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Hepatocellular carcinoma (HCC) and liver metastases are an increasing problem
worldwide. Non-invasive methods for understanding of HCC growth mechanisms are
highly desirable. A biexponential model for analysis of non-invasive diffusion-weighted
"H magnetic resonance imaging (MRI) provides important information about neoplastic
transformation in capillary liver tissue perfusion and water molecular diffusion. Fast and
slow components of water apparent diffusion coefficient (ADC) were separated in the
normal rat liver, intrahepatic, and subcutaneous HCCs. MRI was acquired with a Varian
9.4 T horizontal bore system. The fast component of ADC (ADC,_ ), which contributes
38% to total signal in the intrahepatic HCC, was significantly lower compared to normal
liver value, while the slow component of ADC did not differ in liver, intrahepatic, and
subcutaneous HCCs. A decrease in ADC, may be caused by restricted perfusion in
abnormal tumor microvessels. Thus, a reported earlier decrease in ADC in HCC com-
pared to normal liver was mostly due to a decreased in tumor perfusion rather than
a decrease in water diffusion. Subcutaneous HCC showed a very limited vasculature
development, which makes the tumor perfusion extremely poor and hypoxic. Simultane-
ous monitoring of water ADC changes in orthotopic and subcutaneous HCCs may be
useful, but a possibility of location-based physiological and metabolic differences must
be recognized.

Keywords: hepatocellular carcinoma, 'H-MRI, apparent diffusion coefficient, per-
fusion, tumor location.

INTRODUCTION

Hepatocellular carcinoma (HCC) and liver metastases from other tumors are an
increasing problem worldwide due to the major risk factors of HCC growth, such as cir-
rhosis and hepatitis, which cause genetic changes that lead to neoplastic transforma-
tions [19]. Measurements of apparent diffusion coefficient of water (ADC) by diffusion-
weighted 'H magnetic resonance imaging (MRI) has potential values in characterizing
hepatic pathological alterations, differentiating between malignant and benign tumors,
and estimating of therapy efficacy [21, 23, 26]. As a quantitative parameter calculated
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from diffusion-weighted 'H MRI (DWI), water ADC may reflect not only diffusion that
represents mostly the Brownian motion of the water molecules, but also perfusion in
microvessels, particularly in tissues with a rich vasculature such as normal liver and
intrahepatic HCC [10]. Previous studies showed that for low strength of the diffusion
weighting (b-values < 100 s/mm?) perfusion dominated diffusion by a factor of 10. How-
ever, by using high b-values (> 500 s/mm?), the influence of perfusion is largely attenu-
ated [5]. Water ADC in HCC, metastases, and hepatic angiomas are generally reported
to be mostly higher than those of hepatic parenchyma, but lower ADC in the tumor tis-
sue has been also detected [5]. In addition to molecular diffusion and tissue perfusion,
in vivo ADC measurements can be sensitive to respiratory and cardiac motion [18]. In
human studies the effects of respiratory motion can be significantly reduced by perform-
ing diffusion studies in a single breath hold with rapid imaging techniques (e.g. echo
planar imaging) [9]. In animal studies, in order to avoid possible motion artifacts and/or
to obtain high quality MRI, subcutaneous tumor models instead of orthotopic models are
frequently used [4, 11, 14, 15, 20, 24, 27]. However, tumor location can have a dra-
matic impact on water ADC values due to variation in vascularity, cell packing, and in-
tratumor temperature [6-8, 12]. The tumor microenvironment can also be significantly
affecting by nearby host tissue influencing water ADC in the tumor. Therefore, ADC in
subcutaneous and intrahepatic tumors can be different and may change in distinctive
way with tumor growth. To our knowledge, simultaneous assessment of perfusion and
diffusion in intrahepatic and subcutaneous HCCs has not been performed.

