents are usually dispensed from the DNP apparatus near or at the
earth’s field. Additional physical factors such as 3C-enriched substrate concentration, solution
pH, buffers and temperature also influence relaxation, and consequently have an effect on the
formulation of the agent. All these factors are essential in the determination of key parameters
in optimizing the DNP dissolution process, and the calculation of the magnitude of signal loss that
occurs in transportation of the sample from the DNP apparatus to the imaging magnet.
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Nuclear magnetic resonance dispersion (NMRD) measurements, i.e., T1 measurements, as a
function of magnetic field are typically acquired using an NMR spectrometer. To acquire these
measurements, a shuttling method could be used where the sample is first shuttled out of the
spectrometer to relax at some field determined by its position in the fringe field of the magnet?®
30 and then rapidly transferred back into the NMR magnet to measure its remaining
magnetization. By repeating this process at the same point in the magnetic field but with
increasing periods of relaxation, a relaxation curve can be obtained, which can then be analyzed
to estimate T.

We use an alternative technique known as fast field-cycling relaxometry3!-33 to acquire our NMRD
data. We have modified a commercial field-cycling relaxometer (see Table of Materials), for T;
measurements of solutions containing hyperpolarized 3C nuclei. Compared with the shuttle
method, field-cycling enables this relaxometer to systematically acquire NMRD data over a
smaller range of magnetic fields (0.25 mT to 1 T). This is accomplished by rapidly changing the
magnetic field itself, not the sample location in the magnetic field. Therefore, a sample can be
magnetized at a high field strength, “relaxed” at a lower field strength, and then measured by
acquisition of a free-induction-decay at a fixed field (and Larmor frequency) to maximize signal.
This means that the sample temperature can be controlled during the measurement, and the
NMR probe does not need to be tuned at each relaxation field promoting automatic acquisition
over the entire magnetic field range.

Focusing our efforts to the effects of dispensing and transporting the hyperpolarized solutions at
low magnetic fields, this work presents a detailed methodology to measure the spin-lattice
relaxation time of hyperpolarized 3C-pyruvate using fast field-cycling relaxometry for magnetic
fields in the range of 0.237 mT to 0.705 T. The main results of using this methodology have been
previously presented for [1-13C]pyruvate3* and '3C-enriched sodium and cesium bicarbonate®
where other factors such as radical concentration and dissolution pH have also been studied.

PROTOCOL:

1. Sample Preparation
NOTE: Steps 1.1-1.8 are performed just once

1.1. Prepare 1 mL of stock 3C-enriched pyruvic acid solution, widely used for in vivo research%>¢,
consisting of 15-mmol/L of triarylmethyl radical dissolved in [1-13C]pyruvic acid (see Table of
Materials). Aliquots from this stock solution will be used for the samples that will be individually
polarized and subsequently undergo relaxometry at different magnetic fields. A representation
of the [1-13C]pyruvic acid molecule is shown in Figure 1.

1.2. On the dynamic nuclear polarizer software interface (see Table of Materials), click on the
Cooldown button to lower the temperature of the variable temperature insert (VTI) to 1.4 K.



129
130
131

132
133

134
135

136
137
138
139

140
141

142
143

144
145
146

147

148
149
150

151
152
153

154
155

156
157
158
159
160

161
162

1.3. Once the DNP has reached the desired temperature, load 10 pL of the stock solution in a
sample cup, open the turret doors and insert the cup into the VTI using an insertion wand
specifically designed for this task.

1.4. After that, quickly extract the wand and make sure the cup is released. Then close the turret
doors and continue with the following steps while the temperature of the VTI goes back to 1.4 K.

1.5. Prepare the DNP to run a microwave sweep in order to find the optimal RF frequency for
hyperpolarization of the stock solution.

1.5.1. On the computer controlling the spectrometer (part of the DNP system), establish the
communication between the spectrometer and the DNP control software by double-clicking on
HyperTerminal icon, previously configured with the appropriate serial communication
parameters.

1.5.2. Once the communication is established, launch the RINMR software, type in its command
line.HYPERSENSENMR, and then press enter.

1.5.3. After that, a new window will be shown on the screen and on it type the number one (1)
in the Configuration Number field. Then, click on the Select Configuration button.

1.5.4. Click on the button Do microwave sweep. A small window with a descending counter of
seconds will be launched indicating that the spectrometer is ready and it will be waiting for
periodic trigger signals, coming from the DNP control software, to sample the polarization.

1.5.5. On the DNP control software, select the Calibrate tab and click on the Generate button.

1.5.6. Using the calibration setup window, enter the following information: Start Frequency =
94.117 GHz, End Frequency = 94.137 GHz, Step Size = 1 MHz, Step Duration = 300 s, Power = 50
mW, Liquid Helium Level = 65%, and Temperature = 1.4 K.

