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Abstract
PURPOSE: To evaluate lesion enhancement performance ofMulti-Arterial CAIPIRINHA-Dixon-TWIST–Volume-Interpolated
Breath-Hold Examination (MA-CDT-VIBE) for the detection of hepaticmetastases.MATERIALS ANDMETHODS: Thirty-one
patientswith suspicioushepaticmetastaseswereenrolled in this retrospective study. Two independent radiologists scored
visualization of each lesion on a scale of 1 (poor visualization) to 11 (excellent visualization) on 11 sets of images. These
included 6 hepatic arterial sub-phases acquired in one breath-hold, 1 series of the mean of 6 hepatic arterial sub-phases, 3
subtracted arterial sub-phases, and 1 portal venous phase. The phases with good (score 8–10) and excellent (score 11)
lesion visualizationwere identified, and the number of lesions seen on each of these phaseswas compared to the number
of lesions thatwasseenbeston theequivalent-to-conventional singlearterial phaseaswell as to those thatwereseebeston
the mean of 6 hepatic arterial sub-phases. Inter-reader agreement was also calculated. RESULTS: The MA-CDT-VIBE was
successfully acquired in 25 patients with hypervascular metastases (96 lesions) and 6 patients with hypovascular
metastases (13 lesions). In case of hypervascularmetastases, the 6th/6 arterial sub-phase had excellent lesion visualization
(soreof 11) in 56and44 lesions for the2 readers, respectively.Good lesion visualization (scoreof8-10)was recorded in5th/6
arterial subphases, in 81 and 67 lesions for the 2 readers, respectively. In case of hypovascular metastases, the portal
venousphasehadexcellent lesion visualization (soreof 11) in all 13 lesions for the2 readers.Good lesion visualization (score
of 8–10) was recorded in 12 and 13 lesions on the 5th/6 and 6th/6 arterial subphases, respectively. More hypervascular
lesions scored good (score of 8–10) and excellent (score of 11) on the 5th/6 and 6th/6 phases of MA-CDT-VIBE compared
with the equivalent-to-conventional single arterial phase (3rd/6) and the set withmean of 6 hepatic arterial sub-phases. The
results were statistically significant (t test, P b .0001). Inter-reader agreement was good for hypervascular lesions
(kappa = 0.627, P b .0001) and excellent for hypovascular lesions (kappa = 1.0, P b .0001), respectively.CONCLUSIONS:
The MA-CDT-VIBE improves lesion conspicuity by providing a wide observation window for hypervascular lesions. For
hypovascular lesions, the advantage of multiple arterial sub-phases over the portal venous phase is not apparent.
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Introduction
Partial hepatic resection is a well accepted procedure in the
management of early hepatic metastases [1]. It is essential for
adequate surgical planning and successful hepatic resection to
accurately assess the number, size, and location of the lesions as
well as the number of involved liver segments [2,3]. A meta-analysis
.
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of prospective studies demonstrated a superior performance of MRI
over FDG-PET and CT on a lesion-by-lesion basis in the detection of
hepatic metastases and in particular for lesions less than 1 cm in size
(sensitivity 80%-88% and specificity 93%-97%) [4]. The reported
sensitivity of hepatocyte specific contrast enhanced MRI for the
detection of hepatic metastases ranged between 91% and 97%
compared with 71% and 73.5% for CT [5–7]. The reported
sensitivity of hepatocyte-specific contrast agents in the detection of
hepatic metastases from gastrointestinal malignancies was significant-
ly improved by adding 10-minute or 20-minute delayed hepatobiliary
phase images to the standard multiphase exam after gadoxetate
disodium [8]. However, the liver specific contrast agents are still not
widely used in clinical environment because of cost and extended
exam time due to the acquisition of delayed hepatobiliary phases.
Another, more practical approach to enhancing the detection of liver
metastases is to explore the added clinical value of multiple arterial
sub-phases acquisition in the diagnosis of hepatic metastases.
Recent technical progress in T1-weighted dynamic contrast MRI

