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Abstract
Purpose—To develop a fully quantitative 4D transcatheter intraarterial perfusion (TRIP) MRI
technique and prospectively test the hypothesis that quantitative 4D TRIP-MRI can be used clinically
to monitor intra-procedural liver tumor perfusion reductions during transcatheter arterial
chemoembolization (TACE).

Materials and Methods—TACE was performed within an x-ray DSA-MRI procedure suite in 16
patients with hepatocellular carcinoma. Quantitative 4D TRIP-MRI with targeted radiofrequency
field mapping and dynamic longitudinal relaxation rate mapping was used to monitor changes in
tumor perfusion during TACE. First-pass perfusion analysis was performed to produce intra-
procedural blood flow (Fρ) maps. Mean liver tumor perfusions before and after TACE were compared
with a paired t-test (α = 0.05).

Results—Perfusion reductions were successfully measured with quantitative 4D TRIP-MRI in 22
separate tumors during 18 treatment sessions. Mean tumor perfusion Fρ decreased from 16.3 (95%
CI: 10.7–21.9) before TACE to 5.0 (95% CI: 3.5–6.5) (mL/min/100mL) after TACE. Tumor
perfusion reductions were statistically significant (P < 0.0005), with a mean absolute perfusion
change of 11.4 (95% CI: 5.6–17.1) (mL/min/100mL) and a mean percentage reduction of 61.0%
(95% CI: 48.3%–73.6%).

Conclusions—Quantitative 4D TRIP-MRI can be successfully performed within clinical
interventional settings to monitor intra-procedural changes in liver tumor perfusion during TACE.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most common malignancy (1) and the fourth
leading cause of cancer death worldwide (2), with an increasing incidence over the last 15–20
years (3). Transcatheter arterial chemoembolization (TACE) is a widely accepted therapy for
treatment of unresectable HCC that are not amenable to surgery. Randomized controlled trials
have demonstrated an improved patient survival benefit with TACE versus best supportive
care (4,5). However, the relationship between TACE-induced tumor perfusion changes and
therapeutic outcome remains unknown. There is no consensus to support which TACE embolic
endpoint—stasis (ie, complete blockage of antegrade blood flow to tumor) or substasis (ie,
partial reduction of forward blood flow to tumor)—is preferable. While under-embolization
may undermine therapeutic efficacy, over-embolization (ie, embolization to a level beyond
any therapeutic benefit) or repeated embolizations may lead to arterial occlusion, accelerated
liver decompensation and failure (6,7), and potential induction of cancer angiogenesis and
tumor recurrence (8,9). Although a four-point subjective angiographic chemoembolization
endpoint (SACE) scale (10) was developed to classify TACE embolic endpoints, objectively
quantifying tumor perfusion remains an obstacle with x-ray digital subtraction angiography
(DSA) due to its high subjectivity and variability in angiographic endpoint monitoring (10).

With the increasing availability of combined x-ray DSA-MRI procedure suites, it is now
possible to use DSA to guide catheter placement and use MRI to monitor intra-procedural
functional therapeutic effects (11,12). TRanscatheter Intraarterial Perfusion (TRIP) MRI is an
intra-procedural perfusion measurement technique that employs catheter-directed intraarterial
injections of contrast material (13). This technique can be used to objectively monitor changes
in tumor perfusion during liver-directed embolotherapies (12,14) and verify the distribution of
injected chemoembolic material before delivery (15). Semi-quantitative TRIP-MRI was
initially developed and evaluated in preclinical rabbit intra-hepatic tumor embolization studies
(14,16), and its early clinical translation was demonstrated in liver cancer patients undergoing
chemoembolization in a combined clinical x-ray DSA-MRI suite (12,17). A quantitative four-
dimensional (4D) TRIP-MRI technique (serial iterative three-dimensional (3D) volumetric
perfusion imaging) including rigorous radiofrequency field (B1) calibration, dynamic tissue
longitudinal relaxation rate (R1) measurements, and a peak gradient method for blood flow
analysis was recently developed and validated during preclinical animal model studies (18).
An additional refinement now includes the use of quantitative first-pass perfusion analysis
methods with more sophisticated pharmacokinetic modeling approaches tailored for TRIP-
MRI datasets. The purpose of our study was to develop a fully quantitative 4D TRIP-MRI
acquisition and analysis approach and prospectively test the hypothesis that quantitative 4D
TRIP-MRI can be used clinically to monitor intra-procedural liver tumor perfusion reductions
during TACE procedures in patients with HCC.

MATERIALS AND METHODS
Clinical Setting and Patients

This prospective study was compliant with Health Insurance Portability and Accountability
Act, and was approved by our local Institutional Review Board. We obtained informed consent
from all patients.