In this study, the perfusion (b-values = 0, 10, 20, 30, and 100 s/mm?) and diffusion
(b-values = 220, 350, 600, 1000, and 1600 s/mm?) components of water ADC in rat liver,
and intrahepatic and subcutaneous HCCs were compared. The objective of the study was
to evaluate possible contribution of capillary tissue perfusion and water molecular diffusion
in diffusion-weighted 'H-MRI (DWI) of HCCs located intrahepatically and subcutaneously.

MATERIALS AND METHODS

Tumor model: All animal studies were approved by the Indiana University Institu-
tional Animal Care and Use Committee. N1S1 cells (American Type Tissue Culture Col-
lection, Bethesda, MD, USA), a rat Novikoff hepatoma cell line, was maintained as an
exponentially growing suspension in Iscove modified Dulbecco’s Medium (Sigma-Al-
drich, St. Louis, MO, USA). Male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA)
approximately 12—13 weeks of age were anesthetized with isoflurane (2%) in medical
air for tumor inoculation. To initiate the intrahepatic and subcutaneous tumors, 10° cells
in 0.1 ml phosphate buffered saline solution were injected in the left lateral lobe of the
liver and 107 cells were inoculated under the skin on the thigh, respectively. Each animal
was imaged 21 (intrahepatic HCC) or 28 days (subcutaneous HCC) after injection of
cells. Tumor volume was measured from T,'H images with b-value = 0 s/mm?.

MRI experiments: All in vivo MRIs were acquired with a 9.4 Tesla, 31-cm horizontal
bore system (Varian, Palo Alto, CA, USA). Animals were anesthetized with 1-1.5% iso-
flurane delivered in medical 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 temperature in the space surrounding the animal and
the animal core body temperature at 26-28°C and 32-36°C, respectively. Respiration
was monitored with a physiological monitoring and gating system (SA Instruments, Stony
Brook, NY, USA) using a pneumatic pillow located under the animal’'s abdominal area.
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'H MRI: Water ADC of the HCCs and normal liver tissue was measured with a 63-mm
birdcage coil. A multi-slice DWI sequence with the following imaging parameters was
used: 1,100 ms repetition time, 21 ms echo time, 256x128 data points over a 80x80
field of view, 0.5 mm slice thickness, 1.5 mm slice gap, and b =0, 10, 20, 30, 100, 220,
350, 600, 1000, and 1600 s/mm?. In case of intrahepatic HCC respiratory gating was
used to minimize the motion effect on water ADC. In addition, the animal respiration rate
was brought to a relatively stable level (40+2 breaths/min) to minimize variation in rep-
etition time by slightly adjusted the isoflurane anesthesia. Total data collection time for
a set of DWI at the ten b values was ~23 min.

Data analysis and statistics: 'H images were reconstructed by using the Image
Browser software (Varian, Palo Alto, CA, USA). Tumor volume and average water ADC
were determined over a three-dimensional volume of interest for each temporal mea-
surement. PSI-PLOT software was used to analyze ADC,__ and ADC__ components.
DWI signal intensity (SI) versus b value data were fit to the following biexponential equa-
tion for normal liver and intrahepatic HCC: , where A is signal intensity for a b= 0 s/mm?,
ADC,_, and ADC__, are the fast and slow ADC component 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 fraction of
fast moving ADC. A monoexponential equation was used for subcutaneous HCC.

All statistical data are presented as the mean + standard error of mean (SEM) and
represent the range across a cohort of animals. In figures 2, 4, and 6, the error bars show
only one side of the symmetric values for clear visibility. Analysis of the data was per-
formed using Student’s t-test. A P value J 0.05 was used to define statistical significance.

RESULTS

Transaxial sections of DWI of the rat liver, intrahepatic and subcutaneous HCCs
collected using ten b values are shown in Fig. 1. Both intrahepatic and subcutaneous
HCCs are marked by T-arrows and liver is marked by L-arrow while reference contain-
ing 0.03% NaCl is marked by R- arrow. The images of the liver containing HCC was
slightly blurred with b-values of 100-1600 s/mm? even though they were collected with
respiratory gating, nevertheless, the ADC map showed only a fair motion effect in the
liver region [1, 2]. DWI of subcutaneous HCC did not show any blurring (Fig. 1).