1.5.7. Click on the button Generate, which will close the setup window and return to the
Calibrate tab that will display the number of steps and the time required to perform the desired
microwave sweep.

1.5.8. Once the desired VTI temperature is achieved, click the Enable button and then Start to
initialize the microwave sweep process.

1.6. At the end of the microwave sweep, recover the sample and record the optimal frequency
where the maximum polarization is achieved. This optimal frequency is defined as the
polarization frequency that provides the maximum polarization as shown in Figure 2. This
frequency will be used for hyperpolarizing all the aliquots obtained from that specific stock
solution of pyruvic acid.

1.7. Prepare 250 mL of stock dissolution medium using a solution of 40-mmol/L Tris base, 50
mmol/L of sodium chloride, and 80-mmol/L sodium hydroxide in de-ionized water. Add
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ethylenediaminetetraacetic acid (EDTA) at a concentration of 100 mg/L to sequester any metal
ion contamination. Similarly to the pyruvic acid stock solution, this dissolution medium will be
used for all the different samples that will be polarized. Refer to the Table of Materials for more
specific details regarding the chemicals used.

1.8. Also, prepare 500 mL of stock cleaning solution consisting of 100 mg/L EDTA dissolved in
deionized water. Approximately 10 mL of this cleaning solution is used after each polarization to
clean the dissolution path of the DNP.

NOTE: Steps 1.9—-1.27 are performed for each individual sample.

1.9. Cool the DNP apparatus to 1.4 K in preparation of hyperpolarizing a [1-*3C]pyruvic acid
sample by pressing the Cooldown button in the DNP main window.

1.10. If the software used for the spectrometer is already active with configuration 1 selected,
proceed with the following steps. Otherwise, perform steps 1.5.1 to 1.5.3 and then continue with
the following steps.

1.11. After verifying that configuration 1 is selected in the window controlling the DNP's
spectrometer, click on the Solid Build Up button.

1.12. Enter the file name SSBuilupXXX, where "XXX" is a number in the sequence of files stored
with build-up data. This number is automatically incremented by the software. Then click OK.
Similarly to the microwave sweep case, a small window with a descending counter of seconds
will be launched indicating that the spectrometer is ready and it will be waiting for periodic
trigger signals, coming from the DNP control software, to sample the polarization.

1.13. Using the pyruvic acid - OX063 stock solution prepared in step 1.1, weigh out 30 mg in a
sample cup.

1.14. When the desired VTI temperature is achieved (1.4 K) click on Insert Sample, then select
Normal Sample and then click on Next. Following the safety precautions displayed on the screen,
insert the cup in the cold DNP apparatus, using a long wand specifically designed for this task.

1.15. Once the cup is inserted, the wand removed, and the DNP doors closed, click Next and then
Finish. At that point the hyperpolarizer system lowers the sample cup to the irradiation chamber
partially filled (65%) with liquid helium.

1.16. Wait until the temperature has returned to 1.4K and then click on the Polarize Sample
button.

1.17. In the new pop up window, set the frequency value to that obtained from the microwave
sweep in step 1.6. In the same window, also set the power to 50 mW and the sampling time to
300 s. Click on Next, check the Enable Build-up Monitoring box, and then click on Finish.
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NOTE: Once the polarization is started, the DNP control software generates trigger signals every
300 s to instruct the spectrometer to sample the polarization using a small tip angle. That way,
the spectrometer software adds a sample point to a solid-state magnetization curve, now
displayed in both the spectrometer software and in the DNP control software under the tab
Polarization Build-Up. After the 4th sample and every sample after that, the spectrometer
software fits the curve to an exponential growth function of the form:

S=A*exp(-t/Tp) + vo

where A is the polarization amplitude, in arbitrary units, t is the sampling time, T, is the
polarization time constant (both in seconds), and yo is an offset. Based on the fitted parameters,
the software also calculates the percentage polarization achieved up to that point in time, which
is also displayed in the DNP's Polarization Status tab.

1.18. Polarize until the build-up of the solid-state magnetization reaches at least 95% of
maximum (approximately one hour).

1.19. While the sample is polarizing, prepare the Fast-Field-Cycling Relaxometer as explained in
Section 2 below.

1.20. When the desired polarization is achieved, click on Run Dissolution and under Method,
select Pyruvic Acid Test. Then, click on Next.

1.21. Following the instructions on the screen, open the DNP turret doors and load the heating
and pressurizing chamber at the top of the apparatus with ~ 4.55 mL of the dissolution medium
prepared in section 1.5 to produce a concentration of 80-mmol/L pyruvate upon dissolution at a
pH of ~7.75 and temperature of ~37 °C.