From September 2008 through September 2009, we prospectively enrolled 16 consecutive
patients with surgically unresectable HCC presenting for x-ray DSA-MRI monitored TACE
at a university-affiliated hospital in a large metropolitan area. All patients were deemed
candidates for TACE at a weekly institutional multi-disciplinary hepatic oncology conference.
We used a modified set of inclusion and exclusion criteria by Brown et al (19). We enrolled
patients who a) were older than 18 years; b) had an Eastern Cooperative Oncology Group
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(ECOG) performance score no greater than 2; c) had Child-Pugh class A or B; d) had focal or
multi-focal malignancy; e) had no contraindications to MRI scan; and f) provided informed
consent. We excluded patients who had: a) a life expectancy of less than 6 months; b) an ECOG
performance score no smaller than 3; c) Child-Pugh class C; d) uncorrectable coagulopathy
(i.e. International Normalized Ratio > 1.5); e) a total bilirubin level grater than 4.0 mg/dL; f)
a serum creatininelevel grater than 2.0 mg/dL; g) uncorrectable thrombocytopenia (platelet
count < 50,000/μL); or h) contraindications to MRI, such as pacemaker or cochlear implant.
Patients with portal vein thrombosis were included if super-selective segmental TACE was
technically feasible (20). Patients were excluded if they did not undergo intra-procedural MRI
examination during TACE. Detailed patient and tumor characteristics and HCC staging of
enrolled patients are listed in Tables 1–2.

The diagnosis of HCC was established with biopsy and/or non-invasively based on the presence
of a tumor with greater than 2 cm diameter plus characteristic imaging findings in the setting
of cirrhosis (21), or a serum α-fetoprotein level of no less than 400 ng/mL (22). Patients were
deemed to be ineligible for surgical HCC resection for the following reasons: a) concurrent
comorbidities including cardiac or respiratory compromise, b) recurrent or multi-lobar disease,
c) cirrhosis or portal hypertension, d) vascular invasion, e) high tumor burden (> 25% of the
total liver volume), and/or f) contraindications to general anesthesia. Two attending transplant
surgeons present at the institutional weekly multidisciplinary HCC conference accessed
surgical unresectability.

X-ray DSA-MRI Procedure Suite
We performed all TACE procedures using a dedicated x-ray DSA-MRI procedure suite
(Miyabi, Siemens, Erlangen, Germany). This system integrated a flat panel x-ray DSA Artis–
dTA unit with a 1.5T Espree wide-bore MR unit via a moving interventional radiology (IR)
procedure table. Patients, with their positions registered to the moving table, were transferred
between the DSA and MRI units according to our institution’s safe transfer protocol.

TACE
All TACE procedures were performed by one of four board-certified attending interventional
radiologists who specialize in interventional oncology. Patients were prepared and draped in
sterile fashion in the supine position on the IR procedure table. Through arterial access via the
right common femoral artery, we inserted a 5-F visceral catheter (typically either Simmons or
cobra shapes) and performed initial mapping visceral x-ray DSA. Under subsequent
radiographic angiography guidance, a 2.8-F microcatheter (Renegade Hi-Flow, Boston
Scientific, Natick, Mass) was advanced coaxially over a 0.016-inch-diameter guide wire
(Headliner, Terumo, Tokyo, Japan) to super-select either the hepatic lobar or segmental hepatic
artery supplying the targeted tumor. X-ray DSA was performed by using iohexol injection
(Omnipaque 350, Amersham Health, Princeton, New Jersey).

After the attending interventional radiologist selected the appropriate catheter position for
TACE, patients were transferred to the adjacent MRI unit on the moving IR procedure table.
Vascular catheter systems were covered with a sterile drape so that the MR array abdominal
coil could be placed. We performed baseline MRI prior to TACE administration and then
transferred patients back to the x-ray DSA suite for TACE. A 1:1 solution of emulsifying
contrast medium and chemotherapy was prepared by mixing 10 mL of ethiodized oil (Ethiodol;
Savage Laboratories, Melville, New York) with a 10 mL mixture of three-drug chemotherapy
consisting of 100 mg of cisplatin, 30 mg of doxorubicin, and 30 mg of mitomycin C. Under
direct fluoroscopic monitoring, we infused this solution in 1–3-mL aliquots, typically until
there was some slowing of antegrade blood flow to the targeted tumor. We then completed
TACE by injecting 500–700 μm diameter trisacryl gelatin microspheres (Embosphere;
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Biosphere Medical, Rockland, Mass) mixed with iohexol. The amount of injected
chemoembolic material and angiographic endpoint were determined at the discretion of the
attending interventional radiologist according to the SACE scale (10). In general, we employed
a substasis embolic endpoint in patients with increased bilirubin levels and/or high likelihood
to undergo repeated TACE, whereas a stasis endpoint in patients with normal bilirubin levels
and/or low likelihood to be re-treated in the same targeted artery. After TACE, patients were
transferred to the adjacent MRI unit for post-TACE imaging. After this completion MR
imaging examination, we transferred patients back to the x-ray DSA suite, removed the
vascular sheath, and achieved groin hemostasis with manual compression. Immediately after
completion of TACE, non-contrast enhanced computed tomography (CT) was performed to
assess the distribution of the chemotherapy emulsifying contrast agent.

