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Abstract

Purpose—To compare the apparent diffusion coefficient (ADC) of hyperpolarized (HP)
[13C, 15N]urea to the ADC of endogenous water in healthy and fibrotic mouse liver.

Materials and Methods—ADC measurements for water and [13CJurea were made in agarose
phantoms at 14.1T. Next, the ADC of water and injected HP [13C, 1°N]urea were measured in
eight CD1 mouse livers before and after induction of liver fibrosis using CCly. Liver fibrosis was
quantified pathologically using the modified Brunt fibrosis score and compared to the measured
ADC of water and urea.

Results—In cell-free phantoms with 12.5% agarose, water ADC was nearly twice the ADC of
urea (1.93x1073 mm?/s vs. 1.00x10~3 mm?/s). The mean ADC values of water and [13C, 1°N]urea
in healthy mouse liver (+SD) were nearly identical [(0.75+ 0.11)x 1073 mm?/s and (0.75 +0.22)
%1073 mm?2/s, respectively]. Mean water and [13C,1°N]Jurea ADC values in fibrotic liver (+SD)
were (0.84+ 0.22)x1073 mm?/s and (0.75+ 0.15)x 10~3 mm?/s, respectively. Neither water nor
urea ADCs were statistically different in the fibrotic livers compared to baseline (P=0.14 and P=
0.99, respectively). Water and urea ADCs were positively correlated at baseline (R? = 0.52 and P=
0.045) but not in fibrotic livers (R2 = 0.23 and A= 0.23).

Conclusion—ADC of injected hyperpolarized urea in healthy liver reflects a smaller change as
compared to free solution than ADC of water. This may reflect differences in cellular
compartmentalization of the two compounds. No significant change in ADC of either water or
urea were observed in relatively mild stages of liver fibrosis.

Diffusion-weighted magnetic resonance imaging (DWI-MRI) techniques produce image
intensities related to the Brownian motion of molecules. In the presence of strong magnetic
field gradients, molecules that move freely lose signal more rapidly than molecules whose
motions are restricted. Therefore, DWI contains information about the local environments of
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the molecules being imaged. Conventionally, DWI is performed using endogenous water
molecules. In clinical and preclinical settings, DWI has been used to measure molecular
movement of water in order to study tissue microstructure.1-08

Recently, hyperpolarized (HP) 13C-MRI has emerged as a tool for monitoring perfusion and
metabolism in vivo. Using dynamic nuclear polarization (DNP), carbon-containing
compounds are prepared outside of the MRI scanner to achieve an MR signal enhancement
greater than 50,000-fold compared to standard conditions.® HP 13C substrates have been
previously used to image perfusioni0-11 and metabolism.12:13 Recently, there has been
considerable interest in measuring the diffusion properties of exogenously administered HP
compounds.14-917 Because HP compounds have different chemical interactions with tissue
and different compartmentalization than water, diffusion measurements using these
compounds provide potentially novel biophysical information about tissues.

The goal of this study was to compare the apparent diffusion coefficient (ADC) of an
injected HP probe, [13C,1°N]urea, with the ADC of water within the mouse liver. Although
water is both intracellular and extracellular, urea is potentially largely extracellular on the
time scales and concentration of the HP experiment!8.19 (Fig. 1). Our hypothesis is that this
difference in compartmentalization would be reflected in differences in ADC values, both in
healthy and fibrotic liver.

Materials and Methods

All experiments were performed using a Varian 14.1 T vertical bore preclinical MR scanner
(Agilent, Palo Alto, CA) equipped with high-performance gradients (maximum gradient
strength =100 G/ cm, maximum slew-rate= 556 G/cm/ms) and a dual-tuned volume coil

for 13C and H imaging.

IH and 13C DWI in Agarose Phantoms

Two sets of agarose phantoms were prepared: one with [13C]urea (Sigma Aldrich,
Miamisburg, OH) dissolved in it, the other without. Approximately 0.61 g of [13C]urea was
added to 10 ml of water with 0%, 2.5%, 5%, and 12.5% w/w agarose (AllStar Scientific,
Sunnyvale, CA), for a final concentration of 1M [13CJurea in each solution. Urea-free
phantoms were prepared at the same agarose concentrations.