1.22. Position the recovering wand in the right position, close the turret doors, and at the
computer click on Next and then on Finish. At that point the dissolution media will be
superheated until the pressure reaches 10 bar.

1.23. Once the 10 bar pressure is attained, the frozen and hyperpolarized pyruvate is
automatically lifted from the liquid helium bath, quickly mixed, and thawed with the superheated
dissolution media and ejected through a capillary tubing into a pear-shaped flask. While the
hyperpolarized pyruvate/dissolution media mixture is ejected, constantly swirl the flask to ensure
a homogeneous mixture.

1.24. When all the mixture has been ejected, quickly draw 1.1 mL of the liquid into a syringe,
transfer to a pre-warmed (37 °C) 10-mm-diameter NMR tube, and rapidly transport to the field-
cycling relaxometer (See step 2.2.12).

1.25. Dispense the remaining aliquot of every pyruvate dissolution into a 0.55-T benchtop NMR
spectrometer (see Table of Materials) to check for possible systematic experimental effects.
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1.26. Immediately clean DNP fluid path using clean dissolution medium followed by ethanol.
Blow helium gas through fluid path to remove remaining cleaning fluids and purge path of oxygen.
Clean all glassware.

1.27. After each measurement, record the pH of samples from both the bench top spectrometer
and the field-cycling relaxometer.

NOTE: Each T:1 measurement is a separate hyperpolarized dissolution from the DNP apparatus,
so care is required to assure measurement-to-measurement reproducibility of the sample
composition. This is accomplished by weighing all agents and solvents with a precision of 0.1 mg
to assure accurate and reproducible preparation of the final hyperpolarized solutions.

2. Relaxometry

NOTE Please refer to Table 1 for a better understanding of the selection and use of the different
parameters described in the following steps. Prior to dissolution, the relaxometer flip angle must
be calculate and the relaxometer must be setup and ready for measurement of the
hyperpolarized solution (see below).

2.1. Flip-angle calibration

2.1.1. Prepare 1 mL of neat [1-!3C]pyruvic acid in an NMR tube and add a gadolinium contrast
agent to reduce the T; of the 13C nuclei to a value of less than 200 ms but more than 50 ms.

2.1.2. Seal the NMR tube so it can be used multiple times as a calibration standard.

2.1.3. Using the depth gauge of the relaxometer, set the depth of insertion of the NMR tube to
the proper height to ensure the sample will be located at the center of the relaxometer RF coil.

2.1.4. Mark the insertion depth of the 3C pyruvate calibration standard with adhesive tape to
ensure repeatability.

2.1.5. Place the depth stopper on the NMR tube to the position indicated by the tape and insert
this calibration standard into the bore of the field-cycling relaxometer. Use a weight to keep the
NMR tube in position.

2.1.6. Open the instrument air valve and from the relaxometer front panel set the temperature
controller to 37 °C. That will maintain the temperature of the sample at 37°C (x 0.5°C) using
heated air during the experiment.

2.1.7. Setup the field-cycling relaxometer hardware to acquire 3C nuclei signals. That includes
installing and energizing the external shim coil (see Table of Materials), tuning and matching the
RF coil to 8 MHz (~0.75 T for '3C nuclei), and using the appropriate A\/4 cable.

2.1.8. In the instrument software, perform the following steps:
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2.1.8.1. Select the Main par tab

2.1.8.2. Click on the cell next to the label Experiment and scroll down in the pop-up window to
select the pulse sequence "13CANGLE.FFC".

2.1.8.3. Set the following acquisition parameters: RFA = 5; SWT = 0.005, RD = 0.5, BPOL = 30 MHz,
TPOL=0.5.

2.1.8.4. Select the Acqg. par tab and then select the Basic sub-tab.

2.1.8.5. Click on the cell next to the label Nucleus and scroll down in the pop-up window to select
13C.

2.1.8.6. Then, set the following parameters: SF = 8 MHz, SW = 1000000, BS =652, FLTR = 100000,
MS = 32.

2.1.8.7. Select the Conf sub-tab.

2.1.8.8. Set the following parameters: RINH = 25, ACQD = 25.

2.1.8.9. Select the nDim sub-tab

2.1.8.10. Set NBLK =32, BINI = 2, BEND = 62.

2.1.8.11. Select the Evaluation tab and then the Parameters sub-tab.

2.1.8.12. Set the following parameters: EWIP = 10, EWEP = 128, EWIB = 1, EWEB = 32.
2.1.8.13. Then, click the Start Acquisition icon to run the pulse sequence.

