UCSF
UC San Francisco Previously Published Works

Title

Rapid in vivo apparent diffusion coefficient mapping of hyperpolarized 13C metabolites

Permalink

Ihttps://escholarship.org/uc/item/meGthk]

Journal

Magnetic Resonance in Medicine, 74(3)

ISSN
0740-3194

Authors

Koelsch, Bertram L
Reed, Galen D
Keshari, Kayvan R

Publication Date
2015-09-01

DOI
10.1002/mrm.25422

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/0wm6t3xk
https://escholarship.org/uc/item/0wm6t3xk#author
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2016 September 0O1.

-, HHS Public Access
«

Published in final edited form as:
Magn Reson Med. 2015 September ; 74(3): 622-633. d0i:10.1002/mrm.25422.

Rapid in vivo ADC Mapping of Hyperpolarized 3C Metabolites

Bertram L. Koelsch”1:2, Galen D. Reed”1:2, Kayvan R. Keshari3, Myriam M. Chaumeil?,
Robert Bok!, Sabrina M. Ronen-2, Daniel B. Vigneron!:2, John Kurhanewicz#1:2, and Peder
E. Z. Larson?1.2

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

2UC Berkeley — UCSF Graduate Program in Bioengineering, University of California, Berkeley
and University of California, San Francisco, California, USA

3Department of Radiology and Molecular Pharmacology and Chemistry Program, Memorial Sloan
Kettering Cancer Center, New York, USA

# These authors contributed equally to this work.

Abstract

Purpose—Hyperpolarized 13C MR allows for the study of real-time metabolism in vivo,
including significant hyperpolarized 13C lactate production in many tumors. Other studies have
shown that aggressive and highly metastatic tumors rapidly transport lactate out of cells. Thus, the
ability to not only measure the production of hyperpolarized 13C lactate but also understand its
compartmentalization using diffusion weighted MR will provide unique information for improved
tumor characterization.

Methods—We used a bipolar pulsed-gradient double spin echo EPI sequence to rapidly generate
diffusion-weighted images of hyperpolarized 13C metabolites. Our methodology included a
simultaneously acquired B; map to improve apparent diffusion coefficient (ADC) accuracy and a
diffusion compensated variable flip angle scheme to improve ADC precision.

Results—We validated this sequence and methodology in hyperpolarized 13C phantoms. Next,
we generated ADC maps of several hyperpolarized 13C metabolites in a normal rat, rat brain
tumor model, and prostate cancer mouse model using both pre-clinical and clinical trial-ready
hardware.

Conclusion—ADC maps of hyperpolarized 13C metabolites provide information about the
localization of these molecules in the tissue microenvironment. The methodology presented here
allows for further studies to investigate ADC changes due to disease state that may provide unique
information about cancer aggressiveness and metastatic potential.

Keywords

hyperpolarized 13C; ADC mapping; diffusion weighted imaging; dissolution DNP; metabolic
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Introduction

Fast diffusion weighted (DW) echo-planar imaging (EPI) techniques have allowed apparent
diffusion coefficient (ADC) maps of water to become an invaluable tool for the
identification and characterization of various cancers (1), including brain tumors (2) and
prostate cancer (3). Structural changes in the tissue microstructure caused by the tumor
masses alter the local mobility of water molecules and thereby generate contrast in DW
images and ADC maps.

The growing field of hyperpolarized 13C magnetic resonance (MR) (4,5) has also proven to
be useful in identifying and characterizing tumors by measuring the real-time metabolism of
hyperpolarized 13C pyruvate to lactate, in both brain tumors (6) and prostate cancer (7).
These abnormally high levels of hyperpolarized 13C lactate arise from a shift towards
increased aerobic glycolytic metabolism, a process known as the Warburg effect (8).
Currently, in vivo MR studies spatially localize these hyperpolarized 13C metabolites to
identify tumor masses (9). However, these acquisitions give no discrimination of the
distribution of the hyperpolarized 13C metabolites within the tissue microstructure based on
their local mobility.

Having the ability to identify both the overall production of hyperpolarized 13C lactate and
its extra- and intracellular distribution could be useful for improved tumor identification and
characterization. Research has shown that aggressive and metastatic tumors acidify their
extracellular environment (10), a process that facilitates the tumor's invasion into
surrounding tissue. Acidification in part happens via the export of protons through
monocarboxylate transporters (MCTSs), which is coupled to the export of lactate (11).
Correspondingly, a recent study comparing two renal cell carcinoma cell lines showed that
while increased hyperpolarized 13C lactate production was seen in all cancer cell lines, the
highly aggressive metastatic cells also rapidly pumped more hyperpolarized 13C lactate out
of the cell (12).

Recently, several studies have combined DW techniques with hyperpolarized 13C to rapidly
measure the translational motion of these molecules. Solution state studies verified the
accuracy of the measurements with diffusion coefficient measurements of molecules with
varying molecular weights (13). Cell studies rapidly measuring the ADCs of

hyperpolarized 13C pyruvate and lactate have shown that intracellular metabolites have
lower diffusion coefficients than the extracellular metabolites (14,15). Animal studies using
DW spectroscopic techniques of hyperpolarized 13C metabolites showed improved tumor
contrast (16), assessed their vascular and tissue distribution (17) and measured their ADCs
in muscle tissue (18). One recent hyperpolarized 13C imaging study used bipolar gradients to
suppress flowing vascular spins, which improved metabolic measurements (19). Clinical
translation of DW MR of hyperpolarized 13C metabolites will allow for the identification
and characterization of tumors based on both the conversion of hyperpolarized 13C pyruvate
to lactate and on their localization to various microenvironments.
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In this work, we present a technique for rapidly generating ADC maps of

hyperpolarized 13C metabolites using a bipolar pulsed-gradient double spin echo, single-shot
EPI sequence. The bipolar diffusion gradient pairs produce diffusion weighting (b-values)
upwards of 1,000 s mm~2, compensating for the relatively small gyromagnetic ration of 13C
(v = 10 MHz T~1) and the limited maximum gradient amplitudes on clinical MR scanners
(e.g., 40 mT m~1). Our technique includes a simultaneously generated B; map to improve
the accuracy of the ADC measurements, while a diffusion compensated variable flip angle
(VFA) scheme improves their precision. The technique presented here lays the foundation
for generating robust ADC maps of hyperpolarized 13C metabolites on clinical MR scanners
and its use in improved characterization of cancers in patients.