1H-DW images for agarose phantoms (Fig. 2a) were acquired using a double spin echo (SE)
sequence with a single shot, flyback echo-planar imaging (EPI) readout!® with the following
parameters: 16x16 matrix, 40mm field of view (FOV), 5 mm slice with a constant slice-
select gradient, b = {1500, 1000, 750, 600, 400, 350, 200, 100} s/mm2, flip angle = 60° for
all b-values, diffusion time = 20 msec, TR = 15 sec to allow for full recovery of the
magnetization (77 of water protons was about 3 sec), and one average for each b-value.

The same SE-EPI acquisition was performed to obtain 13C-DW images in agarose phantoms
with added [13C]Jurea (Fig. 2b) changing the following parameters: 80mm FOV, 10mm slice
with a constant slice-select gradient, TR = 150 sec ( 7; of [13C]urea in solution was about 35
sec), and 1 average for each b-value.

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.
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DWI experiments were performed at room temperature. Acquisition was started 60 minutes
after the phantom tubes had been inserted into the magnet to allow the gel to reach a stable
temperature. In order to ensure that the repetition time was long enough for full signal
recovery, the 77 relaxation time constant of each agarose phantom was measured using an
inversion recovery sequence, with TR >5 x 7.

Hyperpolarized [13C, 1°N]Jurea Sample Preparation

A stock solution was prepared containing 6.3M [13C, °N]urea (Sigma Aldrich), glycerol,
19mM trityl radical OX063 (Oxford Instruments, Abingdon, UK) and 0.2 mM gadolinium
chelate (Guerbet, Roissy France). A 90-mg aliquot of this solution was inserted into an
Oxford HyperSense DNP polarizer operating at 3.35 T and 1.3 K. The frozen sample was
irradiated for 1.5 hours with 25 mW microwaves at ~94 GHz. The sample was then rapidly
dissolved in 4.5 g of a solution containing 10mM phosphate-buffered saline (neutral pH) to
obtain a final urea concentration of ~100mM.

In Vivo MRI Protocol

For anatomic localization, axial and coronal 7,-weighted images with fat saturation and
respiratory gating were obtained with the following parameters: TR = 1200 msec, TE ~11
msec, 1 mm slice thickness, 256 x 256 matrix (axial) or 256 x 192 matrix (coronal), 32 mm
x 32 mm FOV (axial) or 40 mm x 30 mm FOV (coronal).

For proton and carbon DWI, single central axial slices were chosen through the liver (Fig.
3a). 1H-DWI were acquired using a diffusion-weighted spin echo sequence with the
following parameters: 128 x 128 matrix, 32 mm FOV, 2 mm slice, flip angle = 90° for all b-
values, and diffusion time =13 msec (Fig. 4a). The choice of b-values for each set of
experiments is detailed in the sections below. Combined cardiac and respiratory triggering
was employed. Each acquisition was triggered to occur at the middle of the respiratory cycle
and the beginning of the cardiac R-wave to minimize motion artifacts from the heart and
diaphragm, with a minimum TR of 1.2 sec (dependent on the coincidence of respiratory and
cardiac triggering signals). A single phase encode line was measured during each
acquisition, leading to a total acquisition time of ~4 minutes for every b-value.

13C-DWI studies were performed following injection of 350 uL of HP [13C, 15N]urea
through the mouse tail vein over 15 sec. The concentration of urea that was injected, once
diluted by the blood volume of the mouse, was similar to the endogenous plasma urea
concentration (~8mM). The imaging acquisition began 20 sec after the beginning of the
injection. 13C-DWI were acquired using the SE-EPI readout described for phantom data
acquisition in the section above, with the following parameters: 16x16 matrix, 32 mm FOV,
8 mm effective slice thickness, and diffusion time = 20 msec. A thicker slab was chosen
compared to proton imaging due to signal-to-noise (SNR) limitations. A nonselective
adiabatic RF pulse (HS-AFP, 15 msec duration) was used for refocusing. A variable flip
angle schedule was used to compensate for magnetization utilization and gradient scaling to
achieve a similar image SNR in each b-value.l” The b-value and flip angle scheme used in
each set of experiments is described in the sections below.

