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A B S T R A C T

Purpose: To identify quantitative dynamic contrast-enhanced (DCE)-MRI perfusion parameters indicating tumor
response of hepatocellular carcinoma (HCC) to transarterial chemoembolization (TACE).
Materials and methods: This prospective pilot study was approved by our institutional review board; written and
informed consent was obtained for each participant. Patients underwent DCE-MRI examinations before and after
TACE. A variable flip-angle unenhanced 3D mDixon sequence was performed for T1 mapping. A dynamic 4D
mDixon sequence was performed after contrast injection for assessing dynamic signal enhancement.
Nonparametric analysis was conducted on the time-intensity curves. Parametric analysis was performed on the
time-concentration curves using a dual-input single-compartment model. Treatment response according to Liver
Reporting and Data System (LI-RADS) v2018 was used as the reference standard. The comparisons within groups
(before vs. after treatment) and between groups (nonviable vs. equivocal or viable tumor) were performed using
nonparametric bootstrap taking into account the clustering effect of lesions in patients.
Results: Twenty-eight patients with 52 HCCs (size: 10–104mm) were evaluated. For nonviable tumors (n=27),
time to peak increased from 62.5 ± 18.2 s before to 83.3 ± 12.8 s after treatment (P< 0.01). For equivocal or
viable tumors (n=25), time to peak and mean transit time significantly increased (from 54.4 ± 24.1 s to
69.5 ± 18.9 s, P < 0.01 and from 14.2 ± 11.8 s to 33.9 ± 36.8 s, P=0.01, respectively) and the transfer
constant from the extracellular and extravascular space to the central vein significantly decreased from
14.8 ± 14.1 to 8.1 ± 9.1 s−1 after treatment (P=0.01).
Conclusion: This prospective pilot DCE-MRI study showed that time to peak significantly changed after TACE
treatment for both groups (nonviable tumors and equivocal or viable tumors). In our cohort, several perfusion
parameters may provide an objective marker for differentiation of treatment response after TACE in HCC pa-
tients.
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1. Introduction

Hepatocellular carcinoma (HCC) is responsible for 11% of all
cancer-related deaths and ranks as the second leading cause of cancer
mortality worldwide. In North America, HCC incidence and mortality
rates are increasing [1]. Transarterial chemoembolization (TACE) is
generally used with palliative intent or as a bridge to transplantation for
non-metastatic HCC with T2 or T3 stage disease and no vascular in-
volvement in patients who are not candidates for resection, ablation or
transplantation [2,3].

HCCs are hypervascular tumors associated with a typical enhance-
ment pattern observed on diagnostic imaging [4,5]. The growth and
progression of such tumors are the result of changes in intranodular
blood supply characterized by high arterial flow due to angiogenesis
leading to unpaired neoarteries in the portal triad [6]. The Liver Ima-
ging Reporting and Data System (LI-RADS) describes five major ima-
ging features for the diagnosis of HCC on contrast-enhanced CT or MRI
[5]. Of those, two imaging features refer to transient vascular phe-
nomena observed on dynamic contrast-enhanced imaging: nonrim ar-
terial phase hyperenhancement and nonperipheral “washout” during
the portal venous and equilibrium phases (Fig. 1). Although there is an
attempt to standardize interpretation of liver imaging, assessment of
viable HCC and treatment response using such qualitative imaging
characteristics remains subjective [5].

Furthermore, the accepted standard in assessing treatment response
in HCC, the modified Response Evaluation Criteria in Solid Tumor
(mRECIST), is based on contrast-enhanced CT or MRI acquired every
6–8weeks after treatment [7], and relies on global patient-level assess-
ment of changes in tumor size which usually occur 6–12months after
treatment [8]. However, an early lesion-level assessment of treatment
response according to the LI-RADS v2018 Treatment Response algo-
rithm, which takes into account the variable appearances of tumor after
therapy for each lesion, is essential in planning additional therapy and
can benefit patient outcome [8,9]. The LI-RADS Treatment Response
algorithm, which incorporates concepts from mRECIST and European
Association for the Study of the Liver (EASL) systems, relies on sub-
jective visual assessment. DCE-MRI may provide objective and quanti-
tative criteria to assess treatment response and differentiate nonviable
from viable tumors in a shorter time period [10], as it offers a dynamic
component to the evaluation of the viability of liver tumors which are
not present in the standardized measurement.

