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To evaluate the feasibility of using contrast material-en-
hanced computed tomographic (CT) measurements of
hepatic fractional extracellular space (fECS) and macro-
molecular contrast material (MMCM) uptake to measure
severity of liver fibrosis.

All procedures were approved by and executed in ac-
cordance with University of California, San Francisco,
institutional animal care and use committee regulations.
Twenty-one rats that received intragastric CCl, for 0-12
weeks were imaged with respiratory-gated micro-CT by
using both a conventional contrast material and a novel
1odinated MMCM. Histopathologic hepatic fibrosis was
graded qualitatively by using the Ishak fibrosis score and
quantitatively by using morphometry of the fibrosis area.
Hepatic fECS and MMCM uptake were calculated for each
examination and correlated with histopathologic findings
by using uni- and multivariate linear regressions.

Ishak fibrosis scores ranged from a baseline of 0 in un-
treated animals to a maximum of 5. Histopathologic liver
fibrosis area increased from 0.46% to 3.5% over the same
interval. Strong correlations were seen between conven-
tional contrast-enhanced CT measurements of fECS and
both the Ishak fibrosis scores (R* = 0.751, P < .001) and
the fibrosis area (R* = 0.801, P < .001). Strong negative
correlations were observed between uptake of MMCM in
the liver and Ishak fibrosis scores (R? = 0.827, P < .001),
as well as between uptake of MMCM in the liver and fi-
brosis area (R? = 0.643, P = .001). Multivariate linear
regression analysis showed a trend toward independence
for fECS and MMCM uptake in the prediction of Ishak
fibrosis scores, with an R? value of 0.86 (P = .081 and P =
.033, respectively).

Contrast-enhanced CT measurements of fECS and MMCM
uptake are individually capable of being used to estimate
the degree of early hepatic fibrosis in a rat model.

©RSNA, 2012
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here is a pressing need for an ac-

curate and noninvasive method

with which to reliably stage he-
patic fibrosis. Liver biopsy is the most
widely accepted reference standard in
the assessment of hepatic fibrosis, but
it is prone to interobserver variation
(1,2) and sampling error (3-3), and it
is associated with pain in 40% of cases
and with major complications in 0.5%
(6). Current serum biomarker panels
and noninvasive imaging methods are
well suited for use in the identification
of advanced liver fibrosis, but they are
unreliable in distinguishing between
early and intermediate stages of disease
(7-12) where therapy is most likely to
be effective (13-19). The increasing
availability of treatments that halt or
even reverse hepatic fibrosis (20,21)
calls for improvements in noninvasive
measures of fibrosis to permit accu-
rate monitoring of responses to therapy
(20-22). Development of a noninvasive
imaging technique would also enable
wider screening and closer monitoring
of patients at risk for developing diffuse
liver disease.

The liver is generally considered to
be composed of three distinct spaces:
the fractional intravascular space, frac-
tional intracellular space, and fractional
extravascular extracellular space (fEES)
(22). The essential histopathologic fea-
ture of hepatic fibrosis is the expansion
of the fEES secondary to the deposition

Advances in Knowledge

B CT quantification of liver frac-
tional extracellular space (fECS)
has a strong correlation with the
degree of hepatic fibrosis, as
determined with Ishak fibrosis
scores (R? = 0.751) and morpho-
metric measurements of liver
fibrosis area (R = 0.801).

