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Abstract

Objective—To quantify hepatocellular carcinoma (HCC) perfusion and flow with the fast
exchange regime-allowed Shutter-Speed model (SSM) compared to the Tofts model (TM).

Materials and methods—In this prospective study, 25 patients with HCC underwent DCE-
MRI. ROIs were placed in liver parenchyma, portal vein, aorta and HCC lesions. Signal intensities
were analyzed employing dual-input TM and SSM models. ART (arterial fraction), K@ (contrast
agent transfer rate constant from plasma to extravascular extracellular space), v, (extravascular
extracellular volume fraction), A (contrast agent intravasation rate constant), and t; (mean
intracellular water molecule lifetime) were compared between liver parenchyma and HCC, and
ART, Kt'ans /. and kep Were compared between models using Wilcoxon tests and limits of
agreement. Test—retest reproducibility was assessed in 10 patients.

Results—ART and v, obtained with TM; ART, v,, & and t;obtained with SSM were
significantly different between liver parenchyma and HCC (p < 0.04). Parameters showed variable
reproducibility (CV range 14.7-66.5 % for both models). Liver A" and v,; HCC v, and Agp
were significantly different when estimated with the two models (o < 0.03).

Conclusion—Our results show differences when computed between the TM and the SSM.
However, these differences are smaller than parameter reproducibilities and may be of limited
clinical significance.
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Introduction

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death
worldwide [1], and its incidence is increasing in the United States [2]. The growth and
progression of histological malignancy of HCC are associated with the formation of new
blood vessels [3] which happens through angiogenesis and/or by recruiting proangiogenic
bone marrow-derived cells [4]. This capability of sustained angiogenesis is one of the
hallmarks of cancer [5, 6]. In order to characterize HCC, the quantification of vascular
characteristics of HCC is important. MRI and CT play an important role in HCC diagnosis,
staging, and treatment planning [7-13].

Dynamic contrast-enhanced (DCE)-MRI is a non-invasive methodology that allows tissue
perfusion quantification. Generally, DCE-MRI consists of acquisition of T1-weighted MR
images before, during and after an IV injection of a gadolinium-based contrast agent (CA)
and the perfusion quantification is the result of modeling the tracer pharmacokinetics as it
distributes through the tissue of interest [14-16]. One of such pharmacokinetic models was
introduced by Tofts and Kermode [26-28] (TM: Tofts model). This model has been used to
extract vascular permeability characteristics of HCC and to assess response to treatment [18,
22, 23, 29]. The TM has also been modified to allow two inputs in order to estimate liver
parenchyma perfusion parameters as the liver has both arterial and venous inputs. The
resulting dual input TM is equivalent to the dual-input single compartment model proposed
by Materne et al. [19, 20], which had been validated in vivo in an animal model [30] and
used for liver fibrosis detection [31-34].

Currently, there is no consensus regarding the pharmacokinetic model that should be used to
quantify HCC perfusion parameters [17]. For example, Taouli et al. [18] utilized a dual-input
single compartment model, while Sahani et al. [21] used a hybrid model composed of a
distributed and compartmental component for the intravascular and extravascular spaces,
respectively, to extract perfusion parameters from dynamic CT. Due to the fact that HCC
lesions receive their supply mainly from the hepatic artery, single input models have also
been used by some investigators [17, 22, 23]. Jarnagin et al. [24] and Yopp et al. [25] used
the dual compartment version of the TM to quantify changes after therapy. All these studies
have used different analysis methods, showing that the post-processing of HCC and liver
perfusion data is not standardized and making comparisons between studies difficult.

The TM has similarities with well-established kinetic models used in nuclear medicine
where the tracer is measured directly. However, when used in MRI, the CA is measured
indirectly through observing its effect on tissue H,0 longitudinal relaxation rate constant,
Ry [35]. The TM is essentially derived from the tracer kinetic model with the assumption of
linear relationship between CA concentration and /j, equivalent to assuming infinitely fast
intercompartmental equilibrium water exchange kinetics [35]. However, this assumption
might not hold true when there is significant CA extravasation during CA bolus passage
through the tissue of interest [35].