MR Imaging
After being transferred into the magnet bore, patients underwent intra-procedural MRI in the
supine position. A 2-channel anterior array abdominal coil and a 6-channel posterior array coil
were used for signal acquisition. MR images were acquired during multiple breath-holds at
expiration. We first acquired multi-slice axial and coronal two-dimensional (2D) turbo-spin-
echo (TSE) T2-weighted and axial spoiled gradient-recall-echo (GRE) T1-weighted images
covering the entire liver to locate optimal imaging positions for subsequent 4D TRIP-MRI.
Prior to each TRIP-MRI dynamic scan, we acquired baseline 3D R1 maps in transverse
orientations, providing full spatial coverage of the targeted liver segment(s). The baseline 3D
R1 mapping was performed using a 3D variable flip angle (VFA) GRE method (18) with the
following parameters: TR/TE = 4.0/1.72 msec, flip angle (FA) = 2°, 9°, 15°, 19°, 3 averages,
192×108×24–192×132×24 matrix, 400–450 mm field of view (FOV), 5 mm interpolated
partition thickness, 670 Hz/pixel bandwidth, 6/8 partial Fourier in both the slice and phase
encoding directions, 33% slice over sampling, generalized autocalibrating partially parallel
acquisition factor, two. To calibrate B1 inhomogenity for quantitative perfusion imaging in the
TACE targeted region, we measured in vivo targeted 3D B1 maps in transverse orientations
using TSE based 3D reduced FOV catalyzed double-angle method (DAM) (23,24) with the
following parameters: TR/TE = 400/12 msec, excitation/compensation FA = 60°/120° and
120°/60°, refocusing FA = 180°, catalyzation chain pulse FA = 90°, 3 catalyzation chain pulses,
660 Hz/pixel bandwidth, echo train length = 7, 6/8 partial Fourier in both the slice and phase
encoding directions, 50% slice oversampling, 128×28×16 matrix. Flow saturation bands were
applied on both sides of the B1 imaging slab in the slice direction to minimize inflow effects.
This targeted 3D B1 mapping technique allowed time-efficient TSE image acquisition within
a single breath-hold, and provided sufficient spatial coverage for local B1 calibration in the
selected targeted HCC and surrounding treatment regions. Multiple targeted 3D B1 maps of
different regions were acquired to increase spatial coverage if deemed necessary. 4D TRIP-
MRI was then performed using a 3D GRE sequence with identical parameters to the VFA
method at 15° FA for rapid dynamic R1 mapping with the targeted 3D imaging volume
consecutively acquired 15 times at 2.1-second sampling rate.

Five seconds after the beginning of the dynamic image acquisition, the interventional
radiologist manually injected 5.0 mL 20% gadopentetate dimeglumine solution (Gd-DTPA,
Magnevist, Berlex, Wayne, New Jersey) at a rate of 1 mL/sec through the existing hepatic
artery catheter. Our injection protocol was empirically designed, based on the targeted vessel
caliber and blood flow rates, as well as the targeted volume, to demonstrate perfusion to the
targeted liver segment(s), while avoiding reflux of injected contrast agent into non-targeted
angiographic territories. Our injection protocol was also developed to be consistently
applicable for all the patients before and after TACE in this study, and to achieve adequate
dynamic signal enhancement in the targeted liver segment(s) while avoiding signal saturation.

Wang et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



After each 4D TRIP-MRI dynamic scan, we acquired multi-slice 2D T1-weighted contrast-
enhanced (CE) GRE images of the liver in the axial orientation.

MR Data Analysis
Each TRIP-MRI dataset was exported and processed off-line with Matlab software package
(Mathworks, Natick, Mass).

B1 Calibrated Dynamic R1 mapping and Contrast Agent Concentration
Calculation—A flip angle correction factor map (CFA) was first calculated using the ratio
between two catalyzed DAM images at 120° and 60° FAs (23):

[1]

The transverse matrix size of the CFA map was scaled 1.5 times with bilinear interpolation to
192×42 to match the resolution of the R1 measurement. The nominal excitation FA (αnom) was
then corrected to actual FA value (α): α(r) = αnom × CFA(r) in subsequent calculations.

Voxel-wise B1 calibrated VFA (2°, 9°, 15°, and 19°) spoiled GRE steady-state signal intensities
were transformed and fitted to a linear curve to generate the baseline 3D R1 map:

[2]

where M0(r) is a constant associated with equilibrium magnetization and receiver coil gain.