The mean DWI signal intensity vs. b-values in intrahepatic and subcutaneous
HCCs, and nearby normal liver is shown in Fig. 2. In intrahepatic and subcutaneous
HCCs, 'H signal intensity with b = 0 s/mm? was almost 2 and 1.5 times higher, respec-
tively, compared to normal liver (Fig. 2). In normal liver and intrahepatic HCC, the curves
that describe the DWI signal intensity changes with different b-values were biexponen-
tial, reflecting significant contribution of the circulatory system. In subcutaneous HCC,
the curve that describes the DWI signal intensity changes with different b-values was
monoexponential, reflecting very poor development of the circulatory system (Fig. 2).

Table 1 presents the characteristics of fast and slow components of water ADC in
the liver, intrahepatic and subcutaneous HCCs. A, in the liver was 0.31, while the values
of ADC,__ and ADC__ were 20.2 and 0.70 mm?/s, respectively. In the intrahepatic HCC,
A was 0.38, while the value of ADC__ was lower (9.35 mm?/s, P=0.05) and ADC_  was
similar (0.70 mm?/s) compared to the healthy liver. In subcutaneous HCC model, ADC__,
(0.65 mm?/s) did not differ compared to intrahepatic HCC and liver (Table 1). The diffu-
sion coefficient of water in the reference was always 2.3+0.01x10-* mm?/s, as measured
by using monoexponential curve or ADC map [2].
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Table 1. Fast and slow components of water ADC in rat liver, intrahepatic (IH) and sub-
cutaneous (SC) HCC

Tabnuys 1. LiBuagka Ta noBinbHa KOMNOHEHTU KoedilieHTa Andy3ii Boau y nediHui, opto-
TonHin (IH) i nigwkipHin (SC) renaTokniTUHHIN KapLMHOMI Liypa

Parameter Liver IH-HCC SC-HCC
A, 99+7 193 +£13° 163+ 9
A, 0.31+0.05 0.38 £ 0.05 0
ADC_, 20.2+5.3 9.35+1.62 -
ADC,_ . 0.70+0.08 0.70 £ 0.09 0.65 + 0.02

Comment: * — P < 0.05 comparing to liver.

MpumiTtka: * — P < 0,05 NopiBHSAHO 3 NeYiHKOL0.

Live & IH-HCC

SC-HCC

Fig. 1. Representative transaxial slices of diffusion-weighted 'H MRI of the rat liver, intrahepatic (IH) and
subcutaneous (SC) HCC with different b values. HCCs, liver and reference are marked by arrows T,
L and R, respectively. b-values are in s/mm?. The tube filled by 0.3 mM NaCl was used as a reference

Puc. 1. Tunosi 306paxeHHs nonepevHux 3pisie AndysiHo-rpagieHTHoro 'H-marHiTHOro pesaoHaHcy nediHku
wypis, optotonHoi (IH) Ta nigwkipHoi (SC) renaToKNiTUHHOI KapUMHOMW 3 PI3HUMU 3HAYEHHAMM b.
KapumHomu, HopmanbHa neviHka i cTaHgapT nosHadeHi BignosigHo ctpinkamu T, L i R. 3Ha4eHHst b
npeacTaeneHi B c/mm?. CTangapTtom cnyryearna npo6ipka i3 0,3 mM NaCl
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1 — Liver
2 — Intrahepatic HCC
3 — Subcutaneous HCC
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Fig. 2. Perfusion and diffusion component of ADC in rat liver, intrahepatic and subcutaneous HCCs (mean +
SEM, n = 8). The signal intensity in liver with b = 0 s/mm?is normalized to 100. Shading indicates the
perfusion component area

