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Abstract

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has been widely applied to
evaluate microcirculatory parameters in clinical settings. However, pre-clinical studies involving
DCE-MRI of small animals remain challenging with the requirement for high spatial and temporal
resolution for quantitative tracer Kinetic analysis. This study illustrates the feasibility of applying
a high temporal resolution (2 s) protocol for liver imaging in mice by analyzing the DCE-MRI data-
sets of mice liver with a dual-input two-compartment tracer kinetic model. Phantom studies were
performed to validate the T, estimates derived by the proposed protocol before applying it in mice
studies. The DCE-MRI datasets of mice liver were amendable to tracer kinetic analysis using a
dual-input two-compartment model. Estimated micro-circulatory parameters were consistent
with liver physiology, indicating viability of applying the technique for pre-clinical drug develop-
ments.
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1. Introduction

Liver cirrhosis constitutes a final common pathway for a myriad of liver diseases including Hepatitis B, C and
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fatty liver, resulting in significant morbidity and mortality. Although advances in the last 20 years have led to
availability of many efficacious drugs that can control Hepatitis B and C, treatment regimens are still suboptimal
with high cost, significant side effects and incomplete response. Most treatment guidelines have thus advocated
treatment only for those at highest risk of developing cirrhosis while “masterly inactivity” is recommended for
those with early liver disease.

The problem in real life scenario however, is the lack of good non-invasive tool that can accurately predict
early onset fibrosis and progression to cirrhosis. While non-invasive tests including fibroscan, magnetic reson-
ance elastography and serum based tests have been reported to show fairly good correlation with fibrosis, the
sensitivity and specificity of most of these tests are still suboptimal at F2 to F3 fibrosis (metavir score), which
unfortunately, is the range upon which clinical decisions are made for treatment [1] [2]. In addition, most of
these tests are targeted at the degree of fibrosis, which is a marker of end point damage but does not reflect dis-
ease onset or direct pathogenesis.

Accumulating evidence indicates that one of the early pathogenetic processes in liver cirrhosis is capillarisa-
tion of liver sinusoidal endothelium or loss of fenestrae. This change is believed to alter the liver sinusoidal dy-
namics and result in ischemia of hepatocytes and drive the chronic process of injury. By capitalizing on the
physical concepts of mono-compartment and dual-compartment kinetics, DCE imaging is able to detect the
Space of Disse to indicate whether fibrosis has occurred. Indeed, human studies have shown that patients with
normal livers returned a near-zero fractional interstitial space (v,) due to large fenestrae allowing free exchange
of low-molecular weight compounds such as gadolinium-chelate contrast between the vascular space (sinusoids)
and interstitial space (Space of Disse) while cirrhotic patients demonstrate a measurable value for the interstitial
Space of Disse [3]-[5].

In this work, we explore the feasibility of applying a high spatial and temporal resolution (2 s) DCE-MRI
protocol for arterial concentration estimation and perfusion imaging in mice liver. We carried out a pilot study
using DCE-MRI to assess the kinetics of normal mouse liver to compute a reliable model that can be subse-
quently applied in the cirrhotic mice.

2. Materials and Methods
2.1. Mice

Five male C57BL/6 mice (6 weeks old, 30 + 2 g) were used in this study. Mouse core body temperature was
monitored with a rectal probe and maintained at 37°C + 0.3°C by a feedback-controlled warm-air heating system.
The mice were kept under 1% - 2% isoflurane anesthesia during MR scanning.

This study was approved by the local Institutional Animal Care and Use Committee. All mice were main-
tained according to the guidelines for the Care and Use of Laboratory Animals published by the National Insti-
tutes of Health. They were provided with sterilized food and water ad libitum and housed in ventilated cages
with air and oxygen.