The B1 calibrated 15° FA dynamic TRIP-MR images were then translated into a time series
of 3D R1(t) maps (18) (neglecting the T2

* effect with short TE):

[3]

The difference between baseline R1 (R10) and R1(t) maps were converted into the 4D tissue
contrast agent concentration Ct(t) maps using the classic relationship:

[4]

where ℜ1 is the longitudinal relaxivity of Gd-DTPA (3.9Ls−1mmol−1 at 37°C) (25). This
conversion assumes fast exchange of water protons between compartments and relatively
uniform Gd-DTPA relaxivity inside blood as well as the extra-vascular space of the liver
(26,27). These 4D Ct(t) maps were then used for quantitative perfusion analysis.

Quantitative First-Pass Perfusion Analysis—For first-pass perfusion analyses, targeted
intra-hepatic arterial injection of the contrast agent simplifies pharmacokinetic modeling
within the liver; specifically, one needs only consider a single input model rather than a
complex dual-input (portal and arterial) model (14,18). According to the distributed parameter
(DP) model (28) and the adiabatic approximation to the tissue homogeneity (AATH) model
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(29), we can describe contrast tracer uptake in the liver during the microvascular transit phase
of the contrast bolus (i.e. before any venous drain) as:

[5]

where Ct(t) is the time series of contrast agent concentration in the liver tissue (mmol/mL),
Cp(t) is the time series of contrast concentration in the arterial blood plasma (mmol/mL), also
known as the arterial input function (AIF), Hct is hematocrit (assumed to be 0.45 (30), F is the
hepatic arterial blood flow (mL/min/100g), ρ is the tissue density of liver tissue (100g/mL),
and Tc is the mean transit time (sec). Based upon typical literature mean transit times for the
human liver (12.7–51 seconds depending on pathological conditions) (28,31,32) and visual
inspection of the curvature of measured Ct(t) from both current and prior clinical TRIP-MRI
studies (12,17), we chose to include data points acquired within only the first 12–15 seconds
after contrast bolus arrival during a period anticipated to be representative of the microvascular
transit phase. Thus, our first-pass modeling approach utilizes only the microvascular transit
phase of contrast tracer kinetics (0 < t < Tc) (28), during which the total amount of injected
contrast media should remain inside the imaged tissue volume before exiting through venous
outflow. This simplified approach avoids the curve fitting complexity associated with DP and
AATH models (28,29), and at the same time allows dedicated measurement of blood perfusion,
which is mixed with capillary permeability in the commonly used Tofts model (30). However,
just as with DP and AATH models, this simplified approach does not recognize the difference
and exchange of contrast tracer between vascular and interstitial spaces during the
microvascular transit phase.

Furthermore, super-selective catheter-directed delivery of contrast agent should permit first-
pass perfusion analysis without direct measurement of Cp(t) within the relatively small hepatic
arteries distal to the catheter-tip. Given that the super-selective transcatheter bolus injection
should temporarily suppress antegrade blood flow and control the maximum vascular contrast
agent concentration at the catheter tip immediately proximal to the tumor tissues (18), we can
estimate AIF, i.e. Cp(t), using prior information about the bolus injection parameters. Suggested
by the waveform of previously measured AIF during a TRIP-MRI study (14) and ignoring
dispersion effects, we approximated Cp(t) as a normalized convolution of the normalized
catheter input function, Cc(t), and an exponential deformation function, exp(−βt), scaled by
the injected contrast agent concentration, Cinject:

[6]

where  is a normalized boxcar function, with 0 meaning no
contrast solution being injected, 1 meaning contrast solution being injected, and Tstart and
Tend representing the beginning and ending times for the transcatheter injection of contrast
solution. Tend−Tstart = 5 seconds for our current study. Eq. 6 gives the restrictive first-pass AIF
estimation. The deformation functionexp(−βt) illustrates the process of how Cp(t) is deformed
from an ideal boxcar catheter input function Cc(t) to its actual shape, with β (s−1) being a unique
local parameter. While the normalized convolution modulates the waveform of the AIF,
Cinject regulates the amplitude of the AIF. Based upon the 20% Gd solution injection, Cinject
was calculated to be 100 mmol/L for our current study.
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The measured Ct(t) curves were interpolated 10 times and fitted with the combined Eqs. 5 and
6 to calculate two unknown parameters: Fρ and β. During curve fitting, Cc(t) was automatically
aligned with Ct(t) in an interpolated temporal fashion to account for different bolus arrival
times within different tissue regions. As β is not a characteristic of perfusion, we used only the
kinetic parameter Fρ to quantify intra-procedural HCC perfusion.