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.
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The slice-select gradient was scaled to account for the expected signal deviation due to slice-
profile effects.20 Respiratory triggering was used to minimize signal loss due to bulk motion,
leading to the acquisition of two b-values per respiratory cycle (Fig. 4b). With an acquisition
time of 100 msec/b-value and respiratory rate of ~60 breaths/min, the total acquisition time
was ~4 sec. Cardiac gating was not employed for 13C imaging because the MR acquisition
caused excessive electronic interference with the gating unit, making triggering unreliable. A
possible reason for the excessive electronic interference was the increased peak B, power
levels required for 13C acquisition. Therefore, 13C-DWI images were acquired with
respiratory gating alone. Images that were severely corrupted due to cardiac motion were
discarded prior to performing ADC fits (see below).

A comparatively slower spin echo acquisition scheme was used for proton imaging because
EPI acquisitions at the higher proton frequency (600 MHz, compared to 150 MHz for 13C)
suffered from extensive artifacts, eg, increased susceptibility observed at higher frequencies.

Animal Preparation

The study was performed using male CD1 mice (weight=45-55 g, Charles River
Laboratories, Wilmington, MA) under a protocol approved by the local Institutional Animal
Care and Use Committee (IACUC). Each mouse was anesthetized immediately prior to the
MRI experiments by administration of inhalational isoflurane. A tail vein cannula was
inserted for HP agent administration, and its patency maintained with heparin mixed in
normal saline (4-8 U/ml). Each animal was placed on a warm pad inside the dual-tuned coil
to maintain its body temperature at 37°C. Cardiac and respiratory rates were monitored
throughout the experiment. Two sets of animal experiments were performed: 1) test-retest
variability of liver diffusion measurements in healthy mice (7= 3), and 2) diffusion
measurements in a mild liver fibrosis model (77 = 8).

Test—Retest Variability

In order to establish the test-retest variability of proton and carbon diffusion measurements
in the liver, the two MR diffusion protocols described above were performed on 3 different
days in three different healthy CD1 mice.

The b-values used for the IH-DW!I acquisitions here were {62, 111, 173, 250, 563, 695}
s/mm2, flip angle = 90° for all b-values, and a single average for each b-value. For 13C-DWI
measurements, eight b-values were acquired in decreasing order: b = {700, 600, 500, 400,
300, 200, 50, 50} s/mm2, with their corresponding flip angles = {31°, 32°, 33°, 34°, 37°,
41°, 45°, 90°}, and a single average for each b-value.

The mean and standard deviation (SD) of the three measurements for each animal were
computed.

Liver Fibrosis Model

Liver fibrosis was induced in eight male CD1 mice by administering 1 zA/g of a 1:7 mixture
of carbon tetrachloride (CCl,) and olive oil via intraperitoneal injection once every 4-5
days.2! Images were acquired at baseline and either 7 weeks (7= 4) or 11 weeks (7= 4)

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.
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after the start of the CCly injections using the same imaging protocol described above (Fig.
3b). Imaging was performed 1 week after the final CCl, dose in order to minimize acute
inflammatory effects. Based on the ADC measured in the initial variability studies (see
Results), higher b-values were used in liver fibrosis studies, with b ={1500, 1000, 750, 600,
400, 350, 200, 100} s/mm?2, number of averages = {1, 1, 2, 4, 4}, and flip angle = 90° for all
b-values for 1H-DWI. For 13C-DWI, b = {93, 239, 538, 957, 1496} s/mm? and their
corresponding flip angles = {39°, 33°, 32°, 33°, 34°, 40°, 47°, 90°} with a single average for
each b-value.

At the end of the post-CCl, treatment imaging session, each mouse was sacrificed. Each of
the liver lobes was harvested for different types of analysis including histology. Four large
entire cross-sections of liver were taken at separate depths at least 40 sections apart and from
two different liver lobes. Hematoxylin and eosin-stained slides were examined and graded
according the following factors: presence of necrosis, centrizonal inflammation grade (grade
1 up to 33%, grade 2 up to 66%, grade 3 maximum), number of centrizonal pigmented
macrophages per high-power field, and number of Councilman bodies per high-power field.