Puc. 2. MNepdysinHnii i AndysiiHnn KOMNOHEHTU koedilieHTa Andysii Boan y nediHui, opTOTONHIN i NiALLKip-
Hill renaTokNiTUHHIN kapumHomax Lwypis (M £ m, n = 8). IHTEHCMBHICTb curHany B neviHui 3 b = 0 c/mMm?
HopmarnisoBaHa o 100. 3aTiHeHHs1 BKa3ye Ha AinsHKy nepdysiinHOi KOMMNOHEHTN

Fig.3 shows selective X-ray angiography of the normal hepatic, intrahepatic HCC,
and subcutaneous HCC vascularity when barium suspension was injected into the heart.
The normal hepatic tissue has very well developed and structural vascular system (7).
Intrahepatic HCC has less developed vasculature (2) compared to normal liver tissue but
still is fine compared to other tumor tissue. Large subcutaneous HCC shows very limited
vasculature development (3), which makes the tumor extremely unperfused and hypoxic.

Fig. 3. Selective X-ray angiography of normal liver (7), intrahepatic HCC (2), and subcutaneous HCC (3).
Barium suspension was injected into the heart by syringe

Puc. 3. PeHTreniscbka aHriorpadis HopmanbHoOi nediHku (1), opToTonHoi (2) Ta MiALLKIPHOI renaTokniTUHHOT
kapuvHomu (3). CycneHsito H6apito 6yrno BBeeHO B cepLie 3a AONOMOroto Lwnpuua
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DISCUSSION

In this work, the perfusion and diffusion components of water ADC in the rat liver,
intrahepatic and subcutaneous HCCs were compared to evaluate the possible contribu-
tion of capillary tissue perfusion in DWI of HCCs located orthotopically and under the
skin. Water ADC measurements in HCC, metastases, and hepatic angiomas are usu-
ally higher than those of hepatic parenchyma [7]. A higher ADC in intrahepatic HCC
compared to the nearby liver has also been reported in previous human studies [5, 11,
17, 25]. The common explanation of this effect invokes less differentiation of tumor cells
and a net increase in the tumor relative extracellular space (ECS). Histology of intrahe-
patic HCC and liver after the last MRI experiment showed that relative ECS in the viable
tumor regions was larger than in the healthy liver mostly due to reduction in cellular
cytoplasm [2]. Furthermore, intrahepatic HCC contained areas of inflammation and ne-
crosis with a large ECS in which water diffusion could be faster compared to the intra-
cellular space [1, 16]. However, traditional DWI measurements include a contributory
perfusion component, particularly in tissues with a rich vasculature such as intrahepatic
HCC. The presented data show that ADC__,, which contributes 38% to the total signal in
intrahepatic HCC, is significantly lower compared to the normal liver value. This de-
crease may be caused by restricted perfusion in abnormal tumor microvessels. Thus,
earlier reported decrease in ADC in HCC compared to normal liver when mono-expo-
nential analysis of ADC maps has been used, was mostly due to perfusion decreased
in tumor rather than a restriction in water diffusion [2, 3]. The X-ray angiography shows
that normal hepatic tissue has superior vascular system while vascularity of HCC de-
pends on the tumor location. Intrahepatic HCC possesses less developed vasculature
then normal liver, but is still relatively rich compared to other tumor tissues [22]. Subcu-
taneous HCC shows very limited vasculature development, which makes the tumor
perfusion extremely poor and hypoxic. DWI data support this conclusion not-showing
ADC,__ component in HCC under the skin.

Respiratory motion may also contribute to ADC__ because the motion artifact was
clearly visible in liver bearing HCC. However, the motion did not affect ADC_ which was
similar to that of subcutaneous HCC which is insensitive to abdominal motion. Thus, in
subcutaneous HCC, the earlier reported water ADC could be lower than the intrahepatic
HCC due to small vascular space and very low perfusion. To further support this explana-
tion, additional histology and immunohistochemistry experiments should be done.