2.2. DCE-MRI Protocol

DCE MRI experiments were performed on a 7-T MR scanner (Bruker ClinScan, Bruker BioSpin MRl GmbH,
Ettlingen, Germany) using a three-dimensional (3D) spoiled gradient recalled sequence (FLASH 3D) with the
following parameters: repetition time TR = 3.04 ms, echo time TE = 1.23 ms, field of view FOV = 36 x 36 mm?,
128 x 128 matrix half-Fourier reconstructed to 256 x 256, 8 x 1 mm? slices, final image resolution of 0.14 x
0.14 x 1 mm?, and acquisition time of 2 s.

Tissue pre-contrast and post-contrast T1 values were estimated using the variable flip angle technique [6] [7].
To estimate the tissue native T1 values, pre-contrast images were acquired with different flip angles: 2°, 4°, 6°,
8°, 10°, 12°, 14°, 16°, and 18°. For each flip angle, 10 repetitions were performed and averaged. The dynamic
imaging protocol consists of 10 baseline acquisitions with flip angles 6° and 14° (five times each), followed by
the manual injection of 50 mL of gadoterate meglumine, INN (Dotarem, Guerbet S.A., Villepinte, France)
through the tail vein and 50 mL saline flush. One-hundred and thirty post-contrast acquisitions were performed
with flip angle 14° over a period of 260 s, with the contrast injected at the start of the first post-contrast acquisi-
tion.
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2.3. Tracer Kinetic Modeling

Consider a bi-compartmental tissue system where the first compartment represents the vascular space and the
second compartment represents the interstitial space. Assuming well-mixed compartments, tracer concentration
in each compartment at time t is given as follows [8]-[10]:

£,(0)=F (G, ()-C, (1) - PSp(C, (1)-C, (1)) @

Yt

VZ%CZ (t)=PSp(C,(t)-C, (1)) 2)

where F denotes blood flow, C; and C, denote tracer concentration in the vascular and interstitial space, respec-
tively, PS denotes the permeability surface-area product, and p denotes the tissue of density, which is set at 1
g/mL. vy is the fractional vascular volume, v, is the fractional interstitial volume, and C,, (t) denotes the arteri-
al input concentration.

The operational equation for analysis of the DCE imaging data can be expressed as

Cyss (1) = FC,, (1) ®R(t) 3)
where Cyss denotes the tracer concentration in the tissue voxel and ® denotes the convolution operator. R(t) is

the impulse residue response function, which describes the fractional amount of tracer remaining in the tissue
owing due to an impulse input at time t. And R(t) is given by

R(t) = Aexp(sit)+(1—A)exp(s,t) (4)

where s; and s, are the solutions of the following quadratic equation:
{@@QJ@QO )

vl V2 vl V2 Vl
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2.4. Dual Input Model

Consider two sources of blood flow to the liver: flow from the hepatic artery F, and flow from the portal vein
Fev. Assuming that the tracer concentration-time curves for the hepatic artery C, (t) and the portal vein C,, (t)
can be sampled from dynamic MR images, the total input concentration-time curve C, (t) can be expressed as

follows [3]:

Ci,(t)=aC, (t)+(1-a)Cpy (1) )
where a(=F,/F) denotes the arterial fraction. The total hepatic blood flow, F, then is given as the sum of Fx
and Fpy.

2.5. Data Processing

Post-processing was performed off-line on an Intel® Core™2 Duo personal computer with Matlab™ (Math-
Works, Natick, MA). For each case, region of interest corresponding to the liver within the central six (of eight)
imaging slices were manually outlined by an experienced radiologist.

The hepatic arterial input C, (t) was approximated by sampling the concentration-time curve at the aorta and
the portal venous input C, (t) was sampled from the portal vein. C,(t) and Cy, (t) were divided by a factor
of (1 - Hct), where Hct is the fractional hematocrit for mice and was set at 45% [11] [12].