The traditional approach for the diagnosis and assessment of

treatment response of HCC has been to perform MRI with high spatial
resolution, but low temporal resolution (i.e. 4–5 time points spaced
30–120 s apart). However, this approach relies on detection and qua-
litative analysis of residual vascularized portions of active HCC tumors.
Another important concern with standard 3-phased MRI is that the
arterial hepatic phase may overlap with portal venous enhancement
due to the low temporal resolution. More recently, dynamic contrast-
enhanced (DCE)-MRI providing higher temporal resolution with a
minor trade-off in spatial resolution has been proposed to address this
issue as it provides multiple arterial and venous phases [11]. Previous
studies have shown that DCE-MRI can be used to derive objective
quantitative metrics of viable HCC tumor using pharmacokinetic
models that can supplement the subjective qualitative interpretation by
radiologists, with minimal disruptions to clinical workflow [12–14].
This quantitative imaging technique, which measures changes in signal
intensity due to local perfusion after injection of a gadolinium-based
contrast agent, permits nonparametric and parametric analysis of tumor
perfusion relative to background liver [15].

Recent DCE-MRI literature has assessed the efficacy of non-invasive
evaluation of hepatic perfusion parameters. These studies either as-
sessed DCE-MRI parameters in a cross-sectional [13,14] or longitudinal
[8,16,17] approach by evaluating TACE only [13], TACE in combina-
tion with sunitinib [16], or sorafenib [17]. Most studies were pro-
spective [13,14,16,17] and only a number of studies enrolled patients
retrospectively [8,18]. These studies assessed tumor size [8] in addition
to parametric [13,19], and non-parametric [8] analyses of tumor per-
fusion relative to background liver. We hypothesize that DCE-MRI
parameters may provide objective quantitative biomarkers of HCC
tumor response after TACE.

The purpose of this pilot study was to identify quantitative DCE-MRI
perfusion parameters indicating tumor response of HCC to TACE. After
performing a comprehensive literature review, we have integrated most
DCE-MRI parameters reported in the literature for assessment of tumor
response.

2. Materials and methods

2.1. Patients

This single-site prospective clinical trial (ClinicalTrials.gov re-
ference number: NCT02878109) was approved by our institutional re-
view board. All patients provided written and informed consent before

Fig. 1. 66-year-old man with HCC. DCE-MRI images at the level of the 6.7 cm liver mass in segment VI (identified by white arrow) before (PRE) and after (POST)
TACE treatment. The top row shows nonrim arterial phase hyperenhancement and nonperipheral “washout” during later phases, whereas the bottom row clearly
shows tumor necrosis after treatment.
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participating in the study.
Patients diagnosed by imaging with LI-RADS criteria demonstrating

at least one tumor that is probably or definitely HCC (LR-4 or LR-5) and
scheduled for TACE (targeted or segmental) treatment between June
2016 and June 2018 according to clinical indications were eligible for
this study [20]. Subjects who were able to undergo an initial MRI
2 weeks prior to TACE and a follow-up examination 6 to 8 weeks after
TACE were enrolled in this study if TACE was the only prescribed
treatment. Patients who were previously enrolled but treated for new
lesions could participate up to a maximum of two times in the study. All
visible lesions on pre and post-treatment images were analyzed if the
size exceeded 10mm. These lesions could have been previously treated
or not. Patients with liver transplant, morbid obesity, conditions pre-
venting from undergoing a MRI (for instance, pacemaker, claus-
trophobia, or metal items in body), or for whom TACE was cancelled
were excluded.

2.2. MR imaging protocol

Imaging was performed on a 3.0 T MRI system (Achieva TX, Philips
Healthcare, Best, The Netherlands) using a 16-channel body array coil
for signal reception. Patients were asked to fast for 4 h before the MRI
scan to limit peristalsis. Prior to contrast injection, T1 mapping was
performed using the variable flip-angle method with 3D mDixon ac-
quisitions with flip angles of 4, 10, and 20° using the same acquisition
parameters as for the dynamic contrast-enhanced sequence.