Thus, simultaneous monitoring of water ADC changes in intrahepatic and subcuta-
neous HCCs may be useful, but the possibility of location-based physiological and
metabolic differences must be recognized. Vascular architecture and its response to
therapy not only vary among tumor types, but may differ between transplanted and
spontaneous tumors [8]. These differences may lead to different altering in ADC to
chemo-, radio-, or immunotherapy.

CONCLUSION

A biexponential model for analysis of non-invasive DWI provides important informa-
tion about neoplastic transformation in capillary liver tissue perfusion and water molecu-
lar diffusion. Recognition of both perfusion and diffusion components of water ADC may
be important for monitoring tumor growth and response to therapy of orthotopic and
metastatic HCC.
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TA NIAWKIPHOI FENATOKNITUHHOI KAPLUUHOMW Y LLYYPIB
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HeiHBa3uBHi MeToaM OOCNIAXEHHS KapuUUMHOMM MEYiHKM Ta pakoBMX MeTacTasis
Yy LbOMY OpraHi 3anviialTbCs Haa3BMYaHO akTyarnbHUMU A8 BUBYEHHS MEXaHi3miB
KaHLEepOreHH1X nepeTBopeHb, PaHHbOT AiarHOCTUKM M OLIHKW edeKTUBHOCTI Ximio- i pa-
piotepanii. [iekcnoHeHuinHa Mogenb aHanisy audysinHo-rpagieHTHnx 'H-306paxeHb
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MarHiTHo-pe3oHaHcHoi Tomorpadii (MPT) renatoknituHHOT kapuuHomu (I'KK) aae amory
OoTpUMaTH BaXXNUBY iHOPMaLLit0 NPO KaHLEepOoreHHi 3aMiHK nepdysii y kaninsgpax neviHku
Ta Andysii Monekyn Boau B Ui TkaHuHI. LLBraka (nepdysinHa) i nosinbHa (andysinHa)
cknapoBi koedilieHTa andysii Bogn (KOB) 6ynun posmexosaHi npy aHanisi KOB y Hop-
MarbHil NeviHui, opToToNnHiIM i migwkipHin MKK. 3o06paxeHHsa MPT peecTpyBanu Ha ro-
pU30OHTarnbHIN ycTaHoBLi cipMu Varian 3a yMOB 30BHILLHbOIO MarHiTHOro Nons 3HayeH-
HAm 9,4 Tn. Y KK, nokanisosaHi y nediHui, wewuaka cknagosa KAB (KOB ), sika cra-
HOBUTb 38% 3aranbHOro curHamny nyxmnuHu, Gyna HWXKYOK MOPIBHSHO i3 HOPMarbHOK
neyviHkow, ToAdi 9K nosinbHa cknagosa KB He BigpisHsanacb y HoOpMarnbHin neviHui Ta
KK, nokanisoBaHux y neviHui Ta nia wkipoto. 3HmxeHHs KOB = mMorno 6yTn BUKnkaHe
obmexeHHAM nepdysii y HEBHOPMOBaHIM cUCTEMI Kaninsapis y NyxXnuHi. Takum YnHOM,
ony6nikoBaHi paHiwe aaHi (Ha nigctasi aHanisy man K[,B 41 3a 4ONOMOroto MOHOEKCMo-
HEHLUiNHOT Moaeni 06paxyHKy) NPO 3HMKEHHS LIbOro NoKa3HMKa 3a yMOB KaHLeporeHe3y
Oynun oOyMOBreHi B OCHOBHOMY CrMOBIfIbHEHHAM Mepdy3iiHux npouecis. OgHo4YacHUn
HeiHBa3nBHUI MOHITOpUHT KB B opToTOnHIiN i nigwwkipHin KK MoxHa BUKOpMCTOBYBaTU
3 ypaxyBaHHAM oi3ionoriyHmx i MeTaboniyHnx 0cobrnmMBOCTEN KaHLeporeHesy pi3Hoi o-
Kanisauil.