3. Results

A typical set of signal-time concentration profiles in the artery, the portal vein, and the liver tissue was given in
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Figure 1. The profiles were similar with the findings previously reported in human studies [3]. The order of ar-
rival of the contrast was as follow: in the artery, in the portal vein, and in the liver tissue. It showed that the two
vascular inputs mix in the sinusoids at different time intervals. However, current temporal resolution of image
acquisition of two seconds might not be adequate in delineating the difference clearly.

Microcirculatory parameters derived from the conventional compartmental model and the generalized kinetic
model were presented in Table 1 and Table 2.

Extravasation parameters derived from the conventional compartmental model such as v, and PS were zero or
close to zero for all cases. They agreed with the murine physiology [13]-[16] and corresponded with the results
previously observed in human studies [3]. The liver is a highly vascular organ that consists of a series of fenes-
trated sinusoids which function as the vascular space. The sinusoids are predominantly supplied by the portal
vein (80%) and supplemented by the hepatic artery (20%) [17] [18]. They are separated from the liver cords by
the Space of Disse, which are comprised of two rows of closely apposed hepatocytes. The Space of Disse may
then be considered as an interstitial space within the liver. However, due to the large size of the fenestrae of the
sinusoids, low-molecular weight compounds such as gadolinium contrast can trace freely between the vascular
space (sinusoids) and the interstitial space (Space of Disse). Both of them then effectively function as a single
compartment system [4] [19]. Hence low values of fractional interstitial volume and permeability-surface area
product in normal liver were expected, as were observed in this study.

Parametric maps of Mouse 03 were given in Figure 2 and a relatively monotonic distribution of v, and PS
could be observed in Figure 2(b) and Figure 2(d), thus confirming the single compartment system of normal
liver.

Mean values for vascular perfusion (F) as calculated by the standard two-compartment model ranged from
381.34 mL/100mL/min to 835.54 mL/100mL/min. There is over-estimation of the hepatic blood flow as the
mean of blood flow for mice liver was previously estimated in other studies at 180 mL/100mL/min [20]. The
mean values for fractional blood volume (v;) as calculated by the standard two-compartment model ranged from
5.91% to 16.38%. There is under-estimation of the values of the percentage of mice hepatic blood volume, as
this was previously estimated at 23% - 36% [21].

Mean values for a derived by the conventional compartmental model ranged from 43.76% to 66.80%. There
is over-estimation of a as Davies and Morris [18] reported arterial fraction of 19.44%, while Brown reported ar-
terial fraction of 28.77% [21].

The mono-compartmental system can be inferred as well from the signal concentration-time curve profile in
the liver tissue in Figure 3, as a contrast uptake enhancement pattern of a rapid increase which was followed by
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Figure 1. Signal concentration time-curves in the artery, portal vein, and liver tissue of Mouse 01.
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Table 1. Median values of microcirculatory parameters estimated by the standard two-
compartmental model (mean values + standard deviations, with median values in parentheses).

2-compartment model MO01 MO02 MO03 MO04 MO05
F (mL/100mL/min) 512.65 682.41 285.52 326.31 674.17
v, (%) 1391 14.62 6.25 8.04 15.53
v, (%) 0.01 0.01 0.00 0.35 0.00
PS (mL/100mL/min) 0.29 0.26 0.00 331 0.09

Table 2. Median values of microcirculatory parameters estimated by the generalized kinetic
model (mean values + standard deviations, with median values in parentheses).

Generalized kinetic model MO01 MO02 MO03 MO04 MO05
Kirans (mL/100mL/min) 571 9.07 3.02 3.31 10.32
Ve (%) 13.96 13.92 7.11 9.34 14.57

F (ml/100ml/min) PS (ml/100ml/min)

800.0
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0.0
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Figure 2. Parametric maps of (a) blood flow, (b) permeability-surface area product, (c) fractional
intravascular space, and (d) fractional extravascular space for Mouse 03 (slice 2 to 7).
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Figure 3. (a) Example of fitting the dual-input standard two-compartmental model to liver tissue
concentration-time curve and (b) impulse residual function R(t) corresponding to the fitting of the
enhancement pattern. F = 220.6 mL/100mL/min, t; = 2.58 sec, a = 25.7%, v; = 9.5%, v, = 0%,
PS=0.

rapid washout was observed [22]. Figure 3 also showed an example of fitting the dual-input conventional com-
partmental model to liver tissue concentration-time curve and the impulse residual function R(t) correspond-
ing to the fitting of the enhancement pattern.