2.1.9. Once the acquisition is finished, save the data, select the Evaluation dialog icon and from
the analysis menu select WAM Window: Absolute Magnitude. Then select Report Sheet, Graphs
and Export File and finally click on Execute.

2.1.10. In the Report window find the RF pulse width that provides the maximum amplitude and
fine-tune the value with the help of the cursor in the displayed graph, which is similar to the plots
shown at the bottom row of Figure 3. This pulse width will be used for the parameter PW90 of
the following experiments.

2.1.11. Click the F1 icon to adjust the frequency shift of the relaxometer.

NOTE: WAM Window: Absolute Magnitude is a procedure to integrate the magnitude of a single
or a sequence of free-induction decay acquisitions (FIDs) from the point defined by EWIP to the
point specified by EWEP and from the block defined by EWIB to the block specified by EWEB.

2.2. Ti-Measurements
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2.2.1. Make sure the external shim coil is installed and energized.
2.2.2. In the instrument software perform the following steps:
2.2.2.1. Select the Main par tab

2.2.2.2. Click on the cell next to the label Experiment and scroll down in the pop-up window to
select the pulse sequence HPUB/S, which is shown in Figure 4.

2.2.2.3. Set the following acquisition parameters: RFA = 25, TIMX = values between 3 and 5; SWT
= 0.2, RD =0, BRLX = Desired relaxation field in MHz (proton Larmor frequency).

2.2.2.4. Select the Acq. par tab and then select the Basic sub-tab.

2.2.2.5. Click on the cell next to the label Nucleus and scroll down in the pop-up window to select
13C.

2.2.2.6. Then, set the following parameters: SF = 8 MHz, SW = 1000000, BS = 652, FLTR = 50000.
2.2.2.7. Select the Conf sub-tab.

2.2.2.8. Set the following parameters: PW90 equal to the value found in step 2.1.10, RINH = 25,
ACQD = 25.

2.2.2.9. Select the Puls sub-tab and set PW = 5.
2.2.2.10. Select the nDim sub-tab and set NBLK = 100.
2.2.2.11. Wait and get ready to receive the hyperpolarized solution to initiate the data acquisition.

2.2.2.12. Immediately before inserting the sample into the relaxometer, manually start the pulse
sequence from the console, to avoid inserting the sample into a null magnetic field. For this
reason, it is important to ignore the first Free Induction Decay (FID) during the data analysis.

2.2.2.13. Once the acquisition is done, save the data by clicking the Save button.

2.2.3. Using the analysis software, integrate the magnitude of each FID signal to produce a data
series comprised of sample magnetization as a function of time.

2.2.4. Extract the spin-lattice relaxation time from a three-parameter exponential model using a
standard non-linear least-squares fitting algorithm implemented in a commercial analytical
software (see Table of Materials) assuming even weighting for all data:

_nTr
signal = Acos™ V(a)e T1 +y,
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where A is the initial signal amplitude (y-intercept), T1 is the spin-lattice relaxation time, Tz is the
repetition time, which is a known value, yo is the signal offset, and cos"V(a) is a correction for
loss of longitudinal magnetization at the nth measurement for a flip angle, a.

REPRESENTATIVE RESULTS:

Figure 2 presents an example of a high-resolution full-range microwave sweep for pyruvic acid.
For the presented case, that optimal microwave frequency corresponds to 94.128 GHz,
highlighted in the figure insert. Our DNP system can normally work in the range of 93.750 GHz to
94.241 GHz with step size of 1 MHz, polarization time of up to 600 s, and power of up to 100 mW.
A full range of frequencies is investigated only for novel substrates. However, based on previous
experience with 3C-pyruvic acid, we expect the optimal frequency to be around 94.127 GHz.
Therefore, a scan range between 94.117 GHz to 94.137 GHz, with a step size of 1 MHz and a
sampling time of 300 s with 50 mW of power, are typically used.

The left column of Figure 3 presents the results for the tip angle calibration for [1-13C]pyruvic
acid, which involves acquisition of a series of signal measurements as a function of a linearly
varying RF pulse durations to determine the pulse width corresponding to a flip angle of 90° and
180° for 13C nuclei. The pulse width that provides the maximum amplitude corresponds to a flip
angle of 90° and the zero crossing corresponds to a flip angle of 180°. The relationship between
the two pulse widths should be a factor of two.

The acquisition parameters for the 3C tip angle calibration shown above may require some
adjustments depending on the transmit power of the field-cycle relaxometer, the T1 of the
sample, and the noise characteristic of the system. Some trial and error may be needed as well
to properly find the 90° and 180° without the effects of stimulated echoes, amplifier saturation,
and poor SNR.