Knroyoei cnoea: kapumHoma, nedidka, MPT, nepdysiqa, andysia sogun.
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HevHBa3nBHble MeTOAbI MCCEOBaHWUIA KapLMHOMbI MEYEHN U PaKoBbIX MeTa-
CcTa3 B 3TOM OpraHe MMelT XOpoLUne NepCcrneKkTUBbl NCNONb30BaHWSA B UCCeO0BaHU-
AX MEXaHM3MOB KaHLepOreHHbIX NpeobpasoBaHuni, Npu paHHEN ANarHOCTUKE U OLIEH-
Ke 9(pHEeKTUBHOCTU XUMMO- N pagnotTepanuun. buakcnoHeHumnanbHast MOAENb aHanu-
3a AN Py3MoHHO-rpagmeHTHbIX "H-n3obpakeHnn agepHOro MarHMTHOrO pe3oHaHca
(AMP) renatouenntonsapHor kapumHombl (FLUK) no3sonsieT nony4vaTb BaXKHYH WH-
dopmMaLMIo O KaHLEPOreHHbIX M3MEHEHUAX Nepdy3nn B Kanunnspax neveHu u gud-
dy3nm Monekyn Bogbl B 3Ton TKaHW. beicTpas (nepdy3noHHas) n megneHHas (amd-
dy3noHHas) cocTasnstoLme koadbduuneHta guddysnm sogsl (KOB) 6binn pasgene-
Hbl Npu aHanuse KB B HopmanbHON neyeHn, opToTonHOM 1 nogkoxHon LK. U3o-
OpaxeHua AMP pernctpupoBanu ¢ NOMOLLbIO FOPU3OHTaNbHON YCTAHOBKM (PUPMBbI
Varian npu cune BHewHero marHutHoro nonsa 9,4 Tn. Y UK, nokannanpoBaHHOM
B neyeHu, buictpas komnoHeHTa KB (KOB), kotopas cocTaensiet 38% obuiero curHa-
na onyxonu, bbina HWKe B CPaBHEHUN C HOPMAIIbHOWM NEYEHbO, TOTAa Kak MeaneHHast
COCTaBMALLAsA He oTnMYyanack B HopMarnbHon nedeHn n MUK, nokannsoBaHHbIX OpTO-
TOMHO U NoAKoxHO. CHukeHne KOB. Morno GbiTb BbI3BAHO CHIDKEHWEM Mepdy3unu
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B HEHOPMUPOBAHHON cucteme Kanunnspos onyxonu. B MUK, nokanusoBaHHoW B ne-
yeHu, bbicTpas cocTaBnswwan KOB Obina HMXe B CpaBHEHUU C HOPMasibHOW nede-
HbtO, B TO BpeMs Kak MegneHHaa coctasnawowas KB He oTnvyanack B HOpManbHON
neveHn n LUK, nokannsoBaHHLIX 1 B MeYeHK, U nog koxxen. Taknm obpasom, onyonm-
KOBaHHbI€ paHee OaHHble (Ha ocHoBaHuM kapT KOB nnu ¢ noMoLbio MOHOSKCMOHEH-
umarnbHOM MOLENN aHanm3a) O CHUXKEHUW 3TOro nokasaTens B YCNOBUSIX KaHLepore-
He3a Obinm 0ByCNOBMEHbI B OCHOBHOM CHMXXEHUEM MHTEHCUBHOCTU Nepdy3MOHHbIX
npoueccoB. OgHOBPEMEHHbI HEVMHBA3MBHbIN MOHUTOPUHI KB B OpTOTONHOW M NoA-
KoxxHon 'LIK MOXHO ncnonb3oBaTb C Y4ETOM (PU3NONOTMYECKUX U MEeTabonmniecKkmnx
0COBEHHOCTEN KaHLeporeHesa pasnnyHon fokanuasaumm.

Knrodeesie cnoea: kapumHoma, neveHb, AMP, nepdysus, andpdyaunsa Boabl.
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