Statistical Analysis
Statistical analyses were performed using a commercially available software package (Origin
7.0, OriginLab, Northampton, MA). On the basis of T2-weighted images, CE T1-weighted
images, and TRIP-MR images, tumor regions of interest (ROI) were drawn on perfusion maps
for each TACE treated tumor by consensus of two observers under the instruction of an
attending interventional radiologist. We calculated the change in HCC perfusion after TACE
as the absolute reduction as well as the percentage reduction from pre-TACE perfusion values.
Intra-procedural HCC perfusion Fρ (mL/min/100mL), absolute perfusion change Fρ (mL/min/
100mL) and perfusion reduction (%) were reported as means and 95% confidence intervals
(CIs). TRIP-MRI perfusion Fρ values before TACE and after TACE for each tumor were
compared using a paired two-tailed t-test. A P value of less than 0.05 was considered to indicate
a significant difference.

RESULTS
The 16 patients successfully underwent a total of 18 separate x-ray DSA-MRI monitored TACE
sessions with 22 separate HCC foci treated. Quantitative 4D TRIP-MRI was successfully used
to monitor intra-procedural perfusion changes in each TACE session. Typical time to complete
the entire TACE procedure was 2.5 hours, with an average 10-minute transfer time between
the DSA and MRI units, and a typical 20-minute imaging time for each course of intra-
procedural MRI measurements.

Quantitative analyses of the 4D TRIP-MRI datasets were successfully performed in all cases.
Representative fittings of the voxel-wise concentration time curves using the proposed first-
pass perfusion model are shown in Fig. 1. These examples were obtained from a patient with
particularly good breath-hold compliance during the 4D TRIP-MRI acquisition. The measured
Ct(t) curves clearly exhibited alteration in contrast uptake caused by TACE. The proposed
model fitting closely corresponded to the original voxel-based Ct(t) curves both before and
after TACE.

Catheter positioning, arterial structure, and antegrade blood flow were seen clearly in pre-
TACE iodinated contrast x-ray DSA images (Fig. 2a, Fig. 3a). Reduced antegrade blood flow
and reduced or no tumor blush in the post-TACE x-ray DSA images were reflective of
immediate embolic effects (Fig. 2b, Fig. 3b). Regional liver enhancement corresponding to the
targeted transcatheter intraarterial Gd-DTPA contrast injection was seen in the pre-TACE peak
enhanced 4D TRIP-MR images from the same patients (Fig. 2c and Fig. 3c). Reduced contrast
uptake in post-TACE peak enhanced 4D TRIP-MR images implied the blockage of antegrade
blood flow in agreement with angiographic findings (Fig. 2d, Fig. 3d). Quantitative intra-
procedural Fρ maps clearly showed the baseline perfusion distribution before TACE and
resultant perfusion alteration after TACE in the tumors within the targeted vascular territories
(Fig. 2e–f, Fig. 3e–f). Intra-procedural Fρ maps together with axial T2-weighted anatomic
images (Fig. 4a, b, d, e, g, h, j k) quantitatively demonstrated spatially heterogeneous TACE-
induced tumor perfusion reductions. The region of perfusion reductions in the targeted tumor
was qualitatively confirmed by the post-TACE abdominal CT images showing ethiodized oil
contrast accumulation within these same regions (Fig. 4c, f, i, l). 4D Fρ maps co-registered to
T2-weighted anatomic images provided localized intra-procedural perfusion information with
volumetric coverage within the targeted treatment region (Fig. 5).
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In 21 of the 22 tumors treated with TACE, we were able to draw ROIs covering the entire
tumor. For the remaining tumor, with longitudinal diameter larger than our 4D TRIP-MRI
sampled slab thickness, we selected ROIs containing only those tumor tissues present within
the computed perfusion maps.

Mean intra-procedural Fρ values for HCC perfusion were significantly reduced from 16.3 (95%
CI: 10.7–21.9) before TACE to 5.0 (95% CI: 3.5–6.5) (mL/min/100mL, P < 0.0005) after
TACE (Fig. 6). These results corresponded to a mean absolute perfusion change of 11.4 (95%
CI: 5.6–17.1) (mL/min/100mL), with range from 0.1 to 60.0 (ml/min/100mL) and a mean
percentage Fρ reduction of 61.0% (95% CI: 48.3%–73.6%), with range from 1.0% to 97.9%.

DISCUSSION
In this prospective study, we developed a fully quantitative 4D TRIP-MRI technique and
translated this technique clinically using a state-of-the-art integrated x-ray DSA-MRI unit to
monitor 18 separate TACE sessions for 16 HCC patients. Our results showed that fully
quantitative 4D TRIP-MRI can be applied successfully to measure intra-procedural reductions
in perfusion to the targeted tumor during TACE procedures. Our proposed first-pass analysis
approach successfully generated intra-procedural perfusion maps which demonstrated
statistically significant differences in perfusion within the targeted tumors after TACE.