After injection of gadobenate dimeglumine (MultiHance®, Gd-
BOPTA, Bracco Imaging SpA, Milan, Italy) with a dose adjusted ac-
cording to patient weight (0.1 mmol/kg; maximum dose, 20mL) and
injected at 1mL/s followed by a 15mL saline flush at 2mL/s, a dy-
namic 4D mDixon imaging scheme was used with a 10° flip angle.
Images were acquired over 10 consecutive breath-holds at end-expira-
tion extending up to approximately 5min after injection, with imaging
starting at 10 s after injection. All but the first breath-hold consisted of
two keyhole acquisitions as well as an acquisition of the entire k-space,
resulting in three temporal points per breath-hold (breath-hold dura-
tion of 13.7 s). Two extra keyhole acquisitions were performed for the
first breath-hold generating five temporal points to ensure a better
sampling of the arterial phase (breath-hold duration of 18.5 s). (Fig. 2)
[21].

Imaging parameters were the following: repetition time (TR) of
4.1 ms, echo times (TE) of 1.27 and 2.6 ms, field of view (FOV) of
370×300mm2, in-plane spatial resolution of 1.90× 1.90mm2, slice
thickness of 5mm, spacing between reconstructed slices of 2.5 mm, 100
reconstructed slices, receiver bandwidth of 960 Hz/pixel, and SENSE
acceleration factor of 1.75. Water images after water/fat separation
were used for interpretation. Temporal resolution for the keyhole ac-
quisitions was 2.4 s, while the entire k-space acquisition took 8.9 s. The
field-of-view of the sequence in the foot-head direction was 250mm,
which was enough to cover the liver in all cases.

2.3. MR imaging assessment of treatment response

Two fellowship-trained abdominal radiologists with experience in
liver imaging (DO and AT, with 18 and 12 years of experience, re-
spectively) independently reviewed the MRI examinations on picture
archiving and communication system (PACS) workstations (Impax
version 6.6, Agfa HealthCare, Mortsel, Belgium). MR imaging acquired
before and after TACE of all included patients were examined to de-
termine individual tumor response according to LI-RADS v2018
Treatment Response criteria [5]. The average time between baseline
MRI and TACE was 15.7 ± 18.6 days with the maximum interval being
92 days. LI-RADS treatment response (LR-TR) categories include non-
viable, equivocal, and viable. Disagreements on treatment response
were solved by consensus two weeks after the individual interpreta-
tions. The consensus interpretation was based on a review of the

imaging criteria and definitions provided in the LI-RADS Treatment
Response documents and served as the reference standard for further
nonparametric and parametric quantitative analysis. The standardized
assessment form is provided in Supplemental material 1.

2.4. Blinding

Radiologists were blinded to the results of the DCE-MRI analysis and
the image analyst performing quantitative analysis was blinded to
treatment response assessment by radiologists.

2.5. MR image quantitative analysis

Four regions of interest (ROI) were manually selected in each set of
images: the abdominal aorta, the portal vein, the non-tumoral liver
parenchyma, and the liver tumors. The vascular phase that provided the
best visualization of these structures was selected. To avoid error due to
sampling, each 3D tumor was segmented on multiple slices after iden-
tification of tumors on bookmarked images by a second-year radiology
resident (LB, with 1 year of experience), using Matlab R2016a (The
MathWorks, Inc., Natick, MA, USA). The entire tumor, regardless of
necrosis, was included in the segmentation to obtain a quantitative
treatment response assessment unbiased by the radiologists' assessment
of tumor viability. Verification of tumor segmentation was performed
by a radiology fellow (MC, with 8 years of experience).

2.6. Non-rigid motion compensation

A motion compensation software (MoCo, Corstem, Montreal,
Canada) was used to register all images on the different acquisition
phases using non-rigid, subpixel deformation maps. The motion com-
pensation software used interpolation warping functions following non-
rigid displacement estimation based on an adapted optical flow for-
mulation specifically amenable to perfusion series dynamics. This fra-
mework had the ability to register MRI perfusion image series with
varying breathing patterns [22,23]. The implementation also featured
automatic reference frame detection. Every ROI drawn was then auto-
matically extended to all time points of motion compensated DCE-MRI
in order to measure the average signal intensity versus time curves.