® CT quantification of liver macro-
molecular contrast material
(MMCM) uptake has a strong
negative correlation with the
quantity of hepatic fibrosis, as
determined with Ishak fibrosis
scores (R? = 0.827) and morpho-
metric measurements of liver
fibrosis area (R? = 0.643).

of collagen and matrix proteins (Fig 1)
(23). The fEES accounts for approxi-
mately 15% of the total fluid space in
normal livers, but it can gradually ex-
pand to account for more than 50% of
the volume in patients with advanced
disease (24). No prior study has eval-
uated the potential of using noninvasive
imaging to quantify the expansion of the
fEES as a means of staging hepatic fi-
brosis. Progressive hepatic fibrosis is
also closely associated with a decrease
in the free passage of macromolecules
from the fractional intravascular space
to the fEES due to decreased perme-
ability of the sinusoidal endothelial cells
(25,26). Decreased free transit of nu-
trients and macromolecules, such as al-
bumin, between the fractional intravas-
cular space and the fEES correlate well
with chronic liver disease severity (27).
Unfortunately, published procedures to
test macromolecule uptake by the liver
are highly invasive (27) or technically
involved (26).

While measurement of the fEES is
challenging, quantification of the frac-
tional extracellular space (fECS), which
is the sum of the fEES and fractional in-
travascular space, is relatively simple at
computed tomographic (CT) scanning.
All current water-soluble conventional
noncholangiographic CT contrast mate-
rials, also termed low-molecular-weight
contrast materials, pass freely between
the intravascular space and the fEES of
the liver but are not taken up by living
cells (28). The ability of small molecules
to pass from the intravascular space to
the fEES is high, even in the setting of
cirrhosis (27). As such, soon after par-
enteral injection, the distribution of con-
ventional low-molecular-weight contrast
material reaches an equilibrium in which
the concentration of contrast material is
similar between the intravascular space

Implication for Patient Care

B Contrast-enhanced CT measure-
ments of fECS and MMCM
uptake may be useful semiquanti-
tative markers of liver fibrosis
and could enable noninvasive
monitoring of liver disease
severity.

and the fEES. Images acquired at this
time are commonly referred to as equi-
librium phase images. Since the con-
centration of contrast material at CT is
directly proportional to the CT attenua-
tion, the fECS is simply estimated as the
ratio of enhancement of the liver paren-
chyma to enhancement of the blood pool
multiplied by the difference of 1 minus
the hematocrit value during the equilib-
rium phase. Furthermore, macromole-
cule uptake across microvessels can be
readily measured using macromolecular
contrast materials (MMCMs) (29,30).
In the present study, we evaluated the
potential of using contrast material-en-
hanced CT measurements of hepatic
fECS and MMCM uptake to estimate
the degree of hepatic fibrosis in a CCl,
rat model of chronic liver disease.

Materials and Methods

Animal Model

All procedures were approved by and
executed in accordance with the regu-
lations of the University of California,
San Francisco, institutional animal
care and use committee. Experiments
were performed with a cohort of 21
Sprague-Dawley rats (Charles River
Laboratories; Wilmington, Mass), each
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Abbreviations:

fECS = fractional extracellular space

fEES = fractional extravascular extracellular space
MMCM = macromolecular contrast material

ROI = region of interest
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initially weighing 139-150 g. Eighteen
rats underwent a 2-week phenobarbi-
tal induction to sensitize the livers to
CCl, by using 35 mg/dL phenobarbital
in drinking water (31). Hepatic fibro-
sis was then induced by administer-
ing weekly intragastric CCl, doses, as
previously described by Proctor and
Chatamra (32). Every 2 weeks for
a total of 12 weeks after the start of
CCl, administration, three randomly se-
lected rats underwent CT imaging and
then were sacrificed for histopathologic
analysis of the liver. Each group was
imaged a week after the last dose of
CCl, was administered. Three control
rats were scanned at the beginning of
the study without receiving any pheno-
barbital or CCl,. The hematocrit level
was measured in each rat just prior to
conventional contrast-enhanced CT.

Contrast Material

Conventional  extracellular  contrast
material (iohexol, Omnipaque 300;
GE Healthcare, Madison, Wis) was
used as the low-molecular-weight con-
trast material. The MMCM used in
this study, PEG12000-Gen4-10B, was
synthesized according to a previously
reported method (33). This iodine-con-
taining macromolecule has a blood pool
distribution with an elimination half-life
of 36 minutes and a molecular weight of
36 kDa, and it behaves like a protein of
approximately 100 kDa based on size-
exclusion high-performance liquid chro-
matography analysis. This contrast-en-
hancing macromolecule was formulated
as a solution for intravenous injection
with a concentration of 75 mg of iodine
per milliliter. More information about
the synthesis and attributes of this
compound can be found in Appendix
E1 (online). The dose of both contrast
materials used in this study was 600 mg
of iodine per kilogram of body weight.