Quantitative 4D TRIP-MRI offers an objective, quantitative, and effective method to monitor
changes in perfusion to the targeted tumors during TACE. This objective, quantitative capacity
cannot be provided with traditional subjective x-ray DSA TACE monitoring approaches.
Quantification of 4D TRIP-MRI is achieved through two important steps. The first step is
rigorous baseline and dynamic R1 measurements for quantitative voxel-wise estimations of
tracer concentration time series. The R1 measurement procedure intra-procedurally calibrates
the transmitted B1 inhomogeneity and eliminates the influences from the receiver coil
sensitivity profile. The second step involves quantitative perfusion analysis based on
pharmacokinetic models describing physiologic tissue processes. In this study, we derived a
parameter Fρ directly linked to blood flow in our proposed first-pass pharmacokinetic analysis.
Due to these quantitative efforts, our intra-procedural perfusion maps exhibited different spatial
patterns within the targeted tumor regions when compared to static CE T1-weighted images
(Fig 2 and Fig 3). The signal intensity of these anatomic CE images comprised information of
transmitted B1, receiver coil sensitivity, static tissue contrast agent concentration, and
underlying tissue characteristics other than absolute perfusion. The objective, quantifiable, and
multi-dimensional functional capacity of quantitative 4D TRIP-MRI could be used to provide
insights into the relationship between tumor perfusion response and therapeutic outcomes
following TACE, to facilitate standardization of TACE embolic endpoints (10,12,14), to target
a potential specific reduction in tumor perfusion to optimize TACE procedures. The
advancement of quantitative 4D TRIP-MRI can be viewed within the context of the
development of 4D image-guided interventional techniques to quantitatively validate treatment
endpoints (biomarkers), which was highlighted in the Biomedical Imaging Research
Opportunities Workshop IV in 2006 (33).

The newly proposed first-pass perfusion analysis approach provides several practical and
technical benefits for successful clinical application of quantitative 4D TRIP-MRI. Foremost,
this simplified first-pass kinetic model enables calculation of blood perfusion using data
acquired within only 12–15 seconds after contrast bolus arrival (i.e. within typical mean transit
time of the liver). This is in contrast to traditional dynamic contrasted enhanced (DCE) MRI
analyses which assess datasets collected several minutes to an hour after contrast bolus
injection. This shorter duration of data acquisition allows single breath-hold dynamic TRIP-
MRI avoiding respiratory motion artifacts due to motion during longer acquisition times,
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simplifying image co-registration, and shortening the requisite burden of overall imaging times
during an interventional procedure. Secondly, this first-pass perfusion analysis permits robust
derivation of a kinetic parameter Fρ that should solely reflect blood flow alterations during
TACE. The theory of our approach was based on advanced DP and AATH models. As these
models are more complex and thorough than the general Tofts model in describing contrast
tracer kinetics, the blood flow (Fρ) can be quantified separately from permeability surface area
product, unlike the commonly used Ktrans in the Tofts model. However, due to the complexity
of DP and AATH models (with at least four unknown fitting parameters), the uniqueness of
the model solution can be an issue (34). In contrast, the simplicity of the proposed TRIP-MRI
first-pass perfusion model (with only two unknown fitting parameters, Fρ and β) ensures fast
and robust curve fitting to achieve a unique model solution. Additionally, our first-pass
perfusion analysis estimates the local AIF from model curve fitting using knowledge of the
controlled contrast injection. It circumvents direct AIF measurement for TRIP-MRI, which
can be difficult due to the small vessel caliber distal to the catheter tip. Finally, the first-pass
kinetic analysis minimizes the impact from previous injected residual contrast agent upon blood
flow calculations. With the assumption of identical diffusion forces, a low concentration of
residual tissue contrast agent is expected to contribute a negligible influence on the contrast
tracer uptake during the vascular transit phase (0 < t < Tc) (18). These practical and technical
benefits should allow quantitative 4D TRIP-MRI to be applied clinically.