allows for the acquisition of multiple arterial phases in one breath
hold (BH). Controlled aliasing in parallel imaging results in higher
acceleration (CAIPIRINHA) is a novel acquisition scheme for
volumetric imaging that modifies the image acquisition pattern to
exploit sensitivity variations in the receiver coil array more efficiently,
thereby improving the generalized auto-calibrating partially parallel
acquisition (GRAPPA) performance [9,10], and allows further
reductions in image acquisition time to 10 seconds for abdominal
MRI by the use of higher acceleration factors. Time-resolved imaging
with interleaved stochastic trajectories (TWIST) is amenable to
time-resolved imaging with view sharing technique, and can also be
combined with volumetric interpolated breath-hold examination
(VIBE). Combining view sharing and the CAIPIRINHA technique
allows for a further increase of the temporal resolution by maintaining
the spatial resolution of the acquisition, theoretically facilitating
dynamic, first-pass, contrast-enhanced imaging with high temporal
resolution within a single breath hold. Homogeneous fat saturation is
another major requirement for successful dynamic T1-weighted
gradient-recalled echo (GRE) imaging of the abdomen. Dixon
water-fat separation is virtually insensitive to B0 inhomogeneity
[11,12]. The resulting CAIPIRINHA-Dixon-TWIST (CDT)–Volu-
me-Interpolated Breath-Hold Examination (VIBE) is a new
technique for fast dynamic 3-dimensional imaging of the abdomen
with high spatial resolution [13,14].
The aim of this study was to assess lesion enhancement

performance of the MA-CDT-VIBE protocol, with high spatial
resolution (1.3 × 1.3 × 3 mm3), high temporal resolution (2.64
seconds) and homogeneous fat suppression, for the detection of both
hypo and hypervascular hepatic metastases at 3 T.

Material and Methods

Patient Population
All patients with known primary malignant tumor who had

undergone an abdominal MR study from October 23, 2014, to
January 15, 2015, were included. The inclusion criteria of this
retrospective study were (1) optimum image quality; (2) confirmed
hepatic metastases, by surgery or follow up CT/MRI and CEA levels
for more than 4 months. The institutional review board waived the
requirement of informed patient consent. The patient's population
consisted of 31 individuals (mean age, 56.4 ± 9.9 years; range, 32-76
years; 14 male, 17 female) with a total of 109 hepatic metastases
lesions. Diagnosis was confirmed by histopathological examination of
surgical specimens in 7 patients. In the remaining 24 patients
diagnosis was confirmed on CT or MRI if the lesions appeared
compared to prior studies, or if lesions demonstrated regression in size
with chemotherapy as compared with prior studies. Incidental benign
liver lesions that were detected in these patients were not analyzed.
MR Acquisition
All examinations were acquired on a 3T MR scanner (MAGNE-

TOM Skyra, Siemens Healthcare, Erlangen, Germany) with an
18-element body matrix coil and inbuilt 32-element spine matrix coil.
The patients were positioned head first supine.

An MR-compatible automated injector pump (Spectris Solaris EP;
Medrad, Indianola, PA) was used to administer the contrast agent
through a 20-gauge antecubital intravenous site. After injection of 0.1
mmol/(kg body weight) of amacrocyclic Gd-DOTA contrast agent
(Dotarem; Guerbet, Paris, France) at 2.5 ml/s, a 30-ml saline chaser
at the same injection rate followed. Acquisition of the arterial phases
using a non-product CDT-VIBE sequence was thus started 12
seconds after the start of the contrast injection and lasted for 22
seconds. After 15 seconds of free breathing, the portal venous phases
of CDT-VIBE were acquired. Then, the delayed phase was acquired
at 100 seconds, 150 seconds after the start of the contrast agent
injection (Figure 1, Table 1).
Image Processing
A set of images which included the mean of all 6 hepatic arterial

sub-phases was generated using the water-only images. In addition, 3
subtraction images were generated, including subtractions between
hepatic 4th/6 and 1st/6 arterial sub-phases, 5th/6 and 1st/6 arterial
sub-phases, 6th/6 and 1st/6 arterial sub-phases, respectively. This was
performed to enhance lesion visualization. Eleven datasets which
includes 6 hepatic arterial sub-phases, 1 set of the mean of above 6
hepatic arterial sub-phases, 3 subtraction sets, which was generated by
Siemens Multi Workstation MMWP VE4.0, and the portal venous
phase were presented for image analysis.
Image Analysis
Image analysis was performed by 2 independent reviewers

(radiologists with 9 and 6 years of experience in body MRI) who
assessed all 11 sets of images. Reviewers ranked each lesion from 1 to
11 based on lesion enhancement on all 11 sets of images. Scores of 1
to 4, 5 to 7, 8 to 10, and 11 were considered poor, acceptable, good,
and excellent, respectively. For a comparison to the conventional
single arterial phase, a second scanning was not performed. Instead,
the equivalent-to-conventional single arterial phase was considered to
be equal to the 3rd/6 arterial phase, as described by Kazmierczak et al.
[14]. Furthermore, the mean of 6 arterial phases was included as an
alternative for the equivalent-to-conventional single breath-hold
arterial phase.