The Shutter-Speed family of DCE-MRI pharmacokinetic models takes into consideration the
finite tissue intercompartmental equilibrium water exchange kinetics [35-47], which can
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include both transcytolemmal and transendothelial water exchanges. However, the more
compartments are taken into account, the more variables need to be included for data
modeling [43]. The fast exchange regime (FXR)-allowed Shutter-Speed model (SSM)
version is a two-site-exchange model accounting for transcytolemmal water exchange. The
FXR introduces only one parameter in addition to the conventional parameters of the TM:
the mean intracellular water molecule lifetime, < This version of the SSM has been used to
quantify perfusion of breast [48] and prostate cancer [49], but not in the liver. It has been
suggested that ©;may reflect cellular metabolic activity [50, 51].

Given that the SSM presumably models the underlying MRI physics more realistically than
the TM and that the SSM-unique tj parameter has the potential to provide metabolic
information of HCC, the objective of this initial study was to perform quantitative
pharmacokinetic analysis of DCE-MRI data from HCC and non tumorous liver parenchyma
using the TM and the FXR SSM version, both adapted to allow for two vascular inputs. In
addition, the test-retest reproducibility of DCE-MRI parameters was assessed for both
models. A secondary objective was to assess the relationship of HCC perfusion parameters
with histopathologic markers.

Materials and methods

Subjects

This HIPAA compliant prospective study was funded by the National Cancer Institute (Grant
Numbers U01 CA172320 and U01 CA154602), and approved by the Icahn School of
Medicine at Mount Sinai Program for the Protection of Human Subjects. Written consent
was obtained from all patients prior to the exam. The study included 25 consecutive patients
with chronic liver disease and HCC that underwent a DCE-MRI exam at Mount Sinai
Hospital. Patients were enrolled from June 2013 to June 2014. Liver diseases were related to
the following etiologies: chronic hepatitis C (n7= 18), chronic hepatitis B (7= 5),
nonalcoholic steatohepatitis (/7= 1), and unknown cause (7= 1).

10 patients were scanned twice for assessment of test—retest parameter reproducibility with a
mean interval of 5 £ 3 days (range 2-11 days) between the two scans (and no interval
therapy).

Patients with severe renal dysfunction [estimated glomerular filtration rate (eGFR) <30
ml/min/1.73 m2] were excluded from the study in order to minimize the risk of nephrogenic
systemic fibrosis [52]. Since portal venous flow can increase postprandially [53], all subjects
were asked to fast for 6 h before the MRI study.

MRI acquisition

Examinations were performed with one of three state-of-the art MRI systems (1.5T Siemens
Aera, 3T Siemens Skyra, and 3T Siemens mMR, Erlangen, Germany), each equipped with a
multichannel spine and body matrix coil for RF receiving. One patient underwent both
examinations in the 3T Siemens Skyra system, 6 patients in the 1.5T Siemens Aera system,
and 3 patients had their first exams in the 1.5T Aera System and the second ones in the 3T
Siemens mMR system.
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Patients were positioned arms up in supine position. In addition to routine clinical sequences
used to localize and characterize the liver and liver lesions, the following sequences were

acquired:
. Breath-hold axial, coronal and sagittal T2-weighted HASTE sequences to
localize the abdominal aorta, portal vein, liver, and HCC tumors.
. T1 mapping: The baseline hepatic T1 value was obtained using a breath-
hold Look-Locker sequence [54] before the CA injection during DCE-
MRI.
. DCE-MRI of the liver (Table 1): a 3D-FLASH sequence was used in the

axial plane to obtain acquisitions before, during and after the injection of a
CA bolus at a dose of 0.05 mmol/Kg (gadobenate dimeglumineg,
Multihance, Bracco) injected at 3 mL/s followed by a 25 mL saline flush
using an MR-compatible power injector. The 3D acquisition allowed us to
cover the entire liver. 100 time points were acquired with an average
temporal resolution of 2.3 + 0.2 s (range 2.0-3.6 s) and a total acquisition
time of ~4 min. Patients were allowed to breath freely.