To the best of our knowledge, our study for the first time quantifies intra-procedural 4D
perfusion values in HCC during TACE. The 3D spatial coverage of these intra-procedural
perfusion maps enabled us to perform quantitative perfusion measurements of entire tumor
volumes (in most cases). Whole tumor perfusion measurements should avoid irregularities
associated with blood flow heterogeneity and 2D ROI selection, and should help improve the
co-registration of measurements before and after administration of therapy. To date, there are
few published values for quantitative clinical DCE-MRI perfusion measurements in HCC and
only two prior studies have reported quantitative DCE-MRI perfusion measurements in rats
with chemically-induced HCC (35) and in patients with metastatic liver tumors (28)
respectively. Our pre-TACE TRIP-MRI HCC blood flow measurements of 16.3 (95% CI:
10.7–21.9) mL/min/100mL fell into the lower range of the mean hepatic arterial flow values
measured in metastatic liver tumors during the prior study that included three metastasis
patients (13.3, 27.1, 29.7 mL/min/100mL, respectively). However, our intra-procedural HCC
perfusion measurements were much smaller than the previously reported mean hepatic arterial
blood flow values of 94 or 32.7–201.9 mL/min/100mL in HCC (36,37) and 43–85 mL/min/
100mL in metastatic liver tumors (36,38) measured using DCE-CT. These previous studies
used either a dual-input single-compartment model, dual-input two-compartment DP model,
or a peak gradient approach for data analysis, but all involved intravenous contrast medium
injection with direct measurement of the AIF. The smaller values for our intra-procedural HCC
perfusion measurements compared to those in previous intravenous based studies may have
resulted from the following reasons: territorial assessment of single vessel blood supply
proximal to the catheter tip excluded measurement of blood flow from any collateral arterial
supply; local anesthesia during TACE may temporarily alter overall intra-procedural perfusion;
catheter placement inside the hepatic arteries may possibly cause transient obstructions to
arterial blood flow; the simplification of our analysis modeling approach, such as using a
calculated rather than measured AIF and ignoring the bolus dispersion effects, may
overestimate the contribution of the AIF; the effects of water exchange on quantitative CE MRI
may lead to underestimation of perfusion, particularly while using our first-pass perfusion
analysis approach; and whole tumor ROI selection inevitably included non-enhancing or
necrotic tumor regions with little blood flow in our enrolled patient population, among whom
many had tumors with sizes larger than 4 cm and/or had been previously treated with
radiofrequency ablation or a prior chemoembolization. It is uncertain how these factors may
influence the intra-procedural tumor perfusion measurement. Nevertheless, our intra-
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procedural perfusion quantification should still offer a valuable “perfusion index” for
monitoring catheter-directed embolotherapies (10,12,15).

Using quantitative 4D TRIP-MRI, we observed statistically significant differences in blood
flow within the targeted tumors before and after TACE. We postulate that the intra-procedural
reductions in our Fρ measurements are most likely related to the ischemic effects of the injected
embolic material. The extent of intra-procedural perfusion changes specifically caused by the
cytotoxic effects from injected chemotherapeutic agents remains undistinguishable.
Furthermore, we observed a wide range of intra-procedural tumor perfusion reduction after
TACE. Absolute perfusion reduction ranged from 0.1 to 60.0 (ml/min/100mL), percentage
reductions ranged from 1% to 98%. This finding is consistent with previously reported semi-
quantitative TRIP-MRI studies for monitoring TACE (12,17). This wide variability can be
attributed to the currently employed subjective x-ray DSA embolic endpoint monitoring.
Notably, a previous study by Lewandowski et al (10) found no correlation between SACE level
and semi-quantitative MR perfusion reductions (only comparing measurements within central
tumor slice).

Our study had several limitations. First, there lacks in vivo reference validation for this newly
proposed quantitative 4D TRIP-MRI technique. Among possible reference validation methods,
radiographic or fluorescence-labeled microsphere-based methods are not applicable for patient
studies, intra-procedural CT would require additional patient transportation to a dedicated CT
suite, and intra-procedural quantitative DCE-MRI with both intra-hepatic artery catheter
placement and intravenous contrast injection for liver tumor perfusion, to our knowledge, has
yet to be developed and validated. Second, quantitative 4D TRIP-MRI requires spatial co-
registration among B1, baseline R1, and dynamic R1 maps acquired at separate breath-holds.
Image acquisition at exhalation position should help achieve a similar breath-hold position for
each study. Future employment of motion correction and image co-registration algorithms
should further alleviate this challenge. A previous breath-hold liver perfusion study reported
reliable spatial co-registration between data collected on separate breath-holds after motion
correction and image co-registration processing (39). Third, our first-pass perfusion analysis
demands a high temporal resolution during TRIP-MRI volumetric sampling. We maintained
our current temporal resolution at the expense of spatial resolution. Future improvements that
increase temporal and spatial resolution should be sought. Fourth, whole tumor 4D TRIP-MRI
perfusion measurements were effective for focal tumors with measurable margins, but can be
difficult in diffuse infiltrative tumors with unclear borders. Fifth, the manual injection of
contrast agent used in our study was less-than-ideal for the proposed AIF estimation using
information about the bolus injection parameters. A power injector can be used to improve the
precision and reproducibility of contrast injection. Sixth, the current tumor ROI selection was
performed offline manually after TACE procedures. It would be desirable to define the tumor
borders based upon online perfusion information, in order to assess effective tumor treatment
intra-procedurally. Seventh, the limited number of hybrid x-ray DSA-MRI suite installations
is a barrier to the widespread clinical application of intra-procedural MRI. It will take time for
the new paradigm of functional MRI interventional guidance (40) to disseminate, and it will
be imperative to prospectively assess how these MRI-guided interventional procedures can
benefit patient care. Finally, we did not correlate intra-procudural 4D TRIP-MRI perfusion
change with long-term clinical outcomes. In an ongoing study, we hope to address this topic
with longitudinal clinical data and a larger patient sample size.