Scanner Hardware

All scans were done on a General Electric Signa MR 3T scanner equipped with a broadband
RF amplifier and gradients with 40 mT m~1 peak amplitudes and 150 mT m~! ms~2 peak
slew rates. A custom designed 13C/*H dual-tuned transmit/receive birdcage coil was used
for mouse studies, rat brain studies and phantom studies; diameter =5 cm, length =8 cm,
operating in quadrature for both 13C and 1H (20). Whole body rat studies were performed
using clinical hardware; a custom designed 13C transmit clamshell coil with two linear 4-
channel carbon-tuned receive panels, where each rectangular coil element is 5 x 10 cm (21).

Hyperpolarization

Sample preparation and polarization methods are similar to those previously published
(4,22,23). The [1-13C] pyruvate preparation contained neat pyruvic acid, 16.5 mM of the
trityl radical OX063 (GE Healthcare) and 1.5 mM Dotarem (Guerbet). The [1-13C] lactate
preparation contained equal parts glycerol and a 50% by weight solution of sodium [1-13C]
lactate, 15mM of the trityl radical and 1 mM Dotarem. HMCP (bis-1,1-(hydroxymethyl)-
[1-13C]cyclopropane-dg), also referred to as HPOO1, was mixed with water in a ratio of
2.78:1 by weight, with 19 mM OX063 and 1.2 mM Dotarem. A HyperSense (Oxford
Instruments) was used for dynamic nuclear polarization (DNP), operating at 3.35 T, 1.3 K
and 94.100 GHz microwave irradiation for a minimum of 45 min. After polarization,
pyruvate was dissolved with an 80 — 100 mM NaOH saline solution with 10mM TRIS to
achieve 80 mM (for mice) or 100 mM (for rats) solutions of hyperpolarized [1-13C] pyruvate
at pH ~ 7.4. Lactate and HMCP were dissolved with a phosphate-buffered saline solution at
40 mM and 100 mM concentrations, respectively, at pH ~ 7.4.

1 H Diffusion Imaging

DW proton images were acquired with a pulsed gradient single spin echo sequence. These
images were acquired in the axial plane and diffusion weighting was applied in the through-
slice direction at b-values = [0, 600] s mm~2, echo time (TE) = 68 ms, repetition time (TR) =
4 s, 1.25%1.25 mm resolution, 64x64 matrix, 4 mm slice thickness, 16 averages.
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Hyperpolarized 13 C Diffusion Imaging

Prior to hyperpolarized 13C studies, rough flip angle calibrations were performed by
measuring the transmitter power required to produce a signal null (6 = 180°) with a
thermally polarized 8 M 13C urea phantom, doped with 2 mM Dotarem, placed at the edge
of the coil. Hyperpolarized 13C DW imaging experiments were performed using a bipolar
pulsed-gradient double spin echo sequence with a single-shot flyback EPI readout; total
readout time = 32.6 ms, echo spacing = 2.9 ms, duty cycle = 41.4% (Figure 1). Similar to
prior 13C spin echo acquisitions (13,17,24,25), the sequence consisted of a slice-selective
excitation pulse followed with a pair of adiabatic refocusing pulses.

A symmetric-frequency response, “true null” spectral spatial pulse (26) was designed similar
to those used in prior hyperpolarized 13C studies to excite a single metabolite (27,28). This
excitation had a 60 Hz full-width half-maximum (FWHM) spectral bandwidth, 13 mm
minimum slice thickness, 400 Hz stop-band, and was designed to alternatively excite
[1-13C] lactate and [1-13C] pyruvate, which have a 390 Hz chemical shift separation at 3.0
T.

The dual-tuned 13C/*H dual-tuned transmit/receive birdcage coil used 10 ms sech/tanh
(HSn, n=1) adiabatic 180° refocusing pulses (25); refocusing bandwidth = 2000 Hz and
peak-power at adiabatic threshold = 1 G. The 13C transmit clamshell coil used low-power 15
ms stretched hyperbolic secant (HSn, n=3) adiabatic 180° refocusing pulses (29,30);
refocusing bandwidth = 600 Hz and peak-power at adiabatic threshold = 0.3 G. Both
adiabatic pulses were nominally run at 20% above the adiabatic threshold. RF and gradient
spoiling were used to ensure transverse magnetization would not carry-over to subsequent
scans.