2.7. Nonparametric analysis

A nonparametric (model-free) analysis was performed on signal
time curves after linear temporal interpolation to a time step of 1 s. This
approach permits the direct calculation of simple perfusion measure-
ments that correlate with tissue physiology. However, reproducibility is
difficult because scanner type and settings as well as MR acquisition
parameters can influence measurements of signal intensity [15]. These
empirical parameters are illustrated in Fig. 3 and defined in Table 1.

2.8. Parametric analysis

Signal intensity at different time points for each ROI described
above was converted to concentration of contrast agent using a linear
conversion with T1 mapping [12]. A dual-input single-compartment
model was fitted to experimental data of the tumor and surrounding
liver tissue. This method requires a precise assessment of both the
portal venous input function (PIF) and the arterial input function (AIF).
The first was estimated from the concentration of contrast agent from
the ROI in the portal vein (after linear temporal interpolation to 1 s).
The second can be evaluated with high accuracy by using the gold
standard method which consists of collecting arterial blood samples at
various intervals and measuring the contrast agent concentration in
plasma. Although effective, this technique is highly invasive and re-
quires a lot of time and resources [24]. For these reasons, we opted for
an indirect approach: an ROI drawn on the abdominal aorta at the level
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Fig. 2. DCE-MRI image acquisition scheme used for dynamic contrast-enhanced MRI. After contrast injection (a) five images and (b) three images were acquired per
breath-hold for the arterial phase and the pre-injection and all other vascular phases, respectively. The fourth image was selected as the reference for the arterial
phase to ensure that any motion at end breath-hold would not propagate to the other images. A keyhole center of one third of the full image resolution was used to
achieve a good balance between dynamic contrast preservation and scan acceleration.

Fig. 3. (a) Example of signal intensity vs. time curve for HCC pre-TACE. (b) Schematic modeling of parameters extracted from a dual-input single-compartment
model. ka= transfer constant from the arterial plasma to the surrounding tissue, kp= transfer constant from the portal venous plasma to the surrounding tissue, and
k2= transfer constant from the tissue to the central vein. The average breathing period between breath-holds for our population was 31.0 s (range: 9.5–57.7 s).
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of the celiac trunk was selected as the arterial supply and signal in-
tensity was converted to contrast agent concentration as described
above. A combination of two Gaussians and an exponential modulated
with a sigmoid function, as developed by Parker et al., was fitted to
obtain a continuous AIF estimation [25]. The mean ratio between the
arterial peak and the washout tail of the AIF was calculated from cases
where the subject breath-hold pattern allowed to clearly image the first
pass of contrast agent in the abdominal aorta. For cases where this was
not possible due to first pass occurring during a breathing period, the
maximum value of the experimental AIF was scaled to respect the same
ratio. Therefore, our method was a compromise between using solely
experimental data and a population averaged AIF, as previously de-
monstrated [26].

From the perfusion model described above, we were able to extract
the transfer constants from the blood vessels to the surrounding ex-
travascular extracellular space, ka and kp for the arterial plasma and the
portal venous plasma respectively, and the transfer constant from the
liver tissue to the central vein k2 (Fig. 3) [27]. Using the relations de-
veloped by Materne et al., it was possible to deduce the tissue arterial
fraction (ART), distribution volume (DV), and mean transit time (MTT)
[12].

2.9. Statistical analysis

Statistical analyses were performed by a biostatistician (MC,
23 years of experience) (Software Stata/IC version 14.2). P values<
0.05 were considered significant for this pilot study.

2.9.1. Characteristics of patients and tumors
Descriptive statistics of baseline demographic and clinical data, in-

cluding the etiology of liver disease, tumor characteristics, reference
standard, and assessment of tumor response by radiologists, are sum-
marized in Table 2. Categorical variables were expressed as numbers
and percentages and continuous variables as mean ± standard devia-
tion (SD), minimum and maximum.

2.9.2. Interreader agreement
Fleiss' kappa with 95% confidence intervals was used to determine

interreader agreement between radiologists for assessment of treatment
response. Agreement was interpreted as slight (0.01–0.2), fair
(0.21–0.4), moderate (0.41–0.6), substantial (0.61–0.8), or almost
perfect (0.81–1.0) [28].