CT Scans

Each animal was imaged on two consec-
utive days, with low-molecular-weight
contrast material administered on the
1st day and MMCM administered on
the 2nd day. The CT scans were con-
ducted with a micro-CT scanner (In-
veon microCAT II; Siemens Healthcare,

Liver Fibrosis

Normal Liver

Sinusoid

endothelial cells ~_

Figure 1:

Schematic representation of liver spaces and histology in a normal liver and a liver with fibrosis.

The three principle physiologic spaces in normal liver tissue are intravascular space (/VS), intracellular
space (ICS), and extravascular extracellular space (EES). The fECS is the sum of the intravascular space
and extravascular extracellular space. Fenestrations are present in normal liver sinusoid endothelial cells. In
liver fibrosis, the extracellular space enlarges due to collagen deposition in the space of Disse, and sinusoid
endothelial cell fenestrations diminish in number or disappear.

Malvern, Pa) with the following param-
eters: 80-kVp x-ray tube voltage, 500
RA, 175-msec exposure time per step,
and 180 angular samples over 360°
in a step-and-shoot mode. The data
were acquired in a 4096 X 3968 X 180
matrix and were reconstructed by using
a modified cone-beam Feldkamp algo-
rithm developed by Exxim Computing
(Pleasanton, Calif) resulting in 512 X
512 X 448 matrices with an isotropic
pixel size of 95.34 pm. Prospective re-
spiratory gating was performed by using
a pressure-sensitive pad (Biovet; M2M
Imaging, Cleveland, Ohio) placed on
the abdomen of the animals for all CT
scans. For each imaging session, both
a precontrast series and a postcontrast
series were acquired, with an average
scanning time of 9 minutes per series,
which was started approximately 1 mi-
nute after contrast material injection.
As such, the contrast material was in
the equilibrium phase of enhancement
for the majority of the imaging time.

Image Analysis

All images were analyzed in consensus
by a trainee (V.V.) and an attending
abdominal radiologist with 10 years

of subspecialty experience (B.M.Y.)
using a Digital Imaging and Commu-
nications in Medicine image viewer
(OsiriX version 3.8.1; Pixmeo, Ge-
neva, Switzerland). This analysis was
performed sequentially over time, and
observers were blinded to the results
of histopathology and morphometry
but not to CCl, exposure. Hepatic at-
tenuation was measured by calculat-
ing the average attenuation value (in
Hounsfield units) of four 0.250-cm? re-
gions of interest (ROIs), with two ROIs
placed in each hepatic lobe (Fig 2)
with care to avoid large blood vessels
or areas of obvious image artifact. The
blood pool attenuation was measured
by calculating the average attenuation
value for three 0.35-mm? ROlIs placed in
the thoracic inferior vena cava (Fig 2),
with care to confine the ROI to the lu-
men of the blood vessel. The hepatic
fECS was calculated by using the av-
eraged ROI values from the conven-
tional contrast-enhanced scan and the
following equation: fECS = (L L )
/(A—A,) X (1=Het), where L
and Lpre are post- and precontrast liver
ROI values, respectively; Apost and Apre
are post- and precontrast aorta ROI

Radiology: \/olume 266: Number 1—January 2013 = radiology.rsna.org
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values, respectively; and Hct is the
hematocrit level. The hepatic MMCM
uptake was calculated by using similar
averaged ROI values from the MMCM
scans and the same equation.