Bipolar diffusion gradients pairs surrounding each of the refocusing pulses (31) maximized
the diffusion-sensitizing period and thereby considerably increased the diffusion weighting
achievable with this sequence; b-values up to 1,000 s mm~2 for 13C with the parameters
used in these studies. All diffusion gradients were applied in the through slice direction. To
vary the diffusion weighting between scans, only the gradient amplitudes were changed (0 —
40 mT m~1), while diffusion gradient durations (22 ms each) and TE were kept constant to
eliminate To-weighting differences between scans. The diffusion weighting between scans
were changed as a function of the maximum b-value, i.e. b-values = byax-[1, 0.3125, 0.01,
0.01]. Each hyperpolarized 13C molecule was scanned four times within a 1 s total
acquisition time (Figure 2); TE=175 or 180 ms, TR=250 ms. For the experiments where
both hyperpolarized 13C pyruvate and lactate were imaged, the latter was image first.

Variable Flip Angle Schemes

All acquisitions made use of a variable flip angle (VFA) scheme that was designed to
consume the entire pool of the non-renewable hyperpolarized signal. Unless mentioned
otherwise, the flip angles were changed between scans according a standard VFA scheme,

Op=arctan (1/ VN — n) (32,33). For four scans (N = 4), the flip angles were 30°, 35°, 45°
and 90°. In the absence of diffusion gradients and flip angle inaccuracies, all four images
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have comparable signal-to-noise (SNR). The application of diffusion gradients results in
scan-specific signal loss proportional to the b-value applied.

A diffusion compensated VFA scheme was designed to improve ADC measurement
precision by increasing the SNR at higher b-value images. Signal loss due to diffusion
weighting for a given diffusion coefficient and b-value scheme was compensated for with
increased flip angles, producing constant SNR across all DW images for all signal with this
diffusion coefficient. Here, the D = 0.83 x 1073 mm?2 s™1 and by, = 1005 s mm~2 give the
flip angles 50°, 42°, 45° and 90°.

In all VFA schemes, the effect of longitudinal T, relaxation was neglected given that the
total scan time (1 s) was much less than T4 for the hyperpolarized 13C molecules.

Phantom Experiments

Upon dissolution from the HyperSense, 1 mL of the hyperpolarized compound was
thoroughly mixed with 59 mL of room temperature, deionized water. The final temperature
of this solution was 22°C + 1, as measured with an infrared thermometer. The thoroughly
mixed solution was added to a 60 mL syringe and placed into the coil within the scanner.
The solution was allowed to settle for 90 s before scanning to minimize non-diffusive
motion. Shorter settling intervals produced non-uniform signal loss with DW imaging,
indicative of non-diffusive motion. Phantoms were scanned in the coronal plane at 3.3x3.3
mm resolution, 24x12 matrix and one 13 mm slice.

Animal Experiments

Animal studies were performed under a protocol approved by the UCSF Institutional
Animal Care and Utilization Committee. Animals were anesthetized with an isoflurane/
oxygen mixture and placed on a pad heated to 37°C. All anatomic images were acquired in
axial and coronal planes with a To-weighed fast spin echo (FSE), using either the 13C/1H
dual-tuned transmit/receive birdcage coils or the MR scanner's body coils. Transgenic
prostate cancer mouse models (TRAMP) at different stages of tumor progression were used.
Hyperpolarized 13C diffusion images for mice were acquired in the coronal plane at 3.3x3.3
mm resolution, 24x12 matrix, one 50 mm slice with byay = 969 or 1005 s mm~2,
Hyperpolarized 13C images of brain tumor bearing rats were acquired in the axial plane at
3.3x3.3 mm resolution, 12x12 matrix, one 13 mm slice with bz = 1005 s mm=2. These
tumors were induced via intracranial injection of U87 glioblastoma cells (3x10° cells in 10
pL) onin 5 — 6week old athymic rats (34) and were scanned approximately 30 days later.
Whole body hyperpolarized 13C diffusion image of normal Sprague Dawley rats, using the
custom 13C transmit clamshell coil and receive coil array, were scanned with 8.8x8.8 mm
resolution, 24x12 matrix, one 20 mm slice with by = 933 s mm=2. The relatively large
slices used in all experiments were implemented to achieve sufficient SNR with diffusion
weighting. For experiments using the diffusion compensated VFA scheme, flip angles were
50°, 42°, 45° and 90°. All animals were imaged 35 s after the start of a 12 s injection.
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Data Analysis

Proton ADC maps were generated by fitting the signal on a per-voxel basis to the following
equation describing the signal response as a function of the diffusion weighting applied (b-
value):

In(S;/Sp)=—b- ADC (1)

where § is the diffusion sensitized signal for a certain b, while &, is the non-diffusion
sensitized signal, and the slope represents the ADC.

The b-values for hyperpolarized 13C scans were determined from numerical integration
according to (35):

b=r2[dPE2 (t)dt ()
where
A ’ ’
k(t):gﬁ)G (t)dt A3)

Encoding and readout gradients each produced b-values << 1 s mm~2 and thus were
neglected for all ADC measurements. The shaded area in Figure 1b shows how diffusion
weighting is proportional to [k2(t).

Creating ADC maps of the hyperpolarized 13C molecules with our methodology was a
multistep process, summarized with the schematic in Figure 2. After acquisition, a By map
of the sample was created to correct for any errors in the transmit-gain/deviations from the
expected flip angle excitations. The final two images were acquired with minimal diffusion
weighting, maximizing the sample SNR used to generate the By map. Having acquired these
images with 45° and 90° flip angles, we used a modified version of the double angle method
(36) that accounts for the non-renewable hyperpolarized magnetization. Using the double
angle identity

sin (20) =2 sin (8) cos (6) (4)
and correcting for use of the non-renewable hyperpolarized magnetization by a factor of

cos(0), we can compare the signal (S) of images of scans 3 and 4

Sy 2sin(203) cos (03) 2 sin (63) cos (03) cos (63)

—_— = = 2 b
Ss sin (63) sin (63) 2 cos”(03) )

where solving for 63 on a per-voxel basis gives the true flip angle used in scan 3.
Comparison with the expected flip angle for scan 3 (45°), gives the error in the flip angles.
Performing this calculation on all voxels with SNR > 4 results in the By map. This map was
subsequently used to correct flip angle for each scan and the voxel-wise signal for each scan:
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n—1
Sn,corT:Smacq/ {Sln (en) ' HCOS (Gk)} (6)

k=1

The ADC map for each hyperpolarized 13C metabolite was created from the first three
images, acquired at three different b-values. Note that the VFA schemes are designed for
four images, the last two of which are used to create the B; map while only the first three
images were used for generating the ADC maps. Thus, making the ADC maps does not use
all the hyperpolarized magnetization. The ADC values were fit according to equation 1. For
quantification, hyperpolarized 13C images, B; maps and ADC maps were kept at the
acquired resolution. ADCs in the text are presented as mean * standard deviation for the
number voxels (Nyoy) Within a region of interest (ROI). The Mann-Whitney U test for
independent observations, which does not require normally distributed data, was used for
statistical comparisons of ADCs from different ROls within the same animal (o = 0.05).

Co-registration of 1H and 13C images was done by first interpolating the 13C images to the
resolution of the corresponding H image. The images were overlaid based on their locations
and the ROIs were manually drawn for use in quantification of both the 13C and 1H images.
For representation, all hyperpolarized 13C DW images were interpolated, while B; and ADC
maps were left at the acquired resolution.

Diffusion coefficients of pyruvate and lactate were taken from previously published values
(13), adjusted for temperature and viscosity using the Stokes-Einstein equation. The
diffusion coefficient for HMCP was measured on an NMR spectrometer at 22°C using a
previously published method (13).

T4 relaxation was neglected from all calculations due to the short TR used. All data analysis
was done in Matlab (MathWorks Inc).

Simulations

The effects of transmit-gain/excitation flip angle errors on ADC measurement accuracy were
assessed with simulations. Diffusion data for a physiologically relevant range of diffusion
coefficients (true ADC = 0.2 — 2.2 x 1073 mm?2 s~1) were simulated for the b-values scheme
presented in Figure 2 (b-values = [969, 303, 9.7, 9.7] s mm~2) with flip angle deviations
from the expected flip angles (6 = [30°, 35°, 45°, 90°]) of + 20%. ADCs were then fit from
these data by fitting points 1 — 3 to equation 1. Each measured ADC was compared with the
true ADC to quantify the resulting error in ADC measurements as a result of flip angle
errors.

As discussed above, a diffusion compensated VFA scheme was designed to counteract
signal loss due to diffusion weighting at different b-values. The resulting diffusion
compensated VFA scheme produces images with relatively constant SNR across all scans
and different b-values. Specifically, signal from molecules with the ADC used to design the
specific diffusion compensated VFA will have constant SNR across all images. Signal from
molecules with smaller and larger ADCs will experience a slight decrease and increase in
SNR, respectively, across the images acquired with the b-value scheme used here. However,
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all molecules, regardless of ADC, will have improved SNR at the higher b-values with the
diffusion compensated VFA than with the standard VFA. To assess how this SNR
improvement at higher b-values improves ADC measurements, a Monte Carlo simulation
was run to compare ADCs measured with the standard VFA scheme (6 = [30°, 35°, 45°,
90°]) and the diffusion compensated VFA scheme (6 = [50°, 42°, 45°, 90°]). Simulated data
was generated for three physiologically relevant diffusion coefficients, true ADC = [0.3, 0.8,
1.3] x 1073 mm? s~1 with b-values = [1005, 314, 10, 10] s mm~2. Note that while the
diffusion compensated VFA was designed for molecules with D = 0.83 x 1073 mm2s71,
simulations were also run on molecules with both smaller and greater ADCs than this D,
since this will be the case in vivo. Pseudorandom noise with normal distribution and scaled
to a specified SNR for the last low b-value scan for the standard VFA scheme was added to
all simulated data. The simulated diffusion compensated VVFA data was flip angle corrected.
All ADCs were calculated using equation 1. The effect of noise was simulated 5,000 times
for each of the two VFA schemes. These data are presented as mean = standard deviation.
Levene's test for equality of variances was used to statistically compare the simulated ADC
distributions between the standard and the diffusion compensated VFA schemes at each true
ADC value and at each specified SNR level (a = 0.05). Levene's test does not require data to
be normally distributed, which was seen for the distribution of the simulated ADCs at low
SNR. A rejection of the null-hypothesis identifies a difference in the variance of the two
simulated ADC datasets. All simulations were done in Matlab (MathWorks, Inc.).

Results Improving ADC Mapping Accuracy and Precision

The bipolar pulsed-gradient double spin echo EPI sequence (Figure 1) with a VFA and b-
value scheme (Figure 2a) was designed to efficiently generate ADC maps of

hyperpolarized 13C metabolites on a clinical MRI scanner. The b-values were chosen to
probe the distribution of the hyperpolarized 13C signal in different environments: the overall
signal at a low b-value (~ 10 s mm~2), the extravascular signal with the mid b-value (~ 300
s mm~2) and the highly restricted signal with a high b-value (~ 1,000 s mm~2). In addition
to diffusion weighting, long sequence TEs could also contribute to reduced vascular signal
where these 13C molecules have shorter T,s (17). ADCs were calculated by using all three
of these b-values.

MRI studies are prone to transmit-gain miscalibrations, resulting in either an over- or
underestimation of the prescribed flip angle. Spatial variations in the transmit B, field,
which can be quite large over humansized volumes, may cause local excitation flip angle
offsets. In the case of hyperpolarized experiments, where all scans draw signal from a non-
renewable pool of longitudinal magnetization, B errors propagate between scans and lead to
quantification inaccuracies. The simulation presented in Figure 3a shows how flip angle
errors will skew ADC calculations for hyperpolarized 13C molecules. The magnitude of the
error depends on the true ADC of the molecules. For example, the black dotted line
represents the true ADC of pyruvate in solution, 0.96 x 1073 mm?2 s~1 (13). In this case, a
-17% flip angle offset results in 13% ADC overestimation. The use of the VFA makes ADC
measurement errors resulting from flip angle offsets dependent on the ordering of the b-
value, where strategic placement of the different b-value scans will minimize these errors.
Figure 3a shows the errors resulting from the b-value scheme presented in Figure 2a.
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Transmit-gain errors can be corrected with a simultaneous acquisition of a B, map, allowing
for flip angle corrections and improved measurement accuracy. The sequence and B4
mapping methodology was validated with hyperpolarized 13C pyruvate and lactate
phantoms. Using two low b-value images maximizes the sample SNR used to create the B4
map. For hyperpolarized 13C pyruvate, the simultaneously acquired B1 map (Figure 2b)
shows a -17 + 1% flip angle offset in the center of the image. The B, map pattern aligns
with our expectations for a birdcage coil, with decreased flip angles at either end of the coil
and axially increased flip angles close to the rungs of the coil. Figure 3b shows the ADC
distribution per voxel from a centered ROI in the hyperpolarized 13C pyruvate phantom
ADC map (Figure 2c) both before (uncorrected) and after (corrected) flip angle correction.
The mean ADC shifts 13%, from 1.12 + 0.05 x 1073 mm?2 s™1 (N0, = 83) t0 0.97 + 0.05
%1073 mm?2 s71 (Nyox = 83) (p << 0.05), where the latter agrees with previous diffusion
coefficient measurements of pyruvate, 0.97 x 1073 mm?2 51 (13). The ADC measured from
a hyperpolarized 13C lactate phantom was 0.92 + 0.10 x 1073 mm? s~1 after the flip angle
correction (data not shown), which also agrees with previous measurements, 0.88 x 1073
mm? s71 (13).

VFA schemes have been developed for hyperpolarized molecules to produce a constant
signal response and allow for a complete exhaustion of the hyperpolarized magnetization
(32,33). DW MR experiments are characterized by signal loss corresponding to increasing
b-values, which may lead to SNR limited images where noise can skew ADC calculations.
To compensate for this effect and improve ADC measurement precision, we have created a
diffusion compensated VFA scheme (Figure 4). In essence, for a given b-value scheme and
an expected ADC, the diffusion compensated VFA scheme will produce images with
constant SNR. Here, we used D = 0.8 x 103 mm?2 s~1 and b-values = [1005, 314, 10, 10] s
mm~2, resulting in a VFA scheme where 0 = [50°, 42°, 45°, 90°]. The Monte Carlo
simulation in Figure 4a compares the normalized ADCs for both the standard and the
diffusion compensated VFA schemes. Signal from molecules with smaller and larger ADCs
than that used to design the specific diffusion compensated VFA scheme (e.g., 0.3 x 1073
mm? s~Land 1.3 x 1073 mm? s~ in Figure 4a) will experience a slight signal decrease or
increase, respectively, across the DW images with the given b-value scheme. Nevertheless,
the diffusion compensated VFA scheme produces higher SNR at the high b-value images for
these molecules and thereby improves their ADC measurement precision. For the range of
physiologically relevant ADCs presented and using the same diffusion compensated VFA
scheme, tighter standard deviations show significantly improved measurement precision (p-
value < 0.05 for all plotted pairs using Levene's test for equality of variances). The greatest
improvement in ADC measurement precision is seen at lower SNRs where the effect of
noise can considerably skew ADC calculations. Figures 4c and 4d illustrate the SNR in the
DW images of hyperpolarized 13C pyruvate and lactate with both the standard and the
diffusion compensated VFA schemes. Acquired 1 hour apart, these images are from the
same TRAMP mouse that had a small, early stage tumor.

Mapping in Tumor Models

In vivo comparison of 1H water and hyperpolarized 13C pyruvate and lactate DW images
and ADC maps in a brain tumor-bearing rat (Figure 5) shows how each of these may
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provide unique information. In general, brain tumors are characterized by increased water
ADC:s relative to the surrounding normal tissue (37,38). This phenomenon is seen in the
water ADC map (Figure 5b) where the mean ADC in the tumor region is 1.28 + 0.30 x 1073
mm?2 s~ (Nyox = 334), while the surrounding normal brain's ADC is 0.84 + 0.18 x1073 mm?
s71 (Nyox = 847) (p-value < 0.05). Hyperpolarized 13C DW images were acquired with a
standard VVFA scheme. In comparison to the water ADC map, that of hyperpolarized 13C
pyruvate (Figure 5¢) does not show significant contrast between the tumor area, 0.60 £+ 0.36
x 1073 mm?2 571 (Nyox = 3), and the surrounding normal brain, 0.71 + 0.24 x 1073 mm?2 71
(Nyox = 7) (p-value = 0.83). This may be due to the fact that hyperpolarized 13C pyruvate is
injected in large excess relative to how much is taken up by the cell. This means that
extracellular hyperpolarized 13C pyruvate components may dominate the ADC
measurements. Hyperpolarized 13C lactate (Figure 5d), however, does show a significant
ADC decrease in the tumor, 0.17 + 0.03 x 1073 mm?2 s™1 (Ny,ox = 3), in comparison to the
surrounding tissue 0.44 % 0.14 x 1073 mm?2 s71 (Nygx = 7) (p-value = 0.02). These ADC
differences between the normal brain and tumor tissue are indicative of microenvironments
in which these molecules reside, suggesting that hyperpolarized 13C lactate resides in a more
hindered environment in the tumor relative to normal brain than water. 1H and 13C DW
image distortions are due to the single-shot EPI acquisition (39).

Hyperpolarized 13C pyruvate was injected into TRAMP mouse bearing a large prostate
tumor. Figure 6 shows the low and high b-values DW images of hyperpolarized 13C lactate,
acquired with the standard VFA scheme. The high b-value image clearly shows increased
tumor contrast for lactate. Correspondingly, the ADC map shows decreased ADCs in the
tumor region, 0.37 + 0.09 x 1073 mm?2 s~ (Nyox = 8), when compared to the immediately
surrounding tissue, 0.79 + 0.18x 1073 mm?2 s71 (Nyox = 24) (p-value < 0.05). The middle b-
value lactate image and all hyperpolarized 13C pyruvate DW images for this animal were
unusable because signal loss due to respiratory motion. Similarly, water DW images were
also unusable. Respiratory gating for these DW scans will be essential in future studies in
the abdomen.

ADC Mapping on Clinical-Ready Hardware

All experiments discussed henceforth used the 13C/1H dual-tuned transmit/receive birdcage
coil. The clamshell 13C transmit coil used in the recent clinical trial (9), however, is limited
by its peak transmitter power and hence a low bandwidth stretched hyperbolic secant (HS3)
refocusing pulse was employed. Figure 7 demonstrates the hyperpolarized 13C DW imaging
and ADC mapping methodology developed here on clinical trial ready hardware. We
injected a normal rat with hyperpolarized 13C HMCP and used the 13C clamshell transmit
coil with the 8-channel array 13C receive coil. To ensure that the adiabatic pulses would
fully refocus the transverse magnetization, the transmitter power was intentionally set higher
than the adiabatic threshold. This also resulted in over-flipping with the spectral-spatial
excitation pulses. While use of the diffusion compensated VFA scheme should produce
relatively constant SNR for the acquired DW images, the decreasing DW image SNR with
decreasing b-values (Figure 7b) shows the result of using larger than desired excitation
pulses. The By map (Figure 7¢) confirms this over-excitation and shows a flip angle error of
22 + 2% across the entire animal, where such a slowly varying distribution is expected for
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the clamshell transmit coil. Figure 7d shows the DW images after flip angle correction with
the B; map. The ADC map of hyperpolarized 13C HMCP (Figure 7e) shows an average
tissue ADC of 0.73 + 0.08 x 1073 mm?2 s~ (N0, = 70) in the abdominal region. The regions
of increased ADC appear in the center of the rat at the descending aorta and in a portion of
the intestine on the right. For comparison, the solution ADC of HMCP at 22°C is 0.83 +
0.01 x1073 mm?2 s~1. We expect that HMCP resides only in vasculature and extracellular
spaces, where it would have an ADC more similar to that in solution.

Discussion

Challenges of Hyperpolarized 13 C ADC Mapping

Several factors limit the generation of quantitatively reliable ADC maps of

hyperpolarized 13C molecules on a clinical MR scanner: 1) the small gyromagnetic ratio

of 13C, 2) the limited maximum gradient amplitudes, 3) the highly dynamic nature of these
signals due to metabolism and flow, 4) the non-renewable hyperpolarized magnetization and
5) the difficulty in accurately calibrating transmit B; powers.

The first two limitations can be overcome with the bipolar pulsed-gradient double spin echo
sequence (Figure 1) that can produce b-values up to 1,000 s mm=2, using 40 mT m~!
gradient amplitudes and TE = 175 — 180 ms. The relatively long (0.2 — 1+ s) in vivo Tys of
the 13C nuclei generally used for hyperpolarized studies (17,40,41) allow for the long
sequence TEs required in these studies to achieve sufficient diffusion weighting without
resulting in significant T,-weighting.

The third challenge, highly dynamic signals, is overcome by acquiring all diffusion images
within a time period that is short relative to T1, metabolism and flow effects (1 s per
metabolite in our methodology), and thereby minimizing signal changes not due to
diffusion.

The use of a VFA scheme overcomes the fourth and fifth limitations. By design, the VFA
scheme maximizes total scan SNR by utilizing the entire pool of hyperpolarized
magnetization over all acquisitions. The final two scans taken at 45° and 90° can be
compared with a modified version of the double angle B, calibration method to correct for
transmit power offsets. This simultaneously acquired B; map is subsequently used to flip
angle correct the DW images and thereby improved the accuracy of the ADC calculations.
With low SNR images, B; map accuracy will suffer. But, given that B fields spatially vary
slowly, spatial filters can be applied to the images to improve estimation of flip angle errors.
Of course, where reliable By maps have been previously measured, acquisition of only one
low b-value image is necessary and redistribution of the non-renewable hyperpolarized
magnetization will increase SNR in the other images. Finally, the diffusion compensated
VFA scheme (Figure 4) increases image SNR at high b-values and improves the precision of
ADC calculations. The optimal diffusion compensated VFA scheme depends on the scan
parameters, such as the b-values and acquisition ordering, and the ADCs in the system under
study.
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ADC mapping of hyperpolarized 13C metabolites share several challenges with the
hyperpolarized gas field. These include the difficulty in measuring transmit B fields to
implement accurate flip angles (42) and the use of a VFA scheme to maximize image SNR
of the non-renewable magnetization (32,33). Yet, hyperpolarized gas ADC values are
several orders of magnitude greater than those of tissue metabolites, for example ~ 15 mm?
s for 3H in the normal lung (43). Correspondingly, b-values are merely 0.6 s mm=2 and
easily achievable with clinical gradient amplitudes and a simple pulsed gradient diffusion
sequence (44).

General Considerations for Hyperpolarized 13 C ADC Mapping

ADC mapping of hyperpolarized 13C metabolites provides a means for understanding the
local microstructure in which these molecules reside. The differences between the water and
the hyperpolarized 13C pyruvate and lactate ADCs in the rat brain tumor model (Figure 5)
indicate that these may provide unique information about diseased tissue. Understanding
how the ADCs of hyperpolarized 13C metabolites change with tumor progression may prove
to have a unique diagnostic value for cancer identification and characterization and
monitoring of treatment response. In particular, hyperpolarized 13C lactate distribution
between the extra- and intracellular may give information about tumor aggressiveness and
metastatic potential, given that many metastatic tumors overexpress MCT4s, which rapidly
transport lactate and protons out of the cell (45-47).

The in vivo hyperpolarized 13C pyruvate and lactate values measured here are similar to
those previously measured in vivo using hyperpolarized 13C spectroscopy on pre-clinical
MR scanners(17,18). Lactate generated from pyruvate had lower ADC values most likely
because it has a larger intracellular fraction.

Additionally, the hyperpolarized 13C lactate ADCs in the rat brain tumor (0.17 + 0.03 x 1073
mm? s~1) and the TRAMP prostate tumor (0.37 + 0.09 x 1073 mm?2 s71), acquired in 1 s, are
similar to previous *H spectroscopy measurements of thermally polarized lactate in tumors,
acquired over several minutes: 0.23 x 1073 mm? s~ for steady-state 1H lactate using a
double-quantum coherence-transfer technique (48) and 0.13 x 1073 mm? s~1 for [3-13C]
lactate using a {1H-13C} editing technique (49). Differences between the ADC values
measured here and those previously published could be due to unaccounted for anisotropic
effects, incomplete compensation of non-diffusive signal changes, different tissue structure
or higher intra-voxel fractions of extracellular or vascular hyperpolarized 13C lactate. The
studies presented here foremost demonstrate the feasibility of rapidly measuring the ADCs
of hyperpolarized 13C metabolites in vivo on a clinical scanner. Future studies are required
to confirm the reproducibility of these measurements and more fully understand the
biological/pathological underpinnings of the observed hyperpolarized 13C lactate ADC
changes and how they relate to tumor grade.

ADC maps only show the effect of molecular motion in the directions that diffusion
gradients have been applied. Clinically, diffusion gradients are applied in anywhere from 1
to 6 or more directions (3,50), where more directions provide information about anisotropic
tissue structure. In the work here, diffusion gradients were only applied in the through slice
direction to maximize image SNR with the non-renewable hyperpolarized 13C signal. Future
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studies will explore the effects of tissue anisotropy on ADCs of hyperpolarized 13C
molecules.

The b-values used clinically vary depending on the organ under study. For cancer
applications, three b-values are recommended: a low b-value ~ 0 s mm~2, a mid b-value >
100 s mm~2 and a high b-value = 500 s mm~2 (1). With this in mind, the studies here used
three b-values in these ranges to generate the ADC maps. Given differences in their
distribution, however, the DW signal response of hyperpolarized 13C metabolites may not
mirror that of water and depend on whether scans are of the injected hyperpolarized 13C
molecule (e.g., pyruvate) or of a molecule that has been generated in cells via a metabolic
pathway (e.g., lactate). Therefore, further studies must explore the optimal b-values needed
for measuring hyperpolarized 13C metabolite ADCs.

Many studies have assessed the compartmentalization of molecules in tissue with multi-
exponential fitting of the DW signal response, including for water (51) and lactate (49).
These approaches generally use b-values >> 1,000 s mm~2 and bi-exponential fitting to
measure fast and slow ADC values, attributed to extra- and intracellular fractions,
respectively. Clinically, however, mono-exponential (or log-linear) fitting are most
commonly used with high b-values ~ 1,000 s mm~2, as we have done here. In this case,
ADCs show whether restricted or unrestricted environments dominate. Along with future
studies on determining the optimal b-values for DW imaging, multi-exponential fitting will
be implemented to explore the multiple diffusion compartments.

Translation to Humans

This study demonstrated that sufficiently high b-values can be obtained on a clinical MRI
scanner for ADC measurements of hyperpolarized 13C metabolites. Moreover, techniques
were developed for improving ADC measurement accuracy and precision using clinical RF
coils and low-power pulses suitable for use in humans (Figure 7).

The first human studies using hyperpolarized 13C pyruvate showed the production of
hyperpolarized 13C lactate in regions of prostate cancer with a SNR a2 5 — 15 (9), which we
expect to be improved by several fold with improved polarizer hardware, agent delivery, RF
coils and pulse sequences. Acquiring 4 DW images will reduce the individual image SNR by
V/4=2. This would result in hyperpolarized 13C lactate SNRs similar to that observed in
these studies when using minimal diffusion weighting (SNR =~ 8 — 45), which were adequate
for ADC quantification. Furthermore, the preliminary animal studies demonstrated
significantly different tumor ADCs from surrounding tissues. Taken together, these results
suggest that the SNR in humans will be sufficient to measure significantly different
hyperpolarized 13C lactate ADCs in tumor regions. The techniques developed here to
improve the ADC measurement accuracy and precision will improve the quality and
reliability of in human hyperpolarized 13C ADC measurements.

Conclusion

In this study, we discussed a methodology for generating quantitatively reliable ADC maps
of hyperpolarized 13C molecules. To our knowledge, these are the first in vivo ADC maps of
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hyperpolarized 13C metabolites on a commercial MRI system, which represents the first step
towards clinical translation of this technique. To achieve sufficient diffusion weighting for
the 13C molecules on a clinical MRI scanner, we employed a bipolar pulsed-gradient double
spin echo sequence, generating b-values upwards of 1,000 s mm~2 on a clinical MR scanner.
ADC accuracy was improved with flip angle correction based on a simultaneously acquired
B1 map. ADC precision was improved with a diffusion compensated VFA scheme. Here we
studied the ADCs of hyperpolarized 13C pyruvate, lactate and HMCP in vivo. ADC changes
in these metabolites gives an indication of their microenvironment. In the case of
hyperpolarized 13C lactate, ADC changes may provide useful information for the
differentiation of indolent and metastatic tumors. Of course, these techniques can be used for
any hyperpolarized 13C molecules to study their in vivo distribution between different
microenvironments.
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FIG 1.
(a) The bipolar pulsed-gradient double spin echo sequence used for diffusion weighting

imaging of hyperpolarized 13C metabolites on a clinical 3T MR scanner. The flip angle (0)
of the spectral-spatial excitation pulse is changed according to the variable flip angle (VFA)
scheme. A single-shot echo-planar imaging (EPI) readout is followed by a crusher gradient.
For these experiments, the slice-select and diffusion gradients were applied on G, while the
EPI readout gradients were applied on the orthogonal axes. (b) The bipolar pulsed-gradients
can apply diffusion weightings (b-values) upwards of 1,000 s mm™=2 for 13C, as represented
by the shaded area under |k 2,(t)|.
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FIG 2.
A schematic of the methodology presented here for acquiring hyperpolarized 13C metabolite

diffusion weighted (DW) images and generating apparent diffusion coefficient (ADC) maps.
The example data shown is a hyperpolarized 13C pyruvate phantom at 22°C. (a) Each
metabolite is scanned 4 times within 1 s with varying flip angles and b-values. (b) The SNR
of the last 2 images are compared with a modified double angle method to produce a By
map. (c) The By map is used for a voxel-wise flip angle correction of each image. ADC
maps are calculated using the first 3 images.
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FIG 3.
Flip angle correction of the images based on the simultaneously acquired By map improves

ADC measurement accuracy. (a) This simulation demonstrates the effect that flip angle
errors have on measured ADC, using the parameters presented in Figure 2. The black dotted
line represents the diffusion coefficient of pyruvate at 22°C. (b) The voxel-wise distribution
of ADCs for the hyperpolarized 13C pyruvate phantom presented in Figure 2, before (dark
gray) and after (light gray) a flip angle correction based on the B; map. The mean ADC of
the corrected data aligns with the diffusion coefficient for pyruvate (dotted line).
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Using a VFA scheme that compensates for SNR loss due to diffusion weighting leads to
greater ADC measurement precision. (a) Simulated DW data demonstrates smaller standard
deviations and improved ADC measurement precision achieved with the diffusion
compensated VFA scheme (blue) rather than the standard VFA scheme (red), both with low
(left) and high (right) SNR. (b) A TRAMP mouse with a small tumor. (c) The DW images
acquired with the standard VVFA for both hyperpolarized 13C pyruvate and lactate show
significantly decreased SNR at high b-values. (d) With the diffusion compensated VFA, the
DW images of hyperpolarized 13C pyruvate and lactate have significantly improved SNR at
higher b-values, which improves the precision of ADC measurements. The DW images in
(c) and (d) were windowed to the same SNR for each metabolite to illustrate the SNR
differences between the two schemes.
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FIG 5.
The ADC maps for water and hyperpolarized 13C pyruvate and lactate in a rat brain tumor

model. (a) The proton FSE image with the brain (solid line) and the tumor (dotted line)
outlined. (b) The water ADC map shows the tumor has an increased ADC relative to the
surrounding normal brain tissue. Hyperpolarized 13C images were acquired with the
standard VVFA scheme. (c) The hyperpolarized 13C pyruvate ADC map showing relatively
uniform ADCs across the normal brain and the tumor. (d) The ADC map of

hyperpolarized 13C lactate shows a decreased tumor ADC relative to the surrounding tissue.
The corresponding low and high b-value DW images are shown below.
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FIG 6.
The ADC map of hyperpolarized 13C lactate prostate tumor bearing TRAMP mouse,

acquired with the standard VFA scheme. (a) The proton FSE image with the tumor outlined.
(b) The low and high b-value DW images of hyperpolarized 13C lactate. Improved tumor
contrast can be seen with a high b-value. (c) The ADC map clearly shows a decreased ADC
in the tumor region in comparison to the surrounding tissue in the abdomen.
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FIG 7.
ADC mapping of hyperpolarized 13C HMCP in a normal rat using clinical trial-ready

hardware. (a) The proton localizer image of the rat. (b) Having used a diffusion
compensated VFA scheme and expecting constant SNR for all DW images, decreasing
image SNR with decreasing b-values indicates that the transmitter power was too high. (c)
The B1 map reveals an average 22% + 2 error in the flip angles and is use to correct the SNR
in the DW images (d). (€) The resulting ADC map shows a homogeneous ADC in the
abdomen with increased ADCs seen at the descending aorta and portion of the intestine.

% flip angle error
ADC [x10* mm? s™']

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.