Image analysis

Images were processed by observer 1 (GHJ, postdoctoral fellow with 3 years of experience
in MR image analysis) supervised by a body MR radiologist (observer 2, BT) with 10 years’
experience. HCC lesions were identified in consensus fashion by observers 2 and 3 (CB, a
radiologist with 4 years’ experience in Body MRI) based on routine sequences including
contrast-enhanced T1-weighted images and images taken after the injection of CA. Regions
of interest (ROIs) were placed to measure signal intensity (SI) in the abdominal aorta at the
level of the celiac axis, the portal vein at the level of the porta hepatis, liver parenchyma and
HCC lesions after image coregistration with in-house software implemented in MatLab
2014a (Math-Works, Natick, MA) (Fig. 1). ROIs were placed at one time point and
automatically copied to all available DCE time points. Manual correction was used when the
copied ROI did not cover the area of interest. The abdominal aorta was used as a surrogate
of the hepatic artery as the small size of the latter prevented an accurate measurement. For
untreated HCCs, ROIs encompassed the whole lesion in the axial view where the lesion was
greater; for treated/partially necrotic lesions, ROIs were placed only in the viable component
(identified by observer 3 on contrast-enhanced images). For each patient, only the largest
HCC lesion was analyzed as the processing of the lesions is more robust with largest lesions.

Pharmacokinetic modeling

The mean Sl in each ROI was used for pharmacokinetic analysis. The conversion from Sl to
contrast agent relaxation rate constant was performed by inverting the non-linear
relationship given by the SPGR signal equation as described in [54, 55]. The CA is delivered
to the liver and the HCC through both the hepatic artery and the portal vein. The two inputs
can be added in order to construct a single input with an unknown arterial fraction (ART, %)
that needs to be estimated jointly with the perfusion parameters. Specifically, let R4,4? and
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Ry be the relaxation rate constants observed in the arterial and venous input functions,
then we define the relaxation rate constant of the input, R/, as follows.

ART ART
R6)=2EL R ) (bm

100 =~ AIF ) RVIF (t - TVIF)’

@

where 0 < ART < 100 and =ty is a relative delay between the arterial and venous input
functions.

Once this equivalent single input was defined, we converted the relaxation rate constant to
CA concentration Cj(#) assuming linearity, as water exchange across blood cell membrane
remains in the fast-exchange-limit condition [35, 36]. The relaxivity of the CA and pre-
contrast blood T1 values were obtained from literature ([56, 57], respectively), with values
of 8.1 L mmol~1 s™1 and 1480 ms for the 1.5 T system and 6.3 L mmol~1 s~ and 1649 ms
for the 3T system. Blood CA concentrations were converted to plasma concentrations using
an assumed hematocrit value of 0.45 [58]. The pre-contrast T1 values for the liver
parenchyma and HCC lesions were obtained from the T1 map. Then, we made use of the
Tofts model for kinetic modeling of DCE-MRI data, given by

gtrans

t
Ctissue(t):KtranS/CI (t/ o TIN)ei . (tit”dt/
0

@

where Gissue(?) is the concentration curve observed in the tissue of interest, K" and v, are
the CA transfer rate constant from the blood plasma into the extravascular and extracellular
space (EES) and the EES volume fraction, respectively, and <y is the relative delay between
the equivalent single input and Gijssye(9). The CA intravasation rate constant, gp, can be
calculated as Ka"S/y,, The effects of transcytolemmal water exchange are ignored in the
TM, and thus Gisgue(9) Was converted from tissue R1(2) through a linear relationship:

Ry (t):Rlo'f'TlCtissue(t)a (3)
where Ry is the pre-contrast tissue /; (measured through T1 mapping) and 7 is the CA
relaxivity.

We also used the SSM model to fit the DCE-MRI data, given by
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where R is the intracellular longitudinal relaxation rate constant [59] and was set to be
equal to Ryq [43]. In addition to the parameters present in the TM (Ka"S, v, and kep =
Ktrans/ ) the SSM also returns the t;parameter. Note that for the SSM, we do not need to
convert relaxation rate constant time-course to concentration curves, avoiding the use of the
linearity assumption.