This procedure, although accurate, is normally time consuming because the poor SNR of
thermally polarized '3C compounds requires many averages. An alternative and faster method
involves calibrating the flip angle with a gadolinium-doped 'H phantom and scaling the duration
of the 90° RF pulse for 3C by multiplying the duration of the 90°-*H RF pulse by the ratio of the
gyromagnetic ratios of *H/*3C, which corresponds to a factor of 3.976. For this case, the standard
acquisition parameters should be: EXP = ANGLE.FFC, NUC ='H, TPOL=0.1's, BPOL = 30 MHz, SWT
= 0.005, BINI =0 ps, BEND = 15.5 ps, NBLK =32, MS =1, RFA=25,RD=0.15,BS =652, SW =1
MHz, FLTR = 100 KHz, SF = 8, RINH = 25, ACQD = 25, EWIP = 10, EWEP =512, EWIB = 1, and EWEB
= 32. The results for this alternative method are shown in the right column of Figure 3. As a
comparison, for the presented cases, the total acquisition time for tip angle calibration for 13C
was 13.5 minutes whereas for *H was 7.1 seconds.

Figure 5 illustrates the typical series of decaying FIDs as the hyperpolarized magnetization is
sampled. Each T1 measurement at a given Bgix is a separate hyperpolarized dissolution from the
DNP apparatus. For this particular case, the relaxation field (Brelax) was 0.2916 mT, with a
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repetition time of 3.4 s and a flip angle of 5°. All sample temperatures were controlled to 37 °C
(£0.5 °C).

Figure 6 presents the relaxation curve for hyperpolarized [1-13C]pyruvate obtained from the data
of the previous figure. Each blue point on the curve represents the area under an FID. The T
value (53.9 *+ 0.6s) was obtained by a non-linear least-squares fit of the signal equation to the
decay curve data, which included the effects of the flip angle used for excitation. The goodness
of fit was assessed by computing the R? value (0.9995), assuming even weighting of the data
points. Fitting residuals (data-fit) are shown as open triangles.

Figure 7 presents the T; results for all 26 measurements over a range of 0.237 mT and 0.705 T at
37 °C (0.5 °C). The T1 had an average fitting uncertainty of £0.33 s for all the results. Analysis of
the scatter of measurements repeated at a particular relaxation field yielded an experimental
reproducibility several times larger than the statistical uncertainty quoted above, with a T; of
1.91 s. An uncertainty of 2.24 s was conservatively assigned for all T1 measurements calculated
as the sum of the two uncertainties quoted above. The Ti-dispersion data are well characterized
by the empirical formula T1 = (3.74 + 0.52) x logio(Brelax) + (63.0 £ 1.2) s; where Bgelax is the
relaxation field measured in Tesla. The uncertainties for the fitted parameters represent one
standard deviation. The solid line on Figure 7 represents the formula along with the dashed lines
representing the 95% confidence bands. pHs for these samples ranged from 7.63 to 7.93, with an
average pH of 7.75 and a standard deviation of 0.09. Analysis of the results showed that the
relaxation time for the C-1 nucleus is ~ 46.9 s at earth’s magnetic field (0.05 mT) compared with
~ 65 s at 3 T, which represents a decrease of 28%.

FIGURE CAPTIONS:
Figure 1: [1-13C]pyruvic acid molecule.

Figure 2: Full-range microwave sweep and zoom-in section showing the optimal polarization
frequency.

Figure 3: Tip angle calibration for 13C (left) and 'H (right) samples.

Figure 4: Field-cycled pulse sequence (HPUB/S) to measure the Ti-relaxation time of a
hyperpolarized sample at a particular relaxation field (Bgrwx).

Figure 5: Sequence of FIDs obtained with the HPUB/S pulse sequence.
Figure 6: Relaxation signal (blue dots), curve fitting (red line), and fitting error (open triangles)
obtained from the sequence of FIDs presented in Figure 5. This figure has been modified with

permission from Chattergoon et al. 201334,

Figure 7: NMRD profile of hyperpolarized [1-'3C]pyruvic acid at low magnetic fields. This figure
has been modified with permission from Chattergoon et al. 201334,
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Table 1: Description of parameters used by the field-cycling relaxometer.

DISCUSSION:

The use of DNP to enhance signal acquisition is a technical solution to insufficient magnetic
resonance signal available from 3C nuclei at limited concentrations, as those used in animal
injections, but presents other experimental challenges. Each relaxation measurement shown in
Figure 7 represents a measurement of a uniquely prepared sample because it cannot be
repolarized after dissolution for remeasurement. This inevitably leads to experimental variability
due to minor differences in sample preparation during weighing of the sample and dissolution
media or variations in the dissolution process itself, such as incomplete extraction and thorough
mixing of the sample with the dissolution media. This variability may be partially assessed by
measuring the pH of each pyruvate solution after relaxometry. Regardless of careful weighing of
stock pyruvate/radical mixture and dissolution medium before insertion in the DNP apparatus to
better than a milligram, in our experiments the pHs ranged from 5.5 to 8.3. We have chosen to
reject any T1 data outside the pH range 7.6 to 8.0.