All sections of liver were stained for collagen using trichrome and Sirius red and were
blindly examined by a board-certified pathologist with expertise in clinical and research liver
pathology. The histologic findings in this study were fairly homogeneous. Scoring was
performed by reviewing 10 high-power fields. Given the centrizonal nature of CCl,-induced
fibrosis, a fibrosis score was assigned based on Zhao et al?2 (modified Brunt staging: a score
of 0 given to healthy liver and a score of 6 given for complete cirrhosis). Since ADCs were
taken from an axial slide through the middle of the liver, the histology observations of the
central cross-section of the liver were used to understand the DWI results.

Data Analysis

Raw data from all images were corrected for the RF flip angle applied. 13C-DW!I were zero-
filled in the scanner from a 16 x 16 to a 32x32 matrix and then resized to match the 1H-DWI
matrix size (128 x 128) using nearest-neighbor interpolation in MatLab (MathWorks,
Natick, MA). Because the acquisition of 13C-DW images was short (3—4 sec) compared to
the 7; of the HP com-pound ( 77 of [13C, 1°N]urea in solution at 14T is ~35 sec), signal loss
from 7; decay was neglected during the ADC fit.

For analysis, a region-of-interest (ROI) was drawn manually over the thickest part of the
liver from the high-resolution 1H spin-echo images and applied to 13C data. The ROI
included 300-600 voxels on average (ie, 5-10 voxels of the coarse 16 x 16 matrix).

In order to calculate ADC values, voxels with low SNRs were discarded (below 5% of the
maximum signal for 1H-DWI or below 15% of the maximum signal for 13C-DWI, using the
low b-value image as reference). Images corrupted by motion, which had obvious artifacts
when compared visually with the other images, were excluded from the calculations (as
shown in Fig. 4b). In order to prevent bias, the decision to discard images based on motion
artifact was made before any ADC fitting was performed. The average signal intensity was
calculated from the ROI placed on each of the DW images and the results fitted to a

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.
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monoexponential decay. This method was chosen to be robust against voxels with low SNR
and the coefficient of determination of the fit (R2) provided qualitative information on the
overall quality of exponential fitting. The mean ADC value of the set of eight mice was
computed along with the standard deviation of the mean (SD). Paired #tests were performed
on the baseline and post-CCl, administration groups to determine statistical significance of
the results. £< 0.05 was considered significant. 95% confidence intervals (95% CI) were
also computed.

ADCs in Agarose Phantoms

Figure 2 displays the dataset for 0% agarose solution (Fig. 2a — c) as an example of the DWI
and ADC maps acquired, and the ADCs measured at different agarose concentrations (Fig.
2d). Both water and [13C]urea ADC decreased as the agarose concentration increased.
Comparing the results in agarose-free with those in 12.5% agarose solutions, ADC values
(mean + SD) of water and [13CJurea decreased by 11% — (2.16+0.07)x1073 mm?/s vs. (1.93
+0.11)x1073 mm?/s — and 26% — (1.3620.08) x 1073 mm?2/s vs. (1.00 + 0.04) x 1073 mm?/s,
respectively. The 7; of water decreased by 11% between the agarose-free and the 12.5%
agarose solution (2.90 sec vs. 2.58 sec), while the 7; of [23C]urea dropped by 25% (34.75
sec vs. 26.13 sec).

Test-Retest Variability of 1H-DWI and Hyperpolarized 13C-DWI Acquisitions

On average, the standard deviations (variability) for 1H-DWI and 13C-DWI measurements
performed across separate days were similar: 0.08 x 1073 mm?/s for 13C-DWI
measurements and 0.10x10~3 mm?/s for 1H-DWI measurements. The individual results for
each mouse are shown in Table 1.