4. Discussion

In this study we observed the low values of interstitial space and permeability in all mice, which are concordant
with the normal liver physiology.

The shape of the signal concentration-time curve in the liver tissue is also consistent with a single-compart-
ment system, as is shown in Figure 3(a). A contrast uptake enhancement pattern of a rapid increase was fol-
lowed by rapid washout [22]. Figure 3(b) also showed an example of fitting the dual-input two-compartment
model to liver tissue concentration-time curve and the impulse residual function R(t) that is the result of the
fitting of the enhancement pattern. It showed an impulse residual function which immediately dropped to zero
after the vascular phase, consistent with the behavior of a single-compartment system.

Compared to previously published values of mice hepatic microcirculation, the current model over-estimates
hepatic blood flow and under-estimates percentage of mice hepatic blood volume. An over-estimation of arterial
fraction, a, was also observed.

The over-estimation of o might be due to difficulty in finding a voxel which corresponds to the portal vein for
all dynamic images and hence a worse signal-to-noise ratio from the portal vein, which possibly increased the
contribution from the arterial input.

To illustrate this problem, the conventional compartmental model was applied as well to analyze the parame-
ters in muscle of Mouse 04 to show the difference of the tracer kinetic behaviors and microcirculatory parame-
ters values in liver and muscle. The values of the microcirculatory parameters were compared in Table 3. The
value of blood flow in muscle was significantly less than in liver. The values of v2 and PS were not zero or close
to zero. Davies and Morris [18] reported that the blood flow in muscle was estimated at 91 mL/100mL/min. It
was similar to what was observed in Mouse 04 at 112.07 + 71.01 mL/100mL/min. Brown [21] reported that the
percentage of vascular space in muscle was estimated at 3% - 5%. It also agrees with what is observed in Mouse
04 at 5.68% =+ 4.14%. The relatively smaller error in the estimation of F and v1 in muscle perhaps indicated a
higher technical difficulty in applying tracer kinetic modeling in liver since it incorporated not one input signal
as is in the muscle but two input signals, aorta and portal vein, for data fitting, which might also be exacerbated
by the similar shape of arterial and venous input curves, as was shown in Figure 1.

Although there are technical challenges to this technique, the low values of the mice interstitial space are
concordant with observations in humans and lend potential for the use of this quantitative technique as a poten-
tial biomarker for sinusoidal capillarization and fibrosis in the Space of Disse. Currently, ultrasound and MR
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Table 3. Microcirculatory parameters in liver and muscle for Mouse 04 (mean values
+ standard deviations, with median values in parentheses).

Mouse 04 Liver Muscle
F (ML/100mL/min) 381.34 + 234.06 (326.31) 112.07 + 71.01 (93.83)
t (s) 1.98 + 2.26 (1.47) 5.26 + 7.09 (2.86)
Vi (%) 8.03 + 4.42 (8.04) 5.68 + 4.14 (4.71)
Vs (%) 2.71+9.75 (0.35) 9.29 + 4.74 (8.85)
PS (mL/100mL/min) 13.26 + 22.79 (3.31) 14.11 + 10.18 (13.00)

elastography have been used as non-invasive techniques for the assessment of fibrosis and cirrhosis. Although
advanced fibrosis and cirrhosis can be accurately determined with both modalities, challenges remain for the as-
sessment of early fibrosis.

Our current findings set the stage for future studies with thioacetamide induced liver fibrosis and cirrhosis to
determine if DCE-MRI can serve as an imaging biomarker for this important process.
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