Ishak Fibrosis Score

The degree of hepatic fibrosis was staged
pathologically by using picrosirius red-
stained liver slices. Two slices, one from
each lobe of the liver, were assigned an
Ishak fibrosis score (0-6) and an Ishak
necroinflammation score (0-18) (34)
by an attending liver pathologist (S.K.)
with 10 years of experience in a blinded
fashion. In the case of discordant scores
between the two lobes, the higher stage
was used in the statistical analysis.

Morphometric Measurement of Hepatic
Fibrosis

The extent of hepatic fibrosis was as-
sessed morphometrically by a hepa-
tologist (J.J.M.) who was blinded to the
degree of rat CCl, exposure. The same
picrosirius red-stained slices that were
used to assign Ishak fibrosis scores (one
tissue slice from the left hepatic lobe
and one from the right) were analyzed
for each liver. Each tissue slice was seri-
ally photographed 20 times at low-power
magnification  (original magnification,
X10) with preset XY stage movements
to eliminate bias. For each tissue slice,
fibrosis was measured as the mean per-
centage of total tissue area stained by pic-
rosirius red per microscopic field (Simple
PCI Software, Hamamatsu, Sewickley,
Pa). White space was not included in
area estimates. The results for the two
tissue slices from each liver were then av-
eraged to obtain the percentage of fibro-
sis area for each rat. This analysis was
also conducted under blinded conditions
by an attending hepatologist (J.J.M.)
with 25 years of subspecialty experience.

Statistical Analysis

Uni- and multivariate linear regression
was used to evaluate the relationship
between the variables calculated at im-
aging, fECS and MMCM uptake, and
the histopathologic reference standards,
Ishak fibrosis score and morphometry.
The R? value was used to assess the
strength of this correlation, and P values

Figure 2

Figure 2:  Micro-CT images and image processing. (a) Precontrast thoracic inferior vena cava and one of
three ROIs used to measure blood pool attenuation. (b) Postcontrast inferior vena cava and corresponding
ROL. (c) Precontrast liver and one of four ROIs used to measure hepatic attenuation. (d) Postcontrast liver and

corresponding ROI.

less than .05 were considered to indicate
a significant difference. Since all Ishak
scores for necroinflammation were be-
tween O and 1, necroinflammation was
excluded from analysis. The statistical
analysis was performed (V.V., B.M.Y.)
with computer software (Stata, version
8.0; Stata, College Station, Tex).

Carbon Tetrachloride Model

Ishak fibrosis scores ranged from O to
5 for the rats exposed to CCl,, while
Ishak scores for the control animals,
which did not receive CCl,, were all 0.
The distribution of Ishak scores was as
follows: Three rats had an Ishak score
of 0; two rats, an Ishak score of 1; one
rat, an Ishak score of 2; six rats, an Ishak
score of 3; seven rats, an Ishak score of
4; and two rats, an Ishak score of 5. No
rats had an Ishak score of 6. Nine of the

treated animals had early stage hepatic
fibrosis (Ishak fibrosis score of 0-3), and
another nine had late-stage hepatic fibro-
sis (Ishak fibrosis score of 4 or 5) (Fig 3).
None of the rats had frank cirrhosis, as
designated by an Ishak score of 6. The
distribution of necroinflammation scores
was as follows: Nineteen rats had an Ishak
score of 0, and two rats had an Ishak
score of 1. Since no rats had necroin-
flammation scores of 2-18, necroinflam-
mation was excluded from uni- and mul-
tivariate analyses. Morphometric analysis
indicated that the amount of fibrosis in
the rat livers ranged from 0.46% to 3.5%
of the total liver area. One animal from
the 10-week CCl, group was excluded
from liver morphometry analysis due to
inadecuate histologic staining.

fECS Estimates

Twenty-one animals successfully under-
went CT scanning with low-molecular-
weight contrast materials. The calculated
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Figure 3

Figure 3:  Photomicrographs of picrosirius red-stained liver slices. A, Slice obtained in a control animal with
an Ishak fibrosis score of O (original magnification, X5). B, Closer look at the same slice shown in A (original

magnification, X10). C, Slice obtained in an animal that received CCl, with an Ishak fibrosis score of 4 (origi-
nal magnification, x5). D, Closer look at the same slice shown in C (original magnification, X<10).

