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Objective: To evaluate the feasibilities of controlled
aliasing in parallel imaging results in higher acceleration
with volumetric interpolated breath-hold examination
(CAIPIRINHA-VIBE), radial acquisition of VIBE (Radial-
VIBE) with k-space-weighted image contrast (KWIC)
reconstruction (KWIC-Radial-VIBE) and conventional-
VIBE (c-VIBE) for free-breathing dynamic contrast-
enhanced (DCE)-MRI of the abdomen.

Methods: 23 prospectively enrolled patients underwent
DCE-MRI of the abdomen with CAIPIRINHA-VIBE (n =10),
KWIC-Radial-VIBE (n=6) or c-VIBE (n=7). Qualitative
image quality of the DCE-MR images and perfusion maps
was independently scored by two abdominal radiologists
using a 5-point scale (from 1, uninterpretable, to 5, very
good). For quantitative analysis, the signal-to-noise ratio
(SNR) of the liver and goodness-of-fit (GOF) of the
time-intensity curve were measured.

Results: In the three tested sequences, DCE-MRI had good
temporal (5s) and spatial resolution (1.48 X 1.48 X 4 mm/
voxel). Interobserver agreement in the qualitative analysis

INTRODUCTION

Dynamic contrast-enhanced (DCE)-MRI is a promising
method for evaluating tumour vascularity. It has been used
in many clinical Phase I or Ila trials of molecular targeted
agents, including antiangiogenic and vascular disrupting
agents, to evaluate the pharmacodynamic effects of the
drugs on tumours." Most of these clinical trials included

was good (k=0.753; 95% confidence interval,
0.610-0.895). Therefore, the mean scores were used in
the data analysis. Overall image quality was comparable
between CAIPIRINHA-VIBE (3.52+0.55) and KWIC-
Radial-VIBE (3.72*+0.37; p=1000), and both were
significantly better than c-VIBE (2.71+0.34; p<0.001).
Perfusion map quality score was highest with KWIC-
Radial-VIBE (4.33 +0.65), followed by CAIPIRINHA-VIBE
(3.70 £ 0.73) and c-VIBE (3.14 = 0.66), but without statistical
significance between CAIPIRINHA-VIBE and KWIC-Radial-
VIBE (p=0.167). The SNR of the liver and GOF of the
time-intensity curve did not significantly differ between the
three sequences (o = 0.116 and 0.224, respectively).
Conclusion: CAIPIRINHA-VIBE and KWIC-Radial-VIBE
provide comparably better performance than c-VIBE.
Both can be feasible sequences with acceptable good
image quality for free-breathing DCE-MRI.

Advances in knowledge: CAIPIRINHA-VIBE and KWIC-
Radial-VIBE provide comparably better quality of free-
breathing DCE-MRIs than c-VIBE.

target tumours in the abdomen. However, respiratory
motion artefact in DCE-MRI of the abdomen is a chal-
lenging issue because DCE-MRI scans continuously for
several minutes while the patient breathes quietly.”

Currently, three-dimensional (3D) gradient-echo T;
weighted images are most widely used for DCE-MRI>
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However, conventional 3D T, weighted images such as volu-
metric interpolated breath-hold examination (VIBE) are not
motion insensitive.” Recently, new motion-resistant sequences
were proposed, including radial acquisition of VIBE (Radial-
VIBE) and controlled aliasing in parallel imaging results in
higher acceleration with VIBE (CAIPIRINHA-VIBE).*

Radial-VIBE with k-space-weighted image contrast (KWIC)
reconstruction (KWIC-Radial-VIBE) has been proposed for free-
breathing DCE-MRI of the abdomen. According to a recent
study, KWIC-Radial-VIBE is insensitive to respiratory motion,
enabling the acquisition of high-quality images for free-breathing
examinations.” However, this sequence is still experimental and is
not yet commercially available. CAIPIRINHA-VIBE is a com-
mercialized sequence using a new parallel acquisition technique,
which can improve image quality, reduce scan time and lessen
breathing motion artefacts.®

We postulated that CAIPIRINHA-VIBE or KWIC-Radial-VIBE
is more suitable for free-breathing DCE-MRI of the abdomen
than conventional-VIBE (c-VIBE). Therefore, we aimed to
evaluate the feasibilities of CAIPIRINHA-VIBE and KWIC-
Radial-VIBE for free-breathing DCE-MRI of the abdomen by
comparing CAIPIRINHA-VIBE, KWIC-Radial-VIBE and
c-VIBE sequences.

METHODS AND MATERIALS

Patients

This prospective study was approved by our institutional review
board. All participants provided written informed consent. Adult
patients who visited the oncology department and met the fol-
lowing eligibility criteria were contacted about study enrolment:
(1) aged =20 years with an underlying malignancy in the abdo-
men; (2) required MRI for evaluation of the liver; and (3) without
contraindications for MRI. Patients who agreed to participate
were randomly assigned to one of three DCE-MRI protocols.

Because