Baseline ADCs of Healthy Mouse Liver In Vivo

The mean (+SD) water ADC in the liver of the eight animals was (0.75+0.11)x1073 mm?/s,
and the [*3C,15N]urea ADC was (0.75+0.22)x10~3 mm?/s. No significant difference was
observed between water and [13C,1°N]Jurea ADCs (P = 0.97; mean of the pairwise difference
in the ADC values for each animal = 0.0025 x10~3 mm?2/s; 95% CI = (-0.135 to 0.14)x1073
mm?/s). Individual results for each mouse are given in Table 2. Moreover, the ADC of HP
[13C,15N]urea and water in the liver were positively correlated across animals, with R2 =
0.52 and £=0.045 (Fig. 5a).

ADCs in the Mouse Liver In Vivo After CCl, Treatment

The mean (£SD) water ADC in the liver of the eight animals was (0.84+0.22)x 1073 mm?/s.
The mean (6SD) [13C,15N]Jurea ADC in the liver of the eight animals was (0.75 + 0.15) x
1073 mm?/s. Individual results for each mouse are given in Table 2.

All of the animals developed moderate fibrosis with a modified Brunt stage between 1 and 3
out of a maximum score of 6 (Table 2, right-hand column). The pattern of fibrosis was
uniform. Example histologic images are shown in Fig. 6. None of the animals that received
CCly, died or experienced weight loss.

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.
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On histologic examination, no necrosis was observed in any of the animals’ livers. The mild
lympho-histiocytic inflammation seen in our experimental animals with the presence of
scattered dead hepatocytes (Councilman bodies) was indicative of mild chronic injury. The
significant presence of centrizonal macrophage was congruent with the prior treatment (7
days earlier) and signified a reparative cleanup process. As carbon tetrachloride damage was
mostly centrizonal, this cleanup process was consistent with our injury model.

Figure 7 compares the baseline ADCs (blue dots) with the post-CCly treatment ADCs (black
squares). The average change in water ADC following treatment for each animal was
+0.094%1073 mm?/s, with 95% CI = (—0.04 to 0.23) x 103 mm?/s. Average change in
[13C,15N]urea ADC was + 0.0012x1073 mm?/s, with 95% CI = (-0.26 to 0.26) x 1073
mm?/s. Neither change was statistically significant (water: 2= 0.14; urea: £=0.99).

No significant correlation was observed between either ADC of HP [*3C,1°N]urea or water
and liver fibrosis grade (urea: R? 50.06 and 2= 0.56; water: R2 = 0.04 and ~=0.62) (Fig. 8).
Furthermore, although HP [13C, 15N]urea and water ADC correlated with each other in
healthy liver, no such correlation was observed in fibrotic liver (R2 = 0.23 and P = 0.23, Fig.
5b).

Discussion

Diffusion measurements for both water and [13CJurea were acquired in cell-free phantoms
with different concentrations of agarose gel, which were used to model movement restriction
in tissue. In an agarose-free solution at room temperature, the ADC of water was 1.6 times
larger than the ADC 3 of [13C]urea. This result agrees with theory, given that the molecular
weight of urea is ~3 times higher than water. Using Arnold’s equation, which states that
diffusivity is inversely proportional to the square root of the molecular weight and the square
of the molecular diameter (eg. 40 in Ref. 23), the larger size of urea should make the
diffusivity 2.1 times smaller than it is for water (parameters used: molecular weight of water
=18, molecular weight of urea = 61, diameter of water = 2.75 A, 24 diameter of urea = 4.4
AZS).

In this study we compared the ADC of an exogenously injected HP probe, [13C, 1°N]urea, in
the mouse liver, with the ADC of water, which is an endogenous compound. [*3C, 15N]urea,
rather than [13C]Jurea, was chosen for in vivo experiments because it suffers from less low-
field quadrupolar 7; relaxation than [13C]urea at low magnetic fields, minimizing
polarization loss during transport of the sample from the polarizer to the MR spectrometer.
In addition, the SE-EPI pulse sequence used for in vivo acquisition benefited from the longer
7, relaxation time of [13C, 1°N]urea.26 For the thermally polarized experiments performed
in phantoms at 14.1, low-field relaxation was not an issue, so [13C]urea was used in order to
minimize expense.