2.9.3. Nonparametric and parametric analyses
Data were summarized as mean ± SD of parameters before and

after TACE treatment for the non-viable and equivocal or viable groups.
Comparisons of mean values within groups (before and after TACE

treatment) were performed using nonparametric bootstrap (1000
sample) taking into account the clustering effect of lesions in patient.
The change from baseline between groups was compared with the same
approach and the 95% confidence intervals of change from baseline
difference were reported. Lesions with clear necrosis after TACE were
excluded from analysis for parameters that are fundamentally unreli-
able in the absence of enhancement: TTP, nMITR, wash-in, wash-out,
ka, kp, k2, MTT, DV, and ART. We did not perform correction for mul-
tiple comparisons because of the exploratory nature of this pilot study.
The area under the receiver operating characteristic (ROC) curve for
each parameter was also estimated using nonparametric bootstrap
taking into account the clustering effect.

2.9.4. Diagnostic performance of selected parameter
The area under the ROC curves was calculated as an effect size to

determine which perfusion parameter best discriminated tumor viabi-
lity.

3. Results

3.1. Characteristics of patients and tumors

Twenty-eight patients totaling 52 HCCs with size ranging from 10 to
104mm were included in this pilot study. The flowchart of patient
selection is shown in Fig. 4 and characteristics of patients and tumors in

Table 1
Definition of perfusion-related measurements extracted from nonparametric
analysis of signal intensity vs time curves S(t). T0= onset time, TTP= time to
peak, ΔS= peak enhancement, PER=peak enhancement ratio, and
nMITR=normalized maximum intensity time ratio.

Measurement Definition

T0 Time of arrival of contrast agent in tissue
TTP Time before contrast agent reaches its maximum value
ΔS Smax− S0, difference between maximum (Smax) and baseline

(S0) intensities
PER ΔS

S0
, relative peak enhancement

nMITR
∗

ΔS
STTP 0
, normalized ratio between peak enhancement and TTP

Wash-in slope
−

ΔS
TTTP 0
, slope connecting S0 and Smax points

Wash-out slope −

−

Smax Sf
Tmax TTP

, slope connecting Smax and final signal intensity (Sf)

points

Table 2
Characteristics of patients and tumors.

Characteristics Data

Sex
Male 25/28 (89.3)
Female 3/28 (9.5)

Age (y)
Median (range) 65.2 (51–76)
Known cirrhosis 26/28 (92.9)

Etiology of liver disease
Hepatitis C infection 11/28 (39.3)
Hepatitis B infection 1/28 (3.6)
Alcoholic liver disease 12/28 (42.9)
Non-alcoholic steatohepatitis 10/28 (35.7)

Child Pugh score
A 17/28 (60.7)
B 7/28 (25.0)
C 0/28 (0)
Not available in patient file 4/28 (14.3)

Number of HCCs per patient
Mean (range) 2 (1–6)

HCC size (mm)
Mean ± SD (range) 26.2 ± 19.3 (10–104)

Treatment
Conventional TACE 25/28 (89.3)
DEB-TACE 3/28 (10.7)

Chemotherapeutic agents
Adriamycine 16/28 (57.1)
Doxorubicine 12/28 (42.9)

Embolizing agents
GelFoam 7/28 (25.0)
BeadBlocks 13/28 (46.4)
DC beads 2/28 (7.1)
Combination 3/28 (10.7)
Not specified 3/28 (10.7)

Tumor viability according to radiologists
Nonviable 27/52 (51.9)
Equivocal or viable 25/52 (48.1)
Deceased 6/28 (21.4)

Note. — Data are numerator and denominator. Data in parentheses are
percentages unless stated otherwise.
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Table 2. Individuals diagnosed with HCC and awaiting TACE treatment
between June 2016 and June 2018 were eligible for this study
(n=152). Of those, 119 patients were excluded. The three most
common reasons for patient exclusion were related to MRI, refusal, and
distance from hospital. Thus, a total of 33 patients were included, but
five could not complete their participation due to liver transplantation
(n=2), bland embolization (n=1), medical emergency requiring
hospitalization (n=1), and TACE cancellation (n=1). Fifty-two le-
sions were included, but nine were excluded from quantitative analysis
due to necrosis for parameters listed above.

3.2. Interreader agreement

Interreader agreement between radiologists for assessment of
treatment response using LI-RADS v2018 treatment response criteria
was moderate (κ=0.50 ± 0.11, proportion of observed agree-
ment= 0.72).