The third reviewer (radiologist with 17 year experience) carefully
placed ROI on each lesion and on background liver parenchyma for
sample Lesion ROI was slightly smaller than the size of the lesion to
ensure that no surrounding normal parenchyma was included. ROIs
placed on the hepatic parenchyma measure 0.5 to 2 cm and were
carefully placed so as not to include hepatic vessels. Lesion to
parenchymal enhancement curve was plotted for all lesions.



Figure 1. Multiple-breath-hold CDT-VIBE protocol for liver metastasis detection. The 6 arterial phases were acquired in a single breath
hold, which were followed a single breath-hold portal venous phase and delayed phases.

Table 1. Sequence Parameters of MA-VIBE for 6 Sub-Phases in One Breath-Hold

Parameter

FOV (mm3) 380 × 295 × 192
Resolution (mm3) 1.3 × 1.3 × 3.0
Parallel imaging CAIPIRINHA: 2 × 2–1
TR/TE1, TE2 (ms) 4.29/1.31, 2.54
Flip angle (degree) 12
Fat suppression 2-point Dixon method
TWIST (A/B) 20% / 25%
Dynamic reconstruction mode Forward share
Acquisition time (s) 22
Preparation time (s) 2.50
Total matrix acquisition time (s) 7.20
Temporal resolution (s) 2.64
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Statistical Analysis
Statistical analyses were performed using SPSS 20.0. Inter-reviewer

agreement was performed by kappa test. The phases with good (score
8–10) and excellent (score 11) lesion visualization were identified,
Table 2. Patient Clinical Characteristics

No. Sex Age Size(mm) Metastasis
Origin

Number of
Lesions

Blood Supply
(1 Hyper; 2 Hypo)

Mean Range

1 F 61 10.1 Endometrial carcinoma 1 1
2 F 65 15.7 11.9–19.6 Breast cancer 7 1
3 F 49 10.9 8.0–15.9 Breast cancer 6 2
4 M 46 12.2 7.5–16.8 Colorectal carcinoma 2 1
5 F 51 10.8 6.8–16.8 Breast cancer 4 1
6 F 51 15.5 Breast cancer 1 2
7 F 55 4.7 Colorectal carcinoma 1 1
8 M 58 51.6 Colorectal carcinoma 1 1
9 M 59 8.7 5.6–11.7 Colorectal carcinoma 2 2
10 F 32 12.5 Breast cancer 1 1
11 F 64 5.8 Breast cancer 1 1
12 F 59 43.1 Colorectal carcinoma 1 1
13 F 49 15.4 8.65–26.7 Colorectal carcinoma 4 1
14 F 55 23.8 15.8–30.1 Breast cancer 4 1
15 F 59 26.8 16.1–40.1 Breast cancer 5 1
16 M 57 23.1 8.9–30.9 Colorectal carcinoma 8 1
17 M 67 23.0 Lung cancer 1 1
18 F 32 22.7 16.6–28.7 Breast cancer 2 1
19 M 57 20.8 16.1–27.7 Pancreatic cancer 4 1
20 M 68 20.6 7.6–31.4 Gastric cancer 8 1
21 M 61 25.7 11.8–35.7 Breast cancer 8 1
22 M 61 24.6 20.3–28.9 Colorectal carcinoma 2 1
23 M 71 13.2 Colorectal carcinoma 1 1
24 M 58 31.0 24.4–39.8 Colorectal carcinoma 3 1
25 F 67 29.3 27.6–30.9 Breast cancer 2 2
26 F 44 18.2 6.9–30.5 Breast cancer 9 1
27 M 59 15.8 9.7–19.6 Pancreatic cancer 6 1
28 F 57 17.5 8.7–55.0 Breast cancer 11 1
29 F 42 10.0 Breast cancer 1 1
30 M 55 8.1 Colorectal carcinoma 1 2
31 M 76 26.3 Colorectal carcinoma 1 2
and the number of lesions seen on each of these phases was compared
to the number of lesions seen best on the equivalent-to-conventional
single arterial phase as well as to those that were see best on the mean
of 6 hepatic arterial sub-phases. Inter-reader agreement was also
calculated. P b .05 was considered statistically significant.