DWI of the mouse liver is technically challenging due to the small liver size as well as rapid
respiratory and cardiac motion. Using a combination of respiratory triggering and fast
imaging enabled by high-performance gradients, we were able to achieve robust and
reproducible HP 13C diffusion measurements acquired from the same animals over several

J Magn Reson Imaging. Author manuscript; available in PMC 2019 January 01.
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days, with a standard deviation for repeated measurements of each animal of ~0.10 x 1073
mm?/s. Although water and HP [13C, 15N]Jurea DWI measurements were performed with
different slice thicknesses, by choosing an ROl over the thickest part of the liver and using
ROIs containing over 300 voxels we attempted to minimize discrepancies. In our test-retest
variability measurements, one animal had a much higher [13C, 15N]urea ADC in healthy
liver compared to any other animal we measured. The origin of this anomalously high ADC
is uncertain. However, despite the abnormally high value, the test-retest standard deviation
was similar to all other experiments.

In healthy liver, [13C, 1°N]urea and water ADCs were similar (~0.75 x 1073 mm?/s).
Although the measured ADC of urea and water within the healthy liver were numerically
similar, the liver water ADC reflected a much larger change from its free solution value
(65% decrease) than the ADC of urea (44% decrease). The larger relative decrease in water
ADC compared to urea ADC in tissue when compared to solution suggests that urea is in a
relatively less restricted environment than water. One possible explanation for a larger
restriction of water compared to urea is that endogenous water is contained within both
intracellular and extracellular spaces, while the injected HP urea is chiefly extracellular.
Urea has a low permeability across lipid bilayers, despite being a small molecule, and its
transport across cell membrane occurs by facilitated diffusion.2” Because mammals excrete
nitrogen mainly as urea, intracellular concentrations of urea are generally low, with a rapid
transport out of the cell.® In fact, Effros et al reported that higher concentrations of
intracellular urea caused swelling of the hepatocytes.18 In our experiments, the estimated
average concentration of injected HP [13C, 1°N]urea was ~8.2mM (assuming dilution into a
total blood volume of 1.7mL for every 20g of body weight).28 The injection of exogenous
urea, added to the endogenous urea, approximately doubles the normal plasma urea
concentration.2? Although the consequences of this concentration increase have not been
studied, we did not observe any toxicity effects after injection. A moderate transient increase
in the urea concentration probably does not produce any adverse effects, since the normal
physiologic urea concentration in mouse blood has been reported to range between 8.5 and
5mM, 50-90 mg/d1.2°

Although the net transport of urea is expected to remain from the intracellular space to the
extracellular space, over time labeled urea can be expected to exchange into the intracellular
pool.30 However, the unexpectedly high measured ADC of urea suggests that a significant
portion of urea possibly remains extracellular on the time scale of our experiment (ie, 20 sec
after injection). Further studies are required to confirm this possibility.

Cellular compartmentalization is only one potential explanation for the larger relative
change in ADC for water compared to free solution. Another potential explanation we
considered is that water might have stronger interactions (eg, hydrogen bonding) with
extracellular matrix proteins than urea and, therefore, would experience more relative
motion restriction than urea in tissue. In order to assess the effects of differential interactions
with the extracellular matrix, we made measurements of urea and water ADC in cell-free
agarose phantoms. In a gel containing 12.5% aga-rose, [13CJurea ADC was only 34% higher
than that in the liver. Conversely, water ADC in 12.5% agarose only decreased by 11% from
solution value, and remained about 2.6 times higher than the ADC measured in the liver. The
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observation that urea ADC remained much lower than water ADC in an acellular phantom
suggests that differential matrix interactions alone are not sufficient to explain our in vivo
results. However, because agarose does not completely mimic the composition of the
extracellular matrix in the liver, it remains possible that altered interactions of water with the
extracellular proteins plays a role in our observations.

Our results for ADC measurements of water and urea in solution agree with those of prior
studies, 1531 as do the results for the water ADC of normal mouse liver.”:8 Using a
spectroscopic DW sequence, Sogaard et al'4 observed a similar compartmentalization effect
in muscle with HP [1-13C]pyruvate as the extracellular agent, and H [1-13C]lactate as the
intracellular compound. The ADC of the extracellular substrate was measured to be similar
to the ADC in solution, while the ADC of the intracellular compound in the muscle was
measured to be half of that in solution.