CT scan estimates of the fECS ranged
from 11% to 37% (Fig 4). There was a
strong correlation between fECS esti-
mates and Ishak fibrosis scores (R* =
0.7531, P < .001), as well as between
fECS estimates and the liver fibrosis
area (R*> = 0.801, P < .001) (Fig 4,
Table 1).

Macromolecule Uptake

Nineteen animals subsequently un-
derwent successful CT with MMCM.
MMCM was not successfully delivered
to two rats due to poor tail vein access;
one rat was in the 2-week CCl, group,
and the other was in the 8-week group.
A strong negative correlation was ob-
served between the hepatic uptake of
MMCM and the Ishak fibrosis score (R?
= 0.827, P < .001), as well as between
the hepatic uptake of MMCM and the
liver fibrosis area (R?=0.643, P < .001)
(Fig 4, Table 1). Multivariate linear re-
gression showed a trend toward inde-
pendence for MMCM uptake and fECS
in the prediction of Ishak fibrosis scores

(adjusted R? value, 0.860; P = .081 and
P = .033, respectively) (Table 2).

Our results show that for early- and in-
termediate-stage liver fibrosis, CT mea-
surements of both fECS and MMCM up-
take individually correlate well with the
degree of hepatic fibrosis, as measured
with two histopathologic standards, the
Ishak fibrosis score and morphometric
measurements of fibrosis. Multivariate
linear regression analysis also shows
that there is a trend toward significance
for these two contrast-enhanced CT es-
timates to be independent predictors of
liver fibrosis.

Several noninvasive methods are
currently under investigation for the
quantification of liver fibrosis. These
methods can be divided into two main
categories: serum panels and imaging.
Serum panels are useful when measur-
ing the rate of hepatic fibrosis over time
because they are readily performed on

small samples of blood. While they are
useful in excluding advanced fibrosis,
they are unsuitable for staging because
they cannot be used to reliably quan-
tify the extent or regional distribution
of hepatic fibrosis (7,8,35). The most
widely successful imaging techniques
focus on tissue strain imaging, known
as elastography, and may be performed
with either ultrasonography or magnetic
resonance (MR) imaging. Like serum
measurement, they are currently most
reliable for distinguishing between early-
and late-stage fibrosis (9,10). Dynamic
contrast-enhanced CT and MR imaging,
which focus on the initial phases of con-
trast material wash-in and washout, are
technically challenging and require mul-
tiple repeat studies and do not appear
as robust in the differentiation between
early and late stages of liver injury
(11,36). These CT and MR imaging tech-
niques also typically require dedicated
expertise (10,12,37).

The contrast-enhanced CT method
we used to calculate fECS is complemen-
tary to these published methods in that
it is used to study a distinctly different
aspect of liver fibrosis than tissue strain
or first-pass contrast kinetics. Instead,
our low-molecular-weight contrast ma-
terial method focuses on the equilibrium
phase for fECS measurements and hence
requires only two image sets: an unen-
hanced series and a delayed series. This
method should be readily applicable to
clinical scanning, with minimal disrup-
tion to current clinical protocols. How-
ever, the minimum scan delay for reliable
estimation of the fECS is not well defined
and is likely to be several minutes longer
than is typical for current liver imag-
ing protocols, particularly when a large
amount of fibrosis is present. Prior stud-
ies of fibrous scars and fibrotic tumors
of the liver, such as cholangiocarcinomas,
suggest that scan delays of at least 10-15
minutes are needed for optimal visuali-
zation of related fibrosis (38,39). While
our preliminary results are promising,
further work is needed to validate the
value of equilibrium phase imaging in
the evaluation of liver fibrosis in different
scenarios, such as active liver inflamma-
tion or elevated hepatic venous pressures
from right-sided heart failure, which may
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also result in expansion of the extracellu-
lar space. In our CCl, liver fibrosis model,
substantial liver inflammation was not
present. Notably, such confounders also
affect both serologic and stiffness tests of
hepatic fibrosis.