As mentioned above, the solid-state polarization level for each sample was at least 95%, which
was obtained in about one hour. The liquid-state polarization was not estimated for each sample;
however, periodic quality assurance of the DNP system, using the same sample preparation,
resulted in liquid state polarization levels of about 15%.

During sample preparation, metal ion contamination may occur from contact between the
dissolution medium and the DNP dissolution fluid path. This possibility required the addition of
disodium ethylenediaminetetraacetic acid (EDTA) to sequester any of the metal ion
contamination and preserve spin-lattice relaxation.

Comparing the shuttling method used in reference?® and the fast field cycling presented in this
protocol, we can say that the shuttling method is only possible when the shuttle time is small in
comparison to the relaxation time; otherwise, the average magnetic fields experienced during
the shuttling time may have a significant effect. With the fast field cycling relaxometer we used,
the user is in complete control of the switching time, which can go as low as 3 ms. However, for
hyperpolarized substrates, a slow switching time is required to keep adiabaticity and not to
destroy the polarization of the sample during filed transitions. In our experience, for
hyperpolarized 3C-pyruvic acid, a switching time as low as 50 ms does maintain the polarization,
but we observed more consistent results using a switching time of 100 or 200 ms. This small
transition time from relaxation to acquisition and back to relaxation fields is negligible in
comparison to the measured T1 times and has no systematic effect on these measurements. We
consider that further research is required to establish the boundaries of adiabaticity of different
hyperpolarized substrates at different magnetic fields.

Another important difference between the two methods is the range of magnetic fields, which is
2 mT to 18.8 T for the shuttling method and 0.237 mT to 0.705 T for the field cycling relaxometer.
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In this regard we can see the two methods as complementary to each other. However, for in vivo
studies with hyperpolarized compounds, magnetic fields of up to 3 T are more common.

At field strengths of less than 1 mT, stray magnetic fields from surrounding objects were observed
to have a systematic effect on our relaxation measurements. To eliminate these fields, we
designed and added a custom magnetic shim around the field-cycling magnet. In comparison, the
shuttling method uses p-metal cylindrical shielding that produces an abrupt change of magnetic
field from about 2 mT to 0.2 mT.

Temperature control of the sample was important due to the relatively long acquisition times
requiring 300 to 510 s to capture the entire decay curve. We pre-warmed the NMR tubes prior
to dispensing the hyperpolarized solution and then maintained the sample temperature by
blowing warmed, temperature-regulated (37 °C) air over the tubes during relaxometry. This is an
important advantage of the field-cycling relaxometer over the shuttling method because the
temperature of the sample can be precisely controlled since the sample is stationary during
measurements.

In addition, it was not practical to control the sample exposure to ambient temperature and
magnetic field during the brief transfer time between polarizer and relaxometer. The T; of
samples were measured at known magnetic fields and temperature controlled by the
relaxometer, so transportation had limited influence. Conditions during transportation can only
affect the amount of hyperpolarization that survives for measurement at the relaxometer. A
portable holding field magnet (10 mT) was developed for transferring the hyperpolarized solution
to the imaging magnet or relaxometer; however, its use was not worthwhile in this experiment
given the brief transfer time but may be useful for other hyperpolarized liquids with greater T:-
dispersion at lower magnetic fields. A holding field of 0.01 T would increase the T1 of the pyruvate
solution by nearly 18% during transportation; however, with our relatively short transfer time of
8 s, these measurements suggest that only a 2.3% increase in signal would be observed.
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Parameter Short Description Comments
ACQD Acquisition delay Delay required t.o.aIIow magnetic field to rt.aa.c.h steady
state after transition and before data acquisition
BACQ Acquisition Field  |Specified by means of *H Larmor frequency
BEND End value Final value of the arrayed parameter
BINI Initial value First value of the arrayed parameter
BPOL Polarization Field  |Specified by means of *H Larmor frequency
BRLX Relaxation Field  |Specified by means of "H Larmor frequency
BS Block size Number of data points in a single block
EWEB End block Any integer number in the range of Number of Blocks
(NBLK). 0 means "all"
EWEP End point Any integer number in the range of Block size (BS). 0
means "all"
EWIB Initial block From 1 to number of blocks (NBLK)
EWEP Initial point From 1 to block size (BS)
EXP Experiment Name of pulse sequence to be used
FLTR Observe filter Cutoff frequency of the audio signal filters
MS Maximum scans Desired number of averages
Number of sections for the arrayed parameter. The
arrayed parameter is "PW90" for "13CANGLE" and
NBLK Number of blocks ]"ANGLE" pulse sequences and "T1IMX" for "HPUB/S" pulse
sequence. PW90 changes after each repetition but TIMX
remains constant.
NUC Nucleus For this protocol °C or 'H
PW Main RF pulse Tip angle
PW90 90deg pulse Duration of the 90-degrees pulse
RD Recycle delay Pre-scan magnet-cooling interval
RFA RF attenuation RF receiver attenuation
RINH Receiver inhibit Delay required to allow the decay of RF-coil ringing
SF System Frequency |Larmor frequency used during acquisition
SwW Sweep Width Spectral window width (Nyquist Frequency)
SWT Switching time Global magnet-switching time
. Parameter used by the HPUB/S pulse sequence to define
T1MX Maximum T1 . . . L.
the polarization time during each repetition
Parameter used by the "ANGLE" and "13CANGLE" pulse
TPOL Polarization time |sequence to define the polarization time during each