Statistical analysis

Results

Estimated perfusion parameters obtained with both the TM and SSM (i.e., ART, Kans
and Agp) in HCC tumors and liver were compared using Wilcoxon tests and by determining
the Bland—Altman limits of agreement (BALA). The BALA quantifies the agreement by
computing the differences for each parameter as estimated with the TM and SSM and by
providing the corresponding 95 % confidence intervals [60]. Estimated perfusion parameters
were also compared between HCC tumors and liver parenchyma using Wilcoxon tests. Test—
retest reproducibility was assessed in 10 patients by computing the coefficient of variation
(CV) and BALA. Finally, tumor perfusion parameters were compared between different
tumor grades and between tumors with and without microvascular invasion using a Mann—
Whitney U'test. The statistical analysis was performed in MatLab 2014a (MathWorks,
Natick, MA).

25 HCC lesions were assessed (mean size 4.3 cm, range 1.4-14.0 cm) in 25 patients. One
patient was treated with transcatheter arterial chemoembolization prior to MRI and
presented with a partially necrotic HCC (approximately 30 % necrosis).

Histopathologic diagnosis of HCC was available in 15 patients after tumor resection
performed an average of 11.5 days (range 4-23 days) after MRI scan. Tumors had the
following grade distribution: moderately differentiated (7= 11) or poorly differentiated (7=
4). 11/15 HCC tumors demonstrated microvascular invasion.

Reproducibility of estimated perfusion parameters

Perfusion parameters showed variable reproducibilities for both TM and SSM analyses, with
CV in the range of 14.7-66.5 %, depending on the parameter (Table 2). In HCC, ART and v,
estimated with the TM showed better reproducibilities than their SSM counterparts, while
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KIS and kg, showed better reproducibilities for the SSM. K"a" estimated with the SSM
was the most reproducible parameter in HCC. Similar CV values were seen for all liver
parameters of both models. Hepatic t;was the perfusion parameter with the best
reproducibility and the best BALA.

Estimated perfusion parameters using the TM and the SSM

HCC parameters vpand kgp for the TM were significantly greater and lower, respectively,
when compared to HCC parameters v, and Ag, for the SSM (p < 0.03) (Table 3; Fig. 2). For
these parameters, BALAS between models were smaller than the test-retest BALA for both
the TM and the SSM, suggesting that the model differences are of limited clinical
significance. ART and K" for the TM were not significantly different when compared to
their SSM counterparts.

Liver K"a" and v, were significantly higher for the TM when compared to their SSM
counterparts (p < 0.001). However, the two models displayed good agreement when
estimating these two parameters in the liver, as determined by BALA [KaS and v, had BA
limits of agreement of (-41.2, 12.9 %) and (-15.8, —3.8 %), respectively]. These two facts
imply a significant but small bias. However, the limits of agreement were smaller than the
test—retest parameter BALA (Table 2) for both models and therefore, the observed model
differences in the parameters were also assumed to be of limited clinical importance. ART
and kgp measured in liver were not significantly different when estimated with the two
models.

Comparison between HCC and liver parenchyma

Both the TM and SSM produced parameters with significant differences in HCC when
compared to background liver (Table 3). ART was significantly higher while v, was
significantly lower in HCC tumors compared to liver parenchyma for both models (p <
0.001 and p < 0.02, respectively). Agp was significantly higher in HCC only for the SSM (p =
0.04). t;was significantly higher in HCC when compared to liver parenchyma (o = 0.008).
Ktans did not show significant differences for either model. lllustrative parametric maps are
shown in Fig. 3.

Correlation with histopathology

ART using the TM was significantly higher in moderately differentiated HCCs compared to
poorly differentiated HCCs (p = 0.02) (Fig. 4a), and borderline higher in HCCs with
microvascular invasion compared to those without (o= 0.05) (Fig. 4b). All other HCC DCE-
MRI parameters showed no significant difference between different tumor grades and
tumors with and without microvascular invasion (p > 0.07 and p > 0.5, respectively).

Discussion

In this study, we estimated HCC and liver pharmacokinetic parameters and their test-retest
reproducibility from DCE-MRI studies using two different pharmacokinetic models: the
dual input TM and the dual input SSM. We observed variable parameter reproducibilities for
both models when patients underwent test—retest scans on different days. We also found
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significant differences in certain parameters common to both models, although the observed
model differences were smaller than parameter variabilities, suggesting limited clinical
impact. Both the TM and the SSM produced parameters significantly different when
comparing HCC tumors with liver parenchyma.