We hypothesize that the strong in-
verse correlation we observed between
MMCM uptake and hepatic fibrosis se-
verity relates to the known reduction
in the permeability of liver sinusoidal
endothelial cells to macromolecules
in the setting of hepatic fibrosis. The
PEG12000-Gen 4-10B contrast material
was designed to be biocompatible, po-
tentially clinically feasible, and similar
in size to albumin. Previous invasive
studies have shown that the uptake of
labeled albumin in a surgical in situ
liver perfusion model dramatically de-
creases in cirrhotic livers due to the
loss of functional sinusoidal endothelial
fenestrations (25). A prior MR imaging
study on rabbits also showed a reduced
distribution volume of macromolecules
in fibrotic livers (26). Our MMCM re-
sults build on this prior work by dem-
onstrating a strong correlation between
a simplified noninvasive CT scanning
measure and hepatic fibrosis. Further
work will be needed to optimize the
measurements of MMCM uptake. In
particular, a study is needed to address
the question of whether simple delayed
imaging scans or repeated dynamic
contrast-enhanced imaging with kinetic
fitting to two-compartment models are
best for obtaining robust results (29).

There were several limitations to
our study. First, micro-CT rather than
clinical CT was used for the scans.
While this provided slightly greater
spatial resolution than that available
with a clinical CT scanner and enabled
the use of respiratory gating, the ac-
quisition time was much longer than
that with a clinical scanner and thus
predisposed the images to whole-body
motion artifacts. Second, frank cirrho-
sis, which is characterized as an Ishak
fibrosis score of 6, was not induced in
our animal cohort. We focused on the
early and intermediate stages of fibro-
sis, and future work will be needed to
validate these results in the setting of
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Figure 4:  Scatterplots of calculated fECS and MMCM uptake values against two histopathologic standards,
Ishak fibrosis scores and morphometric measurements of percent fibrosis area. Lines in each plot represent
regression lines used to predict the reference standard outcomes from the relevant CT measures. (a) Cor-
rected fECS versus percent fibrosis area. (b) Corrected fECS versus Ishak fibrosis scores. (¢) MMCM uptake
versus percent fibrosis area. (d) MMCM uptake versus Ishak fibrosis scores.

Univariate Linear Regression Analysis Comparing CT Quantification of fECS and
MMCM Uptake with Histopathologic Measures of Hepatic Fibrosis

Percent Fibrosis Area Ishak Score
Variable R?Value PValue R?Value PValue
fECS 0.801 <.001 0.751 <.001
MMCM uptake 0.643 <.001 0.827 <.001
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Table 2

Multivariate Linear Regression Analysis Comparing CT Quantification of fECS and
MMCM Uptake to Histopathologic Measures of Hepatic Fibrosis

Percent Fibrosis Area Ishak Score
Variable R? Value PValue R?Value PValue
fECS 0.803 .003 0.860 .081
MMCM uptake .875 .033
more severe hepatic fibrosis. Never- 3. Poniachik J, Bernstein DE, Reddy KR, et

theless, the accurate quantification of
early- and intermediate-stage liver fi-
brosis is of greatest clinical need since
these early stages are most amenable
to fibrolytic therapy. Third, although
two separate histopathologic reference
standards were studied, an ideal ref-
erence standard does not exist. Histo-
pathology is prone to sampling error,
technical variation, and, as in the case
of Ishak scoring, subjectivity. Fourth, to
our knowledge, a CT MMCM is not yet
clinically available, although several are
under preclinical study.

In summary, contrast-enhanced CT
measurements of fECS and MMCM
uptake may be useful semiquantitative
markers of liver fibrosis and could en-
able noninvasive monitoring of liver
disease severity.
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