repetition
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disodium salt dihydrate (EDTA)

Catalogue
Name of Material/Equipment Compan
/Equip pany Number
[1-"*C]Pyruvic Acid Sigma-Aldrich, St. Louis, MO, USA | 677175
10mm NMR Tube Norell, Inc., Morganton NC, USA 1001-8
De-ionized water
Ethylenediaminetetraacetic acid E5134

Sigma-Aldrich, St. Louis, MO, USA

HyperSense Dynamic Nuclear Polarizer

Oxford Instruments, Abingdon, UK

MATLAB R2017b

MathWorks, Natick, MA

0X063 Triarylmethyl radical

Oxford Instruments, Abingdon, UK

VWR International, Mississauga, ON.,

pH meter - SympHony Canada SB70P
ProHance Bracco Diagnostics Inc.
Pure Ethanol (100% pure) Commercial Alcohols, Toronto, ON, POLEEAAN
Canada
Shim Coil
Sodium Chloride Sigma-Aldrich, St. Louis, MO, USA S7653
S8045

Sigma-Aldrich, St. Louis, MO, USA

Sodium Hydroxide
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Comments/Description

Includes the following: "DNP-NMR
Polarizer" software used to control
and monitor the whole DNP
polarizer; "RINMR" used to monitor
the solid state polarization levels;
"HyperTerminal" used to
communicate the DNP software
with the RINMR software that
monitors the solid state polarization
level. Also includes the MQC bench
top spectrometer to monitor the
liquid state polarization in
conjunction with it own RINMR
software
Include scripts for non-linear fitting
of magnetization decay over time
and T1 NMRD analysis of
hyperpolarized pyruvic acid.

Gadoteridol, Gd-HP-DO3A

Developed in-house




Includes the software "AcqNMR"
that is used to set experimental
parameters, monitor the tuning and
matching of the RF coil, loading
different pulse sequences, calibrate
flip angle, data acquisition and curve
fitting, among other functions. Also
includes a depth gauge, some
weights and a depth stopper.
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dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
Editorial Comments.docx

Response to Editorial Comments:

1. There are still some areas of overlap-please see the attached iThenticate report and
substantially revise lines 46-49, 79-82, 109-111, 374-378, 397-400, 434-436, and 442-445.
The mentioned paragraphs have been edited.

2. With the revisions, the protocol is now over our limit for filming (2.75 pages; see attached).

Please highlight 2.75 pages or less of the Protocol (including headers and spacing) that

identifies the essential steps of the protocol for the video, i.e., the steps that should be

visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted

Protocol steps will remain in the manuscript, and therefore will still be available to the reader.
The important steps to create a cohesive story are now highlighted.

3. It looks like Figures 6 and 7 are reused from a previous publication-please obtain explicit
copyright permission to reuse them and any other figures that may have been reused. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial
policy that allows re-prints. Please upload this information as a .doc or .docx file to your
Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e.
“This figure has been modified from [citation].”

Copyright permission has been obtained and the figure legends have been modified
accordingly.