In order to reflect more realistic tissue environment, pharmacokinetic models should take
into account the intercompartmental water exchange effects. However, when additional
physiological activities are considered, the processing becomes more complex with more
parameters estimated [43]. For example, the FXR-allowed SSM version used in this study
allows for a non-infinitely fast transcytolemmal exchange, modeled by the mean intracellular
water molecule lifetime, t; This parameter has been suggested to reflect cellular metabolic
activity, manifest in ATP-driven membrane transport activity in a yeast suspension study
[50]. This observation was further validated in a breast DCE-MRI study [51], demonstrating
that changes in ;are not due to changes in cell sizes but rather changes in energetic
metabolism-driven cell membrane water permeability. In our study, we found this parameter
to be significantly smaller in the liver parenchyma when compared to HCC lesions, which
may be explained by high background metabolic activity in the liver parenchyma [61]. A
limitation of this study is the lack of information regarding the metabolic activity of the liver
parenchyma and HCC lesions. As the parameter <;is linked to energetic metabolism, a study
using co-registered FDG-PET/MRI could assist in validating t,;as an imaging biomarker of
metabolic activity.

When using this version of the SSM, we found no significant differences when estimating
liver and HCC ART from the acquired DCE-MRI as compared to the TM. It has been
suggested that ART can be used to assess response to local regional therapy in HCC [18].
This implies that both the SSM and TM could be used for estimating ART. The SSM
returned smaller Ka"S in the liver and, although not statistically significant, greater AKa"s in
HCC tumors than those of the TM. This is consistent with previous breast [43, 48] and
prostate [49] studies showing greater SSM K'a"S in malignant tumors when compared to
TM Kfans_ Although, the SSM has been used in these breast and prostate studies, it has not
been used in liver studies before.

The values of K3 for HCC reported in this study are similar to published values. Zhu et al.
[22] found a baseline K" distribution for HCC between 1.25 and 2.50 min~! and Kep
ranging between 1.5 and 3.0 min~1 using DCE-MRI for 34 patients enrolled in a phase 11
study of multitargeted kinase inhibitor sunitinib [62]. Hsu et al. [23] reported baseline Ktrans
between 0.4 and 4.5 min~1 in 31 patients with advanced HCC treated with sorafenib plus
tegafur/uracil that underwent a DCE-MRI examination. DCE-MRI was used by Hsu et al.
[29] who reported smaller baseline values of Kt of approximately 0.3 min~1.

Assessing the reproducibility of estimated perfusion parameters is critical for the purpose of
evaluating tumor response to treatment. ART has been recently reported to have a CV of
64.1 % in the liver parenchyma [54] which is similar to the values obtained in the current
study. The reproducibility of K", v, and A, was reported to be 29, 9 and 24 %,
respectively, for different tumor types [63], including renal cell carcinoma, ovarian serous
cystadenocarcinoma, peritoneal carcinoma and leiomyosarcoma. In our study, we allowed
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for a dual input model and therefore, more parameters needed to be estimated. This could
have potentially contributed to degrade the reproducibility. While the SSM is more complex
than the TM and has an extra modeling parameter, the use of the SSM for data analysis did
not result in less reproducible parameters and t;was observed to have good reproducibility
in the liver.

In this initial study, we found significant differences in the ART of HCC as estimated with
the TM when comparing different tumor grades. In poorly differentiated HCCs, ART was
decreased due to possibly increased cell proliferation in the tumor center, resulting in an
increase of interstitial pressure and the closure of tumor capillaries [64-66]. ART estimated
under the TM was higher in lesions with microvascular invasion. This is expected as the
invasion is characteristic feature of progressed HCCs with abnormal unpaired arteries [64].
However, these results are preliminary and need to be further confirmed with a larger patient
cohort.