As a potential biomedical application of the differential compartmentalization of injected HP
urea and endogenous water, we measured HP [13C, 15N]urea and water ADC in a mouse
model of liver fibrosis. Our expectation was that because fibrosis mainly occurs in the
extracellular extravascular space,32 HP urea ADC would be more sensitive to fibrosis than
water ADC. However, after induction of liver fibrosis, no significant changes in urea or
proton ADC were observed. Using the value for standard deviation determined in our test—
retest variability measurements and a paired #-test with four animals, we expect an 80%
chance of detecting a change of at least 0.2 x 1073 mm?2/s. Therefore, based on our results,
we are confident the actual change in ADC for moderate fibrosis (if any) is less than 0.2 x
1073 mm?/s.

Other than liver fibrosis, we did not observe any other significant liver pathology that could
explain the ADC outcomes. Significant hepatocellular necrosis was not observed. We did
observe a mild lymphocytic infiltrate as well as the presence of scattered dead hepatocytes,
indicative of mild injury. It is uncertain what effect these factors would have on measured
ADC. The lack of sinusoidal fibrosis mostly excludes the possibility of a hepatic vascular
flow defect. One possible reason that we did not detect a change with progression of fibrosis
is that there was not severe enough liver fibrosis in this mouse model to detect a significant
change (maximum fibrosis grade was 3 on a scale from 0 to 6). This possibility is supported
by the fact that we did not observe a decrease even in the proton ADC, which has been
observed by other researchers using similar but more severe animal models of liver
fibrosis* 78 and in humans with advanced fibrosis.33:34 In a study performed in a CCly rat
model of liver fibrosis, 1lH ADC decreased from ~(1.5 + 0.3) x 1073 mm?/s in healthy livers
to ~(1.0 + 0.2) x 1073 mm?/s in fibrotic livers with 14% fibrosis volume density.# Similarly,
in another study where CCl, was administered to rats for up to 8 weeks, the ADC decreased
when compared to baseline, although there was also a large variability of the results: ADCs
at baseline ranged between 0.6 and 1.1 (103 mm?/s); ADCs in stage 2-3 fibrotic livers (4
weeks post-treatment) were between 0.4 and 1.0 (x10~3 mm?/s); and ADCs in cirrhotic
livers (8 weeks post-treatment) ranged between 0.5 and 0.9 (x1073 mm?/s).8 In all these
studies, and also in ours, measurements were performed at least 2 days after the final CCl,
injection to exclude acute toxicity and inflammation effects in the results. The proton ADC
decrease has also been observed in a C57BL/6 mouse model of diet-induced fibrosis,” with a
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baseline ADC of ~0.85 x 1073 mm?/s, a stage 2 fibrosis ADC of ~0.80 x 1073 mm?/s, and a
stage 3 fibrosis ADC of ~0.65 x 1073 mm?/s. In mice, the sensitivity of the liver to CCl4-
induced injury is known to be highly strain-specific,213> and future experiments with a more
sensitive mouse strain will allow for comparison of HP urea and proton ADC in the setting
of more severe liver fibrosis. Also, a larger rodent model with more advanced fibrosis may
increase the sensitivity in detecting ADC changes and reduce measurement errors associated
with high heart rates.

In addition to a lack of animals with advanced fibrosis, this study had several technical
limitations. Because of EPI-related image artifacts at 14T, water diffusion images were
acquired with a spin echo acquisition rather than a conventional EPI acquisition. For SNR
reasons, 13C-DW!I acquisitions were performed with thicker slices than water diffusion
acquisitions, although we do not expect this to have a large effect on the average ADC.
Cardiac gating might have been helpful in terms of the 13C acquisitions for reducing extra
motion effects and artifacts, but is not currently possible for these acquisitions on our
system. Finally, although the histologic section was chosen through the center of the liver to
match as closely as possible the image plane used in the ADC measurements, it was not
possible to achieve exact correspondence due to inevitable distortions occurring in the liver
resection and histologic preparation.