In conclusion, quantitative 4D TRIP-MRI can be performed successfully in an integrated x-
ray DSA-MRI procedure suite to monitor intra-procedural reductions in liver tumor perfusion
during TACE. This technique offers the ability to measure objective, quantitative changes in
perfusion during therapy, and holds great promise to reveal important relationships between
embolic endpoints and clinical outcomes after TACE. Such quantitative intra-procedural
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perfusion changes may serve as a functional imaging biomarker to help optimize TACE in
future clinical studies.
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Figure 1.
Graphs show the measured Ct(t) curves, estimated AIFs (Cp(t)), and associated interpolated
curve fitting using proposed first-pass perfusion model for individual tumor voxels from one
representative patient before and after TACE. The measured Ct(t) curves clearly exhibited
alteration in contrast uptake kinetics due to TACE.
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Figure 2.
Representative x-ray DSA-MRI monitored TACE images obtained in a 51-year-old patient
with segment III HCC. X-ray DSA image before TACE (a) demonstrates catheter positioning,
arterial structure, normal antegrade blood flow, and tumor blush (arrow). Post-TACE x-ray
DSA image (b) demonstrates reduced antegrade blood flow and no tumor blush. Axial pre-
TACE 4D TRIP-MR image after intraarterial contrast injection at peak enhancement (c) shows
segmental liver enhancement and tumor position (arrows), and post-TACE peak enhanced 4D
TRIP-MR image (d) shows reduced tumor contrast uptake; corresponding intra-procedural pre-
TACE Fρ map (e) indicates baseline blood flow and post-TACE Fρ map (f) indicates reduced
blood flow, in the tumor within the targeted vascular territories. The percentage perfusion
reduction is listed in the post-TACE perfusion map.
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Figure 3.
Representative x-ray DSA-MRI monitored TACE images obtained in a 55-year-old patient
with right lobe HCC. X-ray DSA image before TACE (a) demonstrates catheter positioning,
arterial structure, normal antegrade blood flow, and tumor blush (arrow). Post-TACE x-ray
DSA image (b) demonstrates reduced antegrade blood flow and disappearing tumor blush.
Axial pre-TACE 4D TRIP-MR image after intraarterial contrast injection at peak enhancement
(c) shows lobar liver enhancement and tumor position (arrows), and post-TACE peak enhanced
4D TRIP-MR image (d) shows reduced tumor contrast uptake; corresponding intra-procedural
pre-TACE Fρ map (e) indicates baseline blood flow and post-TACE Fρ map (f) indicates
reduced blood flow, in the tumor within the targeted vascular territories. The percentage
perfusion reduction is listed in the post-TACE perfusion map.
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Figure 4.
Intra-procedural 4D perfusion maps with anatomic MR images, and post-TACE CT images at
four adjacent slice positions obtained in an 81-year-old patient with segment VII HCC.
Quantitative Fρ maps fused with axial T2-weighted anatomic images acquired during x-ray
DSA-MRI monitored TACE (a, b, d, e, g, h, j, k) spatially reveal TACE-induced perfusion
reductions in the targeted tumor (arrows). Non-contrast enhanced axial CT images obtained
immediately after TACE (c, f, i, l) qualitatively verify chemotherapy emulsion distribution,
showing ethiodized oil contrast accumulation in the regions of perfusion reduction in the
targeted tumor (arrows).
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Figure 5.
Quantitative 4D intra-procedural Fρ maps co-registered to T2-weighted anatomic images
acquired during x-ray DSA-MRI monitored TACE in an 81-year-old patient with segment VII
HCC. These Fρ maps provide localized intra-procedural perfusion information with volumetric
coverage within the targeted treatment region. Arrows indicate tumor position.
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Figure 6.
Box plot show the distribution of intra-procedural tumor perfusion and a statistically significant
tumor Fρ reduction after TACE. Boxes represent the lower and upper quartiles; line inside each
box labels the 50th percentile (median); small crossed squares show the mean value; whiskers
indicate the standard deviation; Stars (*) represent one and ninety-nine percentiles.
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Table 1

Patient and Tumor Characteristics

Gender

Male 12 (75)

Female 4 (25)

Age

Average ± SD (y) 63 ± 9

Lesion Distribution

Unilobar 9 (56)

Bilobar 7 (44)

Maximum Diameter of Largest Target Lesion

Average ± SD (cm) 4.5 ± 3.4

<4 9 (56)

≥4 7 (44)

Replacement (%)

<25 15 (94)

25–50 0 (0)

>50 1 (6)

Morphology

Unifocal 8 (50)

Multifocal 8 (50)

Portal Vein Thrombosis

None 13 (81)

Unilobar 3 (19)

Bilobar 0 (0)

Cirrhosis

No 1 (6)

Yes 15 (94)

Note.—Values in parentheses are percentages.
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