3.3. Nonparametric and parametric analyses

Fig. 5 shows global enhancement curves for the abdominal aorta,
the portal vein, the liver and the tumor before and after chemoembo-
lization for nonviable and equivocal or viable tumors. HCCs present
arterial phase hyperenhancement and washout in both groups before
treatment. Of note, the degree of enhancement is higher and timing of
peak arterial enhancement occurs earlier in equivocal or viable tumors
than in nonviable tumors. Furthermore, after TACE treatment, en-
hancement decreased in the group with LR-TR nonviable tumors,
whereas enhancement remained slightly higher than that of the back-
ground liver during the arterial phase for LR-TR equivocal or viable
tumors.

Comparison between groups (nonviable vs. equivocal or viable tu-
mors) at baseline and after treatment is summarized in Table 3. For
nonviable tumors, time to peak increased after treatment (p< 0.01).
For equivocal or viable tumors, the TTP and MTT significantly in-
creased (p < 0.01 and p=0.01, respectively) and k2 significantly de-
creased after treatment (p=0.01).

The size of equivocal or viable tumors was 26.2 ± 20.3 mm before
and 20.3 ± 18.3mm after TACE (p< 0.01). The size of nonviable
tumors was 18.7 ± 6.5mm before and 15.0 ± 5.2mm after TACE
(p < 0.01) (Table 3).

4. Discussion

This prospective clinical study identified quantitative DCE-MRI
perfusion parameters for assessing tumor response of HCC to TACE. All
patients had at least one malignant tumor (probably or definitely HCC)
confirmed by previous diagnostic imaging and were scheduled for
TACE treatment. MRI examinations were interpreted independently
and in consensus by radiologists to determine individual tumor re-
sponse according to LI-RADS v2018 treatment response criteria.

Of note, the interreader agreement for assessment of treatment re-
sponse to TACE using LI-RADS v2018 treatment response criteria was
moderate. This level of agreement was slightly lower than previously
reported and confirmed the need for an objective and preferably
quantitative technique for assessing treatment response. Donati et al.
reported interreader agreement ranging from moderate to substantial
(κ=0.56–0.80) for assessment of treatment response to TACE in 74
patients with HCC using mRECIST [29].

We found that TTP significantly increased after treatment for non-
viable tumors. TTP and MTT also increased and k2 decreased after
treatment for equivocal or viable tumors. Prior to chemoembolization,
HCC hyperenhancement occurs earlier than in the non-tumoral hepatic
parenchyma due to increased arterialization of the tumor. After che-
moembolization of the tumor feeding arteries, the treated tumor—-
which depended on neoarteries for its blood supply—enhances lower
and later relative to the adjacent liver which enhances due to its pre-
served portal venous supply [6]. The increase in TTP probably reflects
these physiological changes in tumor perfusion [30]. However, increase
in TTP may only be due to reduced arterial hyperenhancement without
indicating non-viability. Thus, this should be further investigated in
future and larger studies. Of note, nine nonviable lesions with complete
necrosis were excluded from quantitative analysis for a majority of
parameters due to an absence of visible enhancement, which precludes
the estimation of reliable perfusion parameters. The exclusion of these
cases with clear positive treatment response could in part explain why
changes in parameters were not significantly different between the
groups since only lesions showing at least some enhancement were
analyzed.

Furthermore, global perfusion curves show that the enhancement of
equivocal or viable tumors occurs earlier than for nonviable tumors
before treatment. This may suggest that lesions that are highly arter-
ialized before TACE remain active after treatment. Hence, timing of
HCC enhancement may predict tumor treatment outcome. However,

Fig. 4. Flowchart of patient selection.
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current clinical dynamic contrast-enhanced sequences do not have
sufficiently high temporal resolution to detect this difference in en-
hancement timing.