One limitation of this study is the relatively small sample size and the fact that only a small
subset of HCC lesions had histopathologic results, which reduces power for HCC
characterization for many of the DCE-MRI parameters. Another limitation is due to the fact
that patients underwent scans of different magnet strengths (1.5 and/or 3.0 T). Ideally, the
resulting pharmacokinetic parameters should be independent of imaging conditions as field
strength [67], but in practice that might not be the case and different field strengths could be
adding variability. Chen et al. [17] identified the choice of contrast agent molecular
properties and the temporal resolution of the acquisition as two parameters that influence the
quantification of flow and perfusion with DCE-MRI and proposed acquisitions with high
enough temporal resolution of 2-5 s to mitigate variability. In this study, we acquired images
with an average temporal resolution of 2.3 s and, in addition, only a small set of patients
underwent test—retest scans had their scans at different magnet strengths. Nevertheless, the
CVs determined in this study agree with those already published in other studies.

Conclusion

In conclusion, our initial data showed differences between liver and HCC perfusion when
computed with the TM and SSM pharmacokinetic analyses of DCE-MRI data. The
parameters obtained with both models show variable test—retest reproducibilities that depend
on the parameter, rendering the model differences in the common parameters insignificant
clinical impact. Both models can be used to quantify perfusion differences between HCC
and liver parenchyma. However, the additional parameter obtained with SSM, </, has the
potential to provide information about HCC tumor biology, which needs to be better defined
in larger study cohorts.
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Fig. 1.

66 year old male patient with large HCC in the right hepatic lobe (13 cm). Axial DCE-MR
images acquired using 3D-FLASH sequence at 1.5T (TR/TE/FA 2.74/1.09/11.5°, matrix 192
x 106, slice thickness 4 mm, acceleration factor 3, 44 slices, 100 time points with temporal
resolution of 2.02 s) demonstrate ROI placement in different regions at different time points:
tumor (purple) acquired at 20 s post injection (a), abdominal aorta (red) (b, 11 s post
injection), main portal vein (b/ue) (c, 28 s post injection), and liver parenchyma (green) (d,
55 s post injection). Plots below e demonstrate relative signal intensity versus time curve [y
axis: 100 x (SI/Sly-1), with Sl and Sl representing the signal intensity and signal intensity
before enhancement, respectively]. Plot shows fast enhancement and subsequent washout of

HCC as opposed to slow enhancement of liver parenchyma
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Fig. 2.

BI%nd—AItman plots show the comparison of HCC perfusion parameters obtained with Tofts
and Shutter-Speed models (differences were normalized by average parameter values).
Resulting Bland—Altman limits of agreement (red dash line) are smaller than Bland-Altman
limits of agreement for test—retest variability (see also Tables 2 and 3)
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100 Ktrans TM

Fig. 3.

A)%ial T2 HASTE, and DCE-MRI parametric maps for same patient as in Fig. 1. Regional
differences in the tumor and differences between HCC and background liver parenchyma are
visually identified. Estimated perfusion parameters from mean ROI signal intensity for
HCC/liver were: for Tofts model, ART 100 %/28 %, K 1.1/1.9 min~1, 1,0.3/0.7, and kep
= 4.2/2.5 min~L; for Shutter-Speed model, ART 100 %/31 %, Ka"S 1.0/1.8 minL, v,
0.3/0.7, kep 3.8/2.4 min~?, and ; 0.1/0.1 s
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Microvascular
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Box plot distributions of HCC ART measured with Tofts model analysis of DCE-MRI data,
in relation to histopathologic parameters in 17 patients with 17 tumors (tumor grade and

presence of microvascular invasion)
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Table 1
DCE-MRI pulse sequence parameters
Scanner 15T8(n=26) 3.0TP(n=6) 3.0TC(n=3)
Sequence type 3D GRE 3D GRE 3D GRE
(FLASH) (FLASH) (FLASH)
Orientation Axial Axial Axial
Repetition time 2.74 2.69 271
(ms)
Echo time (ms) 1.09 0.98 0.98
Flip Angle 115 115 11
Field of view 370 x 250 370 x 260-280 400 x 300
(mm?)
Acquisition 192 x 106 192 x 107 192 x 115
matrix
Slice thickness 4 4 4.5
(mm)
Number of slices 44 44 44
Acceleration? R=3 R=2 R=2
Acquisition time 2024 +0.4s 246.4 £50.3 361

a..
Siemens Aera;
b_.
Siemens Skyra;