4. There are a few badly-formatted symbols in the Results (the BINI and BEND parameters)-are
those ‘u’'?

Yes, those symbols should be ‘W’. They have been corrected and we hope they remain
unchanged after this revision.
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Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons,
Inc. or one of its group companies (each a"Wiley Company") or handled on behalf of
a society with which a Wiley Company has exclusive publishing rights in relation to
a particular work (collectively "WILEY"). By clicking "accept” in connection with
completing this licensing transaction, you agree that the following terms and
conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC's Billing and
Payment terms and conditions"), at the time that you opened your RightsLink
account (these are available at any time at http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the
"Wiley Materials") are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a
stand-alone basis), non-transferable, worldwide, limited license to reproduce
the Wiley Materials for the purpose specified in the licensing process. This
license, and any CONTENT (PDF or image file) purchased as part of your
order, is for a one-time use only and limited to any maximum distribution
number specified in the license. The first instance of republication or reuse
granted by this license must be completed within two years of the date of the
grant of this license (although copies prepared before the end date may be
distributed thereafter). The Wiley Materials shall not be used in any other
manner or for any other purpose, beyond what is granted in the license.
Permission is granted subject to an appropriate acknowledgement given to
the author, title of the material/book/journal and the publisher. You shall
also duplicate the copyright notice that appears in the Wiley publication in



http://myaccount.copyright.com/

your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source
acknowledged for all or part of this Wiley Material. Any third party content is
expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as
expressly granted by the terms of the license, no part of the Wiley Materials
may be copied, modified, adapted (except for minor reformatting required by
the new Publication), translated, reproduced, transferred or distributed, in
any form or by any means, and no derivative works may be made based on
the Wiley Materials without the prior permission of the respective copyright
owner.For STM Signatory Publishers clearing permission under the
terms of the STM Permissions Guidelines only, the terms of the license
are extended to include subsequent editions and for editions in other
languages, provided such editions are for the work as a whole in situ
and does not involve the separate exploitation of the permitted figures
or extracts,You may not alter, remove or suppress in any manner any
copyright, trademark or other notices displayed by the Wiley Materials. You
may not license, rent, sell, loan, lease, pledge, offer as security, transfer or
assign the Wiley Materials on a stand-alone basis, or any of the rights granted
to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at
all times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only
that of having possession of and the right to reproduce the Wiley Materials
pursuant to Section 2 herein during the continuance of this Agreement. You
agree that you own no right, title or interest in or to the Wiley Materials or
any of the intellectual property rights therein. You shall have no rights
hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other
branding ("Marks") of WILEY or its licensors is granted hereunder, and you
agree that you shall not assert any such right, license or interest with respect
thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS,
IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE
ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A
PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT
AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.
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WILEY shall have the right to terminate this Agreement immediately upon
breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any
actual or threatened claims, demands, causes of action or proceedings arising
from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY
OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL,
CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH
THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS
REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS
OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION
SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE
OF ANY LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent
jurisdiction to be illegal, invalid, or unenforceable, that provision shall be
deemed amended to achieve as nearly as possible the same economic effect
as the original provision, and the legality, validity and enforceability of the
remaining provisions of this Agreement shall not be affected or impaired
thereby.

The failure of either party to enforce any term or condition of this Agreement
shall not constitute a waiver of either party's right to enforce each and every
term and condition of this Agreement. No breach under this agreement shall
be deemed waived or excused by either party unless such waiver or consent
is in writing signed by the party granting such waiver or consent. The waiver
by or consent of a party to a breach of any provision of this Agreement shall
not operate or be construed as a waiver of or consent to any other or
subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or
otherwise) by you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30)
days from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms
and conditions (which are incorporated herein) form the entire agreement



between you and WILEY concerning this licensing transaction and (in the
absence of fraud) supersedes all prior agreements and representations of the
parties, oral or written. This Agreement may not be amended except in
writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and
authorized assigns.

o Inthe event of any conflict between your obligations established by these
terms and conditions and those established by CCC's Billing and Payment
terms and conditions, these terms and conditions shall prevail.

o WILEY expressly reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the
course of this licensing transaction, (ii) these terms and conditions and (iii)
CCC's Billing and Payment terms and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or
Requestor Type was misrepresented during the licensing process.

o This Agreement shall be governed by and construed in accordance with the
laws of the State of New York, USA, without regards to such state's conflict of
law rules. Any legal action, suit or proceeding arising out of or relating to
these Terms and Conditions or the breach thereof shall be instituted in a
court of competent jurisdiction in New York County in the State of New York
in the United States of America and each party hereby consents and submits
to the personal jurisdiction of such court, waives any objection to venue in
such court and consents to service of process by registered or certified mail,
return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in
Subscription journals offering Online Open. Although most of the fully Open Access
journals publish open access articles under the terms of the Creative Commons
Attribution (CC BY) License only, the subscription journals and a few of the Open
Access Journals offer a choice of Creative Commons Licenses. The license type is
clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute
and transmit an article, adapt the article and make commercial use of the article. The
CC-BY license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits
use, distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the
original work is properly cited, is not used for commercial purposes and no
modifications or adaptations are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing
purposes requires further explicit permission from Wiley and will be subject to a
fee.

Further details can be found on Wiley Online

Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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