As expected, the arterial fraction in tumors before treatment (0.4)
was higher than values typically reported for normal liver parenchyma
in the literature (0.25) [31] as the arterial blood supply to HCC in-
creases due to angiogenesis [32]. Similarly, Marquez et al. found that
HCCs in 24 patients showed a higher arterialization before doxorubicin-

eluted bead based TACE treatment [33].
Taouli et al., using DCE-MRI to quantify perfusion in HCC and

surrounding liver parenchyma, reported that the arterial fraction, the
arterial hepatic blood flow and the distribution volume decreased and
the portal venous hepatic blood flow increased in three patients with
HCC who underwent TACE treatment [13]. However, their study re-
ported no significant change in MTT. Of note, ROIs were drawn on the
enhancing part or the lesion, unlike our study which included the entire

Fig. 5. Averaged concentration vs. time curves for (a) 27 nonviable and (b) 25 equivocal or viable tumors. Red curve= abdominal aorta, blue curve= portal vein,
green curve= liver, black curve= hepatocellular carcinoma. Differences in sequence timing between the subjects have been compensated before averaging. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Baseline characteristics and changes in parameters after TACE.

Parameters (for
tumors)

Nonviable
(n=27/52)

Equivocal or viable
(n=25/52)

Comparison at
baseline

Nonviable vs equivocal or
viable

Before treatment After treatment p value Before treatment After treatment p value p value p value

Tumor size (mm) 18.7 ± 6.5 15.0 ± 5.2 <0.01 26.2 ± 20.3 20.3 ± 18.3 <0.01 0.08 0.74

Nonparametric analysis
PER 0.9 ± 0.4 0.8 ± 0.9 0.64 1.0 ± 0.4 1.0 ± 0.5 0.74 0.59 0.53
TTP (s)* 62.5 ± 18.2 83.3 ± 12.8 <0.01 54.4 ± 24.1 69.5 ± 18.9 <0.01 0.28 0.47
nMITR, 10−2 (s−1)* 1.7 ± 1.2 1.3 ± 1.1 0.34 2.1 ± 1.7 1.5 ± 0.7 0.16 0.45 0.73
Wash-in, 103 (s−1)* 27.5 ± 25.3 19.9 ± 13.4 0.16 31.2 ± 30.2 25.7 ± 19.1 0.50 0.70 0.83
Wash-out, 102 (s−1)* 10.1 ± 14.9 13.7 ± 25.2 0.42 13.6 ± 10.4 16.4 ± 19.6 0.52 0.36 0.89

Parametric analysis
ka, 10−3 (s−1)* 4.4 ± 4.7 5.6 ± 7.6 0.64 4.8 ± 4.4 6.9 ± 10.2 0.28 0.79 0.68
kp, 10−3 (s−1)* 8.0 ± 9.7 11.7 ± 18.2 0.29 20.4 ± 65.2 5.1 ± 5.5 0.25 0.36 0.20
k2, 10−2 (s−1)* 13.4 ± 14.4 8.9 ± 15.0 0.43 14.8 ± 14.1 8.1 ± 9.1 0.01 0.67 0.64
MTT (s)* 36.0 ± 51.6 43.1 ± 35.2 0.46 14.2 ± 11.8 33.9 ± 36.8 0.01 0.10 0.33
DV (%)* 32.5 ± 47.9 45.2 ± 41.5 0.30 42.9 ± 123.6 48.6 ± 124.1 0.87 0.70 0.84
ART* 0.4 ± 0.3 0.4 ± 0.3 0.93 0.4 ± 0.2 0.5 ± 0.3 0.13 0.71 0.39

All values except P values are expressed as mean ± SD. PER=peak enhancement ratio, TTP= time to peak, nMITR=normalized maximum intensity time ratio,
ka= transfer constant from the arterial plasma to the surrounding tissue, kp= transfer constant from the portal venous plasma to the surrounding tissue,
k2= transfer constant from the tissue to the central vein, MTT=mean transit time, DV=distribution volume and ART=arterial fraction. * Non-viable lesions with
clear necrosis after TACE (n=9) were excluded from analysis for these parameters due to the absence of visible enhancement.
Bold text was used to highlight significant results (p value>0.05)
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tumor regardless of necrosis in 28 patients with a total of 52 tumors.
This difference in the ROI placement method may explain differences
between our studies. The authors also reported that untreated HCC
(n=16) had a significantly higher arterial fraction and a lower portal
venous hepatic blood flow than treated lesions (n=17).