CSiemens mMR GRE: gradient echo,

dusing CAIPIRINHA: Controlled Aliasing in Parallel Imaging Results in Higher Acceleration
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Table 2

Page 19

Coefficients of variation (mean and range %) and Bland—Altman limits of agreement (BALA %) for DCE-
MRI parameters obtained with the Tofts model (TM) and the shutter-speed model (SSM) in the test-retest
study (7= 10)

Parameter  Model Liver HCC
ART ™
CV (%) 63.3 (4.9-137.2) 31.4(0.0-138.6)
BALA (%) —267.6,185.1 -152.9, 155.6
SSM
CV (%) 66.5(8.5-141.4)  54.9 (0.0-141.4)
BALA (%) -273.4,185.2 -229.5,198.1
Ktrans ™
CV (%) 47.1(0.0-112.9)  28.9 (0.0-82.9)
BALA (%) -136.1,174.8 -105.7, 134.8
SSM
CV (%) 46.5(0.1-1135)  25.1 (0.0-94.9)
BALA (%) -144.4,175.2 -119.2, 126.5
Ve ™
CV (%) 37.9(0.4-79.5)  36.3 (0.0-89.4)
BALA (%) -86.3,139.9 -98.0, 158.9
SSM
CV (%) 39.4 (15-74.1)  50.8(2.0-93.1)
BALA (%) -89.1,143.6 -106.2, 191.9
Kep ™
CV (%) 34.4(3.2-87.9)  44.1(3.3-82.9)
BALA (%) -128.9,124.3 -160.3, 123.4
SSM
CV (%) 32.2(2.2-88.2)  38.2(2.2-65.2)
BALA (%) -130.6,117.5 -132.6,47.3
T SSM
CV (%) 14.7 (0.0-55.9)  42.6 (0.0 - 130.5)
BALA (%) -69.4,816 -206.1, 161.5

ART arterial fraction (%), KIrans cA transfer rate constant from the blood plasma into the extravascular and extracellular space (min_l), Ve

extravascular and extracellular space volume fraction, kep CA intravasation rate constant (min_l), Tj: mean intracellular water molecule lifetime

©)
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Table 3

Page 20

Estimated liver and HCC perfusion parameters (mean + SD) using Tofts model (TM) and shutter-speed model
(SSM) in 25 patients with 25 HCCs

Parameter Model Liver HCC p*

ART ™ 40.12 + 26.75 85.12 +21.71 <0.001
SSM 42.36 £ 27.17 77.44 +25.78 <0.001
p** 0.08 0.07
cv 12,5 (0.0-64.3)  11.7 (0.0-68.1)
BALA  -39.9,55.7 -66.5, 43.8

Ktrans ™ 1.21 +0.63 1.34 +0.96 0.59
SSM 1.05+0.58 1.39 +1.09 0.26
p** <0.001 0.39
cv 10.12 (0.1-39.0)  10.4 (0.0-31.2)
BALA -41.2,129 -40.5, 34.3

Ve ™ 0.44+0.14 0.37+0.21 0.02
SSM 0.40+0.13 0.30+0.12 0.004
p** <0.001 <0.001
cv 6.9 (0.3-11.2) 14.5 (3.0-79.4)
BALA -15.8,-38 -715,34.7

Kep ™ 2.92 +1.59 425+4.11 0.13
SSM 2.75+1.48 4.88 +4.60 0.04
p** 0.16 0.03
cv 5.3 (0.0-28.5) 13.7 (0.0-92.7)
BALA -28.3,195 -50.0, 79.6

T SSM 0.11+£0.02 0.29+0.53 0.008

Coefficients of variation (mean and range %) and Bland—Altman limits of agreement (BALA %) obtained for DCE-MRI parameters obtained with

both models

ART arterial fraction (%), K"@S CA transfer rate constant from the blood plasma into the extravascular and extracellular space (min~1), ve

extravascular and extracellular space volume fraction, kep CA intravasation rate constant (min_l), Tj: mean intracellular water molecule lifetime

©)

*
p value computed using a Wilcoxon test when comparing a parameter in the liver parenchyma versus HCC;

Ak
p value computed using a Wilcoxon test when comparing a parameter common to the TM and the SSM in a given tissue
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