Results
A total of 31 patients with 109 lesions were enrolled into this study, and
patient demographics are shown inTable 2. Themean number of hepatic
metastases per patient was 3 (range, 1-11 metastases). The maximum
transverse diameter of hepatic metastases ranged from 5 to 55 mm.

Lesion Enhancement Evaluation
There were 96 hypervascular lesions, and 13 hypovascular lesions

included for enhancement evaluation as detailed in Tables 2, 3. The color
coded score maps ranked by 2 reviewers were shown in Figure 2A for all
hypo and hypervascular lesions, and the inter-reviewer agreement was
good for hypervascular lesions (kappa = 0.627, P b .0001) and excellent
for hypovascular lesions (kappa = 1.0, P b .0001) respectively.

For the hypovascular lesions, the portal venous phase demonstrated
the highest score for all 13 lesions, as shown in the bottom panel of
Figure 2B. The 5th/6 and 6th/6 arterial phase followed (upper panel
Table 3. Number of Hypo and Hypervascular Lesions Best Seen on Each Set for the 2 Reviewers

Reviewer I Reviewer 2

Lesions
Scoring 8-10

Lesions
Scoring 11

Lesions
Scoring 8-10

Lesions
Scoring 11

Hypovascular Lesions (n = 13)
Image set 1 0 0 0 0
Image set 2 0 0 0 0
Image set 3 0 0 0 0
Image set 4 7 0 8 0
Image set 5 12 0 13 0
Image set 6 12 0 13 0
Image set 7 3 0 2 0
Image set 8 1 0 0 0
Image set 9 1 0 0 0
Image set 10 3 0 2 0
Image set 11 0 13 0 13

Hypervascular Lesions (n = 96)
Image set 1 0 0 1 0
Image set 2 0 0 2 0
Image set 3 5 3 26 2
Image set 4 4 12 51 6
Image set 5 81 1 67 15
Image set 6 25 56 33 44
Image set 7 11 0 8 0
Image set 8 24 4 23 0
Image set 9 44 4 36 7
Image set 10 50 12 33 15
Image set 11 2 4 8 7

Eleven datasets which includes 6 hepatic arterial sub-phases (sets 1-6), 1 set of the mean of above 6 hepatic
arterial sub-phases (set 7), 3 subtraction sets (sets 8-10), and the portal venous phase (set 11).



Figure 2. (A) Score maps for all hypovascular lesions (total number: 13, upper panels) and all hypervascular lesions (total number: 96,
bottom panels) as scored by two reviewers (left panels: reviewer 1; right panels: reviewer 2). The y axis of map refers to the lesion
number, and the x axis labels the evaluated image sets in the following order: 1 to 6 represent the 1st/6 to 6th/6 arterial phase, 7
represents the mean arterial phase, 8 to 10 represent the subtracted arterial phases (4th/6 – 1st/6 to 6th/6 – 1st/6), and 11 represent the
portal venous phase. The score of visualizing each lesion ranges from 1 to 11, with 1 being the lowest (dark blue) and 11 being the highest
(dark red). (B) The total number of lesions with only the highest score (score: 11) are counted for each data set for the 2 reviewers and are
displayed in the histogram below (b).
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of Figure 2A and Table 3), and they performed better than the
equivalent-to-conventional arterial phase (3rd/6 arterial phase (P =
.039 for both reviewers) and mean of 6 arterial phases (P = .03 and
P b .001 for the 2 readers, respectively).
For the hypervascular lesions, the 6th/6 arterial phase demonstrat-
ed the highest score for 56 and 44 lesions, for readers 1 and 2,
respectively. The 5th/6 arterial phase followed for 81 and 67 lesions,
for readers 1 and 2, respectively. Only 3 and 2 lesions scored excellent