Pahwa et al. noted a statistically significant difference in arterial
fraction and distribution volume in 28 HCCs compared to healthy liver
tissue in volunteers [14]. The authors also found that there was no
significant difference in MTT. Again, ROIs were only drawn on the
enhancing part of the tumor. Parameters were obtained by fitting a
similar dual-input single-compartment model to data of contrast con-
centration. Images were acquired using a 3D free breathing spiral ac-
quisition with a temporal resolution of 1.6 to 1.9 s. This enabled a more
accurate evaluation of the arterial and venous input functions.

In a study of patients with unresectable primary liver cancer (26
intrahepatic cholangiocarcinomas and 8 HCCs), Jarnagin et al. found
that changes in perfusion characteristics shortly after hepatic arterial
infusion with floxuridine and dexamethasone may predict treatment
outcome [19]. A dual-compartment general kinetic model was used to
calculate perfusion parameters. Voxel analyses of the top decile values
within the ROI showed a survival correlation.

In a retrospective study on 48 patients with 71 HCCs, Bonekamp
et al. [8] found that decrease in venous enhancement one month after
TACE differed significantly between partial response, stable disease and
progressive disease as assessed by using RECIST six months after
treatment. Venous enhancement was calculated as a percentage of
contrast-enhanced values without using a perfusion model. However,
we did not confirm significant differences in venous enhancement by
using a dual-input perfusion model.

Using the one-compartment Tofts model, Pokuri et al. [16] assessed
DCE-MRI biomarkers of treatment response to sunitinib and TACE
combination therapy in 16 patients with HCC. The authors found that
the transfer constant (Ktrans) and viable tumor percentage after com-
bination therapy decreased significantly. Similarly, Saito et al. [17]
assessed changes in perfusion parameters after TACE combined with
sorafenib in 11 patients with 21 HCCs and found that Ktrans was sig-
nificantly reduced post-treatment in the responder group. They also
noted that DV significantly decreased in responders at three and
10 days after treatment, whereas decrease in DV was not significant in
non-responders. In contrast, we found a non-significant increase in DV
in both groups. However, we used a different definition of DV that
relied on ka, kp and k2 instead of Ktrans.

Our pilot study had some limitations. First, this pilot study had a
small sample. However, this is the largest study so far to perform paired
comparisons before and after TACE. Future studies with larger sample
size will be required to identify thresholds for DCE-MRI parameters that
indicate significant tumor response. Second, the peak arterial en-
hancement may not have been consistently acquired due to an early or
late acquisition in the arterial phase resulting from the use of a se-
quence performed over multiple breath-holds. This may have in-
troduced errors in the modelling of the arterial input function and early
tumor enhancement [34]. In the future, free breathing acquisitions with
radial k-space sampling that provide uniform temporal resolution and
robustness to organ motion may allow continuous assessment of the
time-intensity curve throughout the examination, including during the
arterial peak [35]. Furthermore, we acknowledge that the lack of in-
dependent reference standard constitutes a limitation of our study.
However, over the past two decades, the definite diagnosis of HCC and
the assessment of treatment response have been largely based on ima-
ging. Nowadays, liver biopsy is not mandated to confirm the diagnosis
of HCC or viable tumor. Further, it would be unethical to confirm tumor
recurrence with follow-up imaging and withholding treatment in pa-
tients with intermediate-stage HCC with a high pre-test likelihood of
HCC. Therefore, the use of clinical interpretation as the reference
standard was inevitable in our patient cohort. Our study included le-
sions that had previously been treated by TACE. However, this was on a

small number of lesions and patients (6 and 4, respectively). Finally, we
used a dual-input single-compartment model to fit the concentration
curves using simple assumptions. Some authors have proposed more
complex dual-input dual-compartment models [36] or distribution
parameter models [37] to reflect liver perfusion and contrast distribu-
tion. However, there is still scarce evidence that these models can be
applied to HCCs or that parameters derived from these models would
provide better classification accuracy.

In conclusion, this prospective pilot study showed that time to peak
significantly changed after TACE treatment for both groups. Other
parameters such as k2 and MTT changed only in the equivocal or viable
group although the difference with the nonviable group was not sig-
nificant. These promising results support the conduct of further studies
with larger cohort size and clinical outcomes to test whether DCE-MRI
with better temporal resolution by means of innovative free-breathing
techniques can predict tumor response following TACE procedures in
HCC patients.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.06.017.
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