Although no significant change in ADC was observed in the liver fibrosis model used in this
work, we did observe a potential change in the relationship between HP urea and water
ADC. At baseline, urea and water ADC were correlated, while after induction of fibrosis, no
such correlation was observed. Although not definitive, this result suggests that HP urea and
water ADC potentially did respond differently to liver fibrosis, justifying further studies.

In conclusion, we acquired HP [13C, 15N]urea ADC maps in healthy mouse liver and
compared them to ADC maps measured using water. We achieved robust measurements,
which showed repeatability on acquisitions performed on different days. To our knowledge,
this is the first systematic comparison of water ADC maps to those of an exogenously
injected substance in the liver, particularly in the context of a disease model. The results in
healthy liver were consistent with differing compartmentalization of water and urea. Initial
studies in a mouse model of liver fibrosis did not show changes in either HP urea or water
ADC, potentially due to insufficient amounts of induced fibrosis. However, changes in the
correlation between water and urea ADC before and after liver fibrosis is a new result and
motivates future studies.
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FIGURE 1.
Diagram of the liver spaces: intracellular space (IC), extracellular extravascular space (EC-

EV), and extracellular intravascular space (EC-1V). Endogenous water is found both in the
intra- and extracellular space, while exogenously injected hyperpolarized urea is mainly
extracellular. Fibrosis is characterized by collagen deposition in the EC-EV space.
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FIGURE 2.
DWI and ADC measured in cell-free agarose phantoms. Representative dataset (0% agarose)

for (a) water 1H-DW!I and (b) urea 13C-DWI with b-value factors displayed on each image
in units of s/mm?2. (c) ADC maps and fit of the mean of the signal intensity for the dataset in
(a,b). (d) The ADC decreased with increased agarose concentration. Error bars for the first
three water experiments and the fourth urea experiment are smaller than the marker.
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FIGURE 3.

(a) Representative 7,-weighted abdominal anatomic axial and coronal images of a mouse
with the slab boundaries for the DWI experiments shown in red for 1TH-DWI and green

for 13C-DWI. (b) Timeline for liver fibrosis studies. MR images were acquired prior to the
first CCl, treatment and 1 week following the final CCl, treatment. Mice were sacrificed on

the same day of the final imaging session.
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DWI acquisition scheme and representative 1H- and 13C-DWI dataset. (a) Schematic
representation of the trigger time-points for acquisition and H-DWI. (b) 13C-DWI and
acquisition scheme: two images were acquired during each respiratory cycle. (c) 1H and 13C
ADC maps with a typical ROl drawn on them (middle) and fits of the data excluding images
corrupted by motion (sides).
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(a) Correlation of 13C and IH ADC measured in each mouse at baseline and (b) after 7 or 11
weeks of treatment with CCl,. See also Table 2.
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FIGURE 6.
Trichrome (left) and H&E (right) images of the livers of a representative mouse from (a)

group 1 (7 weeks of CCl, treatment) and (b) group 2 (11 weeks of CCly, treatment). Based
on a modified Brunt staging system, (a) developed fibro-sis stage 2 with centrizonal
pericellular fibrosis, and (b) developed fibrosis stage 2-3 with centrizonal early septal
fibrosis.
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FIGURE 7.

Comparison of baseline and post-CCly treatment ADCs of the right lobe of the liver for
water (proton) and [13C, 1°N]urea (carbon). The mean (+SD) of each group is displayed

under each dataset.
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FIGURE 8.

Post-CCl, treatment ADCs of the right lobe of the liver for different stages of fibrosis (a) for
water (proton) and (b) [*3C, 15N]urea (carbon). These data are also shown in Fig. 7. The
mean ADC across all fibrosis stages is shown with a dashed line, and the baseline ADC is
shown with a solid black line.
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TABLE 1
Test—Retest Variability

Test-retest ADC measurements [x10~3 mm?/s]

Animal1(n=3) Animal2(n=3) Animal3(n=23)

[*H]water 0.79£0.10 0.99+0.10 0.83+0.11

[*3C, ®°NJurea  0.79+0.017 0.64+0.10 1.57+0.12

[1H]Water and [13C, 15N]urea ADCs measurements in three different animals, each of which was scanned on 3 different days. Each entry in the
table represents the mean ADC + standard deviation for a set of three measurements in the same animal.
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