Fig. 3. Hepatic arterial contrast dynamics of liver metastases from primary colon cancer in a 61-year-old male. Precontrast images (A),
CDT-VIBE 6 arterial phases at 19.20 seconds (B, 1st/6), 21.84 seconds (C, 2nd/6), 24.48 seconds (D, 3rd/6), 27.12 seconds (E, 4th/6), 29.72
seconds (F, 5th/6), and 32.36 seconds (G, 6th/6), portal venous phase (H), subtracted arterial phases between 4th/6 and 1st/6 (I), 5th/6 1st/
6(J), 6th/6 and 1st/6 (K), mean of 6 arterial phases (L). The hepatic arterial enhancement of lesion (red arrow) is the strongest at 32.36
seconds after contrast injection (G). A second lesion in the post right lobe (yellow arrow) has similar enhancement characteristics. Plot of
dynamic contrast enhancement curve of lesion (solid red) (red arrow), hepatic parenchyma (dashed blue) and lesion-to-parenchyma
contrast ratio (dotted orange) using 6 arterial phases and portal venous phase.
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(score = 11) on the 3rd/6 arterial sub-phase, for the 2 readers, respectively
(Table 3). No lesion scored excellent (11) on the 7th set (mean of above 6
hepatic arterial sub-phases). 11 and 8 lesions scored good (8–10) for the 2
readers, respectively. The difference between the number of lesions which
scored 11 on the 6th/6 phase and the 3rd/6 phase was statistically
significant (t test, P b .0001 for both readers). The difference between
the number of lesions which scored 11 on the 6th/6 phase and set of the
mean of above 6 hepatic arterial sub-phases was statistically significant (t
test, P b .0001 for both readers).
Discussion
This study shows the incremental value of 6 hepatic arterial phases
obtained using CDT-VIBE for hepatic metastases, compared to the
equivalent-to-conventional single arterial phase. Conventional imag-
ing approaches are performed with a hepatic arterial phase that may
be difficult to optimize, or fail in the case of the fast wash-in and
wash-out. CDT-VIBE allows for multiple arterial phases per
breath-hold that provide a wide observation window for
better arterial enhancement, especially for hypervascular metastasis.



Fig. 4. Hypervascular liver metastases from primary gastric cancer in a 68-year-old male. Precontrast image (A), CDT-VIBE 6 arterial
phases at 19.20 seconds (B, 1st/6), 21.84 seconds (C, 2nd/6), 24.48 seconds (D, 3rd/6), 27.12 seconds (E, 4th/6), 29.72 seconds (F, 5th/6),
and 32.36 seconds (G, 6th/6), portal venous phase (H), subtracted arterial phases between 4th/6 and 1st/6 (I), 5th/6 and 1st/6(J), 6th/6 and
1st/6 (K), mean of 6 arterial phases (L). The hypervascular lesions (red arrow) enhanced strongest in 3rd/6 (D). Plot of dynamic contrast
enhancement curve of lesion (solid red), hepatic parenchyma (dashed blue) and lesion-to-parenchyma contrast ratio (dotted orange) using
6 arterial phases and portal venous phase.
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This finding is supported by the corresponding dynamic
contrast enhancement curves of lesion, parenchyma and the
lesion-to-parenchyma contrast ratio (Figures 2–5).
This study compared the 6 arterial phases and two types of the

equivalent-to-conventional arterial phase including the mean of 6
arterial phases and the 3rd/6 arterial phase. Our data demonstrate that
MA-CDT-VIBE performs better than two types of the
equivalent-to-conventional single arterial phase in detecting the
conspicuous metastasis lesions with improved lesion enhancement
performance in arterial phases. In this study the highest enhancement
of hypervascular hepatic metastases occurred in 6th/6 phase of
enhancement (32.36 seconds), where 56/96 and 44/96 lesions scored
excellent (score = 11) by reader 1 and reader 2, respectively. Good
lesion visualization was recorded in 5th/6 phase of enhancement (29.72
seconds), where 81/96 and 67/96 lesions scored good (score 8–10) by
reader 1 and reader 2, respectively (Table 3; Figures 3 and 4).



