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The liver is one of the most important organs of detoxification in the body. Use of
diffusion-weighted (DWI) and dynamic contrast enhanced (DCE) 'H MRI for the assess-
ment of hepatic perfusion and diffusion parameters were evaluated in a CCl -induced rat
liver injury model. Acute liver injury was produced by a single gavage of mixture of CCl,
and corn coil. MRI experiments were performed before and 24 h after the CCl, treatment.
CCl,-induced liver injury caused decreases in both fast and slow apparent diffusion coef-
ficient of water measured by DWI, as well as a decrease in contrast agent uptake measured
by DCE 'H MRI. DWI should prove useful in assessment of liver damage in diffuse liver
diseases without the need for a contrast agent.
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The liver is one of the most important organs in the body when it comes to detoxifying or
getting rid of foreign substances or toxins. Many of the toxic chemicals that enter the body are
fat-soluble, which means they dissolve only in fatty or oily solutions and not in water. This makes
them difficult for the body to excrete. Fat soluble chemicals have a high affinity for fat tissues
and cell membranes, which are composed of fatty acids and proteins. The liver detoxifies harmful
substances by converting fat soluble toxins into water soluble substances that can be excreted in
the urine or the bile.

Liver hemodynamics plays an important role in hepatic function including an excretion
of toxins. Several methods have been proposed for the noninvasive quantification of hepatic
perfusion, including clearance of xenobiotics, single-photon emission computerized tomography,
positron emission tomography, and dynamic contrast enhanced (DCE) 'H magnetic resonanse
imaging (MRI) [8]. Measurements of water apparent diffusion coefficient of water (ADC) by
diffusion weighted '"H MRI (DWI) has potential values in characterizing hepatic pathological
changes, differentiating between malignant and benign liver tumors, and monitoring response to
therapy [7, 11, 12]. As a quantitative parameter calculated from DWI, water ADC may reflect not
only diffusion that represents mostly the Brownian motion of the water molecules, but also perfu-
sion in microvessels. Thoeny et al. [13] proposed the use of DWI for simultaneous estimation of
both perfusion and diffusion without the use of an exogenous agent. Previous studies show that
for low strength of the diffusion weighting (b-values < 100 s/mm?) perfusion dominates diffusion
by a factor of 10. However, by using high b-values (> 500 s/mm?), the influence of perfusion is
largely attenuated [13].

CCl -induced liver injury in animals is widely used model to study the mechanism under-
lying the hepatotoxic effects such as steatosis, hepatitis, fibrosis, and cirrhosis [3]. At high dose
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and short term, acute CCl, toxicity results with hepatocellular necrosis and accumulation of in-
flammatory cells in centrilobular regions and also significant fat droplet deposition in hepatocytes
[3]. The most clearly illustrated mechanism underlying the CCl, induced liver injury has been
related to the production of reactive radicals and lipid peroxidation [5, 6, 14]. In hepatocytes,
CCl, is converted into CCL,* by cytochrome P450 in endoplasmic reticulum. CCL* is a free
radical and can react with various proteins, nucleotides and lipids. Furthermore, in the presence
of oxygen, this radical is transformed to the trichloromethyl peroxy (CCL,00*), which is a more
reactive radical and can cause more extensive damage than CCL*. CCL,OO* is more likely to ex-
tract a hydrogen from unsaturated poly fatty acids, e.g. the lipids in membrane, resulting to lipid
peroxidation with the formation of reactive aldehydes, carbonyls and alkanes. These radicals will
carry on the CCl, hepatotoxic effects by binding to a variety of biological molecules and disorder
their normal functions [14].

The purpose of this study was to evaluate the use of DWI and DCE 'H MRI for the as-
sessment of hepatic perfusion and diffusion parameters in a CCl -induced rat liver injury model.

Materials and methods

CCI, model:

All animal studies were approved by the Indiana University Institutional Animal Care
and Use Committee. MRI experiments were performed on male Sprague-Dawley rats (Harlan,
Indianapolis, IN, USA) weighing 300400 g (n=7). Acute liver injury was produced by a single
intragastrical gavage of 2.5 ml/kg mixture of CCl, and corn coil (1:1).

MRI experiments:

All in vivo MRI was performed on a 9.4 Tesla, 31-cm horizontal Varian bore system (Va-
rian, Palo Alto, CA, USA). Animals were anesthetized with 1-1.5% isoflurane delivered in medi-
cal air at 1.0-1.5 L/min using a rat nose mask connected to a gas anesthesia machine (Vetland,
Louisville, KY, USA). Warm air was blown through the magnet bore to maintain the tempera-
ture in the space surrounding the animal and the animal core body temperature at 26-28°C and
32-36°C, respectively. Animal respiration was examined with a physiological monitoring and
gating system (SA Instruments, Stony Brook, NY, USA) using a pneumatic pillow located under
the animal’s abdominal area. DWI and DCE 'H MRI of the liver were collected with a birdcage
coil (ID = 63 mm, length = 190 mm) tuned to 400 MHz. MRI experiments were performed before
and 24 h after the CCl, treatment.

DWI:

Multi-slice DWI was collected using a modified spin-echo sequence and the following
parameters: repetition time (TR) = 1000 ms, echo time (TE) = 1000 ms /21 ms, 6 = 6 ms, A =
11 ms, matrix size = 256 x 128, field of view (FOV) = 80 mm x 80 mm, number of slices = 12,
slice thickness = 0.5 mm, slice gap =1.5 mm, and b= 0, 10, 20, 30, 100, 220, 350, 600, 1000, and
1600 s/mm?. Total data collection time for a set of DWI at the ten b values was ~ 23 min.

DCE 'H MRI:

After collecting a baseline of DWI, 0.2 mmol/kg of Gd-DOTA was manually injected
over a 30 s interval through a 26-gauge catheter placed in the tail vein. All bolus injections were
performed by the same investigator. DCE 'H MRI was obtained using a gradient-echo sequence
and the following parameters: TR/TE = 10 ms / 3.1 ms, matrix size = 256 x 128, FOV = 64 mm
x 64 mm, number of slices = 1, and slice thickness = 4 mm. 200 images were collected over ap-
proximately 13 minutes, with 4.5 s acquisition time per image.

Data analysis and statistics:

'H images were reconstructed using the Image Browser software (Varian, Palo Alto, CA,
USA). PSI-PLOT software was used to analyze DWI and DCE 'H MRI data. DWI signal inten-
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sity (SI) versus b value data were fit to the following biexponential equation: where A is signal
intensity for b = 0 s/mm*, ADC, and ADC__ are the fast and slow ADC components which are
related to tissue perfusion and random molecular diffusion of water, respectively, and A is the
relative contribution of ADC,  which is related to the relative vascular volume or the signal frac-
tion of fast moving ADC. 'H images were reconstructed using the Image Browser software. The
kinetics of contrast agent uptake were estimated by measuring the area under the curve (AUC)
over the first 60 s after the contrast agent arrival, as well as by fitting the DCE 'H MRI signal
intensity versus time data to a triexponential function [9].

All statistical data are presented as the mean + standard error of mean (SEM) and represent
the range across a cohort of animals. Analysis of the data was performed using Student’s t-test. A
P value < 0.05 was used to define statistical significance.

Results
CCl, intoxication decreased body weight by 5% from 332+5 g (before CCl,) to 314+5 g
(24 h after CCl,) (P<0.0001). After intoxication a liver color turned from red to mostly yellow
with visible dots of the oil accumulation (Fig. 1, A). H&E stained histological sections proved
that CCl, treatment caused moderate multifocal infiltration of fat in hepatocytes, as well as infil-
tration of lymphocytes around the portal triads, scattered or moderate hepatocellular degenera-
tion, and mild vascular congestion (Fig. 1, B&C).

s T

Fig. 1. Macroscopic appearance of the CCI, treated rat liver (A) and H&E stained histological sections

(B and C) with infiltration of fat in hepatocytes (1), infiltration of lymphocytes around the portal

triads (2), scattered or moderate hepatocellular degeneration (3), and mild vascular congestion (4).

Original magnification, x 200.

After CCl, treatment, the liver 'H signal intensity with » = 0 s/mm? was almost 1.5 times
higher compared to untreated liver, suggesting an increase in T, relaxation. Plots of DWI signal
intensity as a function of b value, before and 24 h after CCl, treatment, are shown in Fig. 2. The
plots were biexponential in both cases. A, was not affected by CCl,: 0.56+0.06 (baseline) and
0.47+0.08 (CCl,) (Table). However, 24 h after CCl, administration ADC_ was drastically de-
creased by 71%, from 27.3 to 8.1 x 10~ mm?*/s (P<0.05). Furthermore, ADC was also signifi-
cantly decreased 24 h post CCl, treatment, from 1.2 + 0.2 x 10° mm?/s to 0.4 + 0.2 x 10~ mm?s,
P<0.05 (Table).

Fast and slow components of the water apparent diffusion coefficient (ADC)
in the rat liver before and after CCl, treatment

Parameter | Baseline | CCl,
A, 98.3+1.6 99.6+0.6
A 0.56+0.06 0.47+0.08
ADC, 273473 8.121.2
ADC . 1.2+0.2 0.440.2

Note. A, is signal intensity for b=0 s/mm?, A_ is the relative contribution of ADC, . ADC values are in 10
mm?/s. Mean + SEM, n=7. * — P <0.05 (vs. Baseline).
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Fig. 2. Effect of CCl, on the diffusion-weighted imaging 'H MRI signal intensity vs. b value plot. Shading
indicates the perfusion component area. M + SEM, n="7.

Fig. 3 shows the representative tracks accumulation of gadolinium by liver and by sub-
cutaneous muscle. The fit of DCE 'H MRI liver signal intensity versus time data had the triex-
ponential shape that contains inflow (first 60—70 s), fast outflow (~ 70-200 s), and slow outflow
(~ 200-800 s) parts. At the same time muscle had the biexponential shape that contains inflow
(first 100—110 s) and outflow (~ 110-800 s) parts. The gadolinium inflow represents mostly a de-
velopment of perfusion system in liver whereas slow outflow most likely reflects a steady-state of
inflow wash-out of the contrast agent. Both inflow and wash-out was significantly faster in liver
compared to subcutaneous muscle.
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Fig. 3. The representative dynamic contrast enhanced 'H MRI signal intensity vs. time curves in the rat
normal liver and subcutaneous muscle.
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Unlike ADC,  (measured from DWI), AUC (measured from DCE "H MRI) did not change

after CCl, treatment. In addition, there was no correlation (R* = 0.55) between ADC,  and AUC

values. Only the contrast agent inflow kinetics showed a decrease from 11+3 s (baseline) to 5+1

s (CCl,, P<0.05) while both fast and slow outflow components did not show any significant dif-

ference (Fig. 4).
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Fig. 4. Corresponding dynamic contrast enhanced '"H MRI signal intensity vs. time curves in the rat liver

before (baseline) and 24 h after CCI, treatment. Average of 7 experiments is presented.

Discussion

A noninvasive detecting and monitoring of the liver disease development and treatment
efficacy are very important in hepatopathology. Traditional laboratory tests, such as measure-
ments of aspartate aminotransferase to alanine aminotransferase ratio, aspartate aminotransferase
to platelet ratio index, or FibroTest, a composite of five serum biochemical markers, are closely
related to hepatocellular function [10]. However, all of the serum based tests have their limita-
tions in specificity and sensitivity. Commonly used for liver studies imaging methods such as
computerized tomography and DCE 'H MRI traditionally require infusion of the contrast agents
and do not properly differentiate the perfusion and diffusion processes in liver [10]. Thus, their
specialties are more related to the gross morphologic or physical features of liver, like stiffness,
shape or anatomic relationship to neighboring organs and are more targeted on assessment of
well-developed liver fibrosis and have limited diagnostic utility in monitoring the whole progres-
sion of diffuse liver disease, especially in detection of liver disease at its early stage [10, 15].

In this work, the use of DWI and DCE 'H MRI for the assessment of hepatic perfusion
and diffusion parameters was evaluated in an acute CCl -induced rat liver injury model. The data
presented here show that 24 h after CCI, treatment significantly increased the liver 'H signal
compared to untreated liver, suggesting an increase in T,. Usually T, relaxation reflects the loss
of phase coherence in the transverse plane and is associated with entropy of the spin system [2].
ADC,_ in the liver, which represents mostly perfusion [13], was significantly decreased 24 h after
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CCl, treatment, while the relative contribution of ADC,  (associated with the relative vascular
volume) does not change. This decrease may be because of restricted perfusion in congested
microvessels as was shown by histology (Fig. 1). A slight decrease in inflow slope detected us-
ing DCE "H MRI partly supports DWI and histology data. However, unlike ADC,  (measured
from DWI), AUC (measured from DCE 'H MRI) widely used for estimation of perfusion did not
change after CCl, treatment. Furthermore, a reproducibility and accuracy of non-invasive ADC
measurement was higher than invasive DCE 'H MRI experiments. In addition, more studies of
the transition from vessels to the liver representing permeability, and the transition from the liver
to vessels representing washout, need to be done.

Unlike DCE 'H MRI, DWI provides information about water diffusion in liver tissue.
CCl, significantly decreased a diffusion component of ADC (ADC_ ) which can be explained by
compartmental changes in liver tissue, such as cellular swelling and hepatocellular degeneration
leading to a coagulative type of necrosis. The cellular swelling may also result in a decrease in
extracellular space and restriction of water diffusion. In addition, our previous data [4] show that
the acute effect of CCl, in rat liver is associated with a significant decrease in the ATP/P ratio in
hepatocytes from 1.24 to 0.94 (P<0.01) and a drastic increase in intracellular Na* from 17 to 49
mM (P<0.0005). A decrease in bioenergetic status after CCl, treatment may lead to a decrease in
intracellular water diffusion that plays an important role in total tissue ADC as well [1].

Thus, a biexponential model for analysis of non-invasive DWI provides important in-
formation about toxic transformation in the capillary liver tissue perfusion and water molecular
diffusion. Recognition of both perfusion and diffusion components of water ADC may be impor-
tant for monitoring response to therapy of liver disease, such as steatosis, fibrosis, hepatitis, and
cirrhosis.

Conclusion
CCl, treatment caused decreases in both fast and slow apparent diffusion coefficient of
water in rat liver measured by DWI, as well as a decrease in contrast agent uptake measured by
DCE 'H MRI. DWI should prove useful in assessment of liver damage in diffuse liver diseases
without the need for a contrast agent.
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JOCJIKEHHA NEP®Y3IMHUAX TA TU®Y3IMHUX MTPOIECIB
3A JOIIOMOI'O10 SIMP Y TEYIHII IIYPIB, IHTOKCUKOBAHUX
KAPBOHTETPAXJIOPHUJIOM
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Jns mocmimkeHHsT Tepdy3iifHAX MpoIeciB y IMediHIl OIypiB, iHTOKCHKOBaHIN
kapOonTerpaxiopugom (CCl)), BukopucTani augys3ifiHo-rpaJicHTHHH 1 TMHAMIYHO-KOH-
TPACTHHH METOIH SIIEPHOTO MarHiTHOTO pe3oHaHcy (SIMP). IlomkomkeHHs TIEYiHKA BU-
KJIMKaJIA OJHOPA30BUM BHYTPiNIHLONLTYHKOBMM BBeeHHAM cymimi CCl, i kykypynsauoi
omii. CCl, BUKJIMKaB 3MEHIIEHHS IIBHIKOIO (NMEpy3iHHOro) Ta MoBiIbHOTO (IuQy3iHHOrO)
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KOMITOHEHTIB Koedimienta audy3ii BoaM, skuil BUMIpioBaiu AuQy3iiiHO-Tpagi€eHTHUM
SIMP. Opnepxani nani OynM 4acTKOBO MiATBEPXKEHI NTUHAMi4HO-KOHTpacTHUM SIMP, mo
3a¢ikcyBaB 3MEHILICHHS IIBHIKOCTI HArpPOMAaJPKEHHsS KOHTPACTHOI PEYOBHHH TaIO0JiHIIO
B IHTOKCHKOBaHiM mediHmi. Omxke, Meton audysiiHO-TpagienTHOro SIMP mae 3mory
HEIHBAa3MBHO JOCITI/UKYBAaTH TOIIKO[UKEHHS TIEUiHKM Oe3 BHUKOPUCTAHHS KOHTPACTHHUX
Mpemnaparis.

Kniouoei cnosa: nedinka, CCl,, IMP, nepdysis, mudysis oau.

HNCCIEAOBAHUA HEP®Y3NOHHBIX U TU®DPY3UOHHBIX ITPONECCOB
C MIOMOIbIO AMP B IIEYEHU KPbIC, THTOKCULIUPOBAHHbIX
KAPBOHTETPAXJIOPUIOM
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Jnst  wmccrnenoBaHust  nepQy3HOHHBIX — IIPOLECCOB B IEYEHH  KPEIC,
MHTOKCHIIMPOBaHHOH kapOonTerpaxiopuaom (CCl,), ucmonb3osanbl nuddy3HOHHO-
TpaJUeHTHBI M AUHAMHYECKU-KOHTPACTHBIA METOBI SIEPHOTO MAarHUTHOTO PE30HaHCa
(SIMP). IoBpexaeHue IeUCHN BBI3BIBAIN BHYTPHIKEIYIOYHBIM OJHOPA30BEIM BBEICHHEM
cmecu CCl, u kykypysnoro macna. CCl, BbI3bIBaT yMEHbIIEHHE OBICTPOH (TIEppY3HOHHOIH)
1 MeuteHHOH (g dy3HoHHOIT) cocTaBistoneld kodgduimenta 1uddy3un Boibl, KOTOPHIi
H3MEpSUIH ¢ moMolnbio  anddysnonHo-rpaguentHoro SIMP.  [lomydennsle jnaHHBIC
OBUT YaCTHYHO ITOATBEP)KAEHBI METOJOM JHHAMUYHO-KOHTpacTHOro SIMP, kortopsrit
3a()MKCHPOBAJl YMEHBIIICHUE CKOPOCTH HAKOILICHHs KOHTPACTHOTO BELIECTBA I'aJIOJIMHUS B
HMHTOKCHIIMPOBaHHOI medeHn. Takum obGpasom, metoxn auddysnonno-rpaguentHoro SIMP
103BOJISIET HEMHBA3UBHO HCCIIE0BATh IIOBPEXKICHUS IIEYeHH 0€3 IIPUMEHEHUS KOTPACTHBIX
BEIIECTB.

Knioueswie cnosa: neuenn, CCl,, SIMP, nepdysus, nudpdysns BomsL.