Fig. 5. Hypovascular liver metastases from primary breast cancer in a 49-year-old female. Precontrast images (A), CDT-VIBE 6 arterial
phases at 19.20 seconds (B, 1st/6), 21.48 seconds (C, 2nd/6), 24.48 seconds (D, 3rd/6), 27.12 seconds (E, 4th/6), 29.72 seconds (F, 5th/6),
and 32.36 seconds (G, 6th/6), portal venous phase (H), subtracted arterial phases between 4th/6 and 1st/6 (I), 5th/6 and 1st/6(J), 6th/6 and
1st/6 (K), mean of 6 arterial phases (L). The hypovascular lesion with rim enhancement pattern (red arrow) can be identified on 5th/6 (F),
6th/6 (G), and portal venous phase (H). Plot of dynamic contrast enhancement curve of lesion (solid red), parenchyma (dashed blue) and
lesion-to-parenchyma contrast ratio (dotted orange) using 6 arterial phases and portal venous phase.
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Precise timing of the hepatic artery is essential and important for
correct tumor detection, choice of treatment plan depending on the
status of tumor blood supply, and treatment response monitoring.
Conventional imaging approaches are performed with a single hepatic
arterial phase that may be suboptimum in capturing peak arterial
enhancement. Currently, although several technical approaches for an
optimal timing of the hepatic arterial phase are available, for example,
scanning at fixed time points, a prescan test bolus or real-time bolus
tracking [15,16], no consensus on what vascular reference point to
use has been reached for the latter techniques [14].
Kent et al. [17] reported 84/113 (74%) liver metastases that were
hypovascular on CT were hypervascular on angiography. Noboru
et al. [18] analyzed hemodynamics of liver metastasis based on hepatic
arteriography by single-level Dynamic CT, and found that the time of
appearance of rim enhancement in 3 of 10 hypervascular nodules
(30%) was b10 s and was ≥10 s in the remaining 7 nodules. On the
other hand, the time of appearance of rim enhancement was b10 s in
17 of 18 nodules (94%) of hypovascular metastasis (P b .01).
However, in fact, it is impossible to acquire the whole liver CT images
with more than 3 hepatic artery phases with more radiation.
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Philippe et al. reported that the portal-dominant phase is the most
sensitive of the three helical CT imaging phases in the preoperative
evaluation of patients with hypovascular hepatic metastases because it
allows depiction of significantly more hepatic metastases than any of
the other phases [19]. This is also supported by our study with highest
visualization of hypovascular hepatic metastases occurred in the portal
venous phase of enhancement (53.50 seconds), where13/13 lesions
scored excellent (score = 11) by both readers 1.
Recently, DWI and hepatobiliary phase MRI with new hepato-

biliary contrast agents have demonstrated improved sensitivity over
routine MRI alone for the detection of hepatic metastases [20], and
especially improved detection of small (b1 cm) lesions [8]. However,
the hepatobiliary contrast agents are relative expensive, and DWI does
not show the status of vascularity.
The limitation for the current study includes lack of pathologic

confirmation of all the reported lesions. However, the reference
standard we used for determining the number of hepatic metastases
was the combination of surgical examination or the features of MRI
with the known primary malignant tumor and follow-up examina-
tions. Another limitation of this study is the limited number of
hypovascular lesions (13 lesions). However, the result still showed
that MA-CDT-VIBE was able to demonstrate more arterial
information for poor blood supply hepatic metastases (Figure 5).
Kent et al. [17] reported 84/113 (74%) liver metastases that were
hypovascular on CT were hypervascular on angiography. In the future
it would be interesting to compare CDT-VIBE and angiography.
Finally, we did not perform a separated conventional single arterial
phase scan. Comparison with an additional arterial standard VIBE
sequence would necessitate a second MRI examination with an
additional administration of contrast media in a different day, which
was clinically not indicated. However, the mean of 6 arterial phases
was included as an alternative for the equivalent-to-conventional
single breath-hold arterial phase, and from the contrast bolus timing
perspective, the 3rd of 6 arterial sub-phases was reasonably equivalent
to the conventional single hepatic arterial phase.

Conclusion
Overall, MA-CDT-VIBE MRI of the liver is showing the higher
performance over the two types of equivalent-to-conventional single
arterial phase exams in providing an optimized wide observing
window for tumor vascularity evaluation. This might be essential for
the accurate detection and assessment of the true burden of hepatic
metastases at the time of first diagnosis. This could significantly
determine the choice of therapeutic approach and could impact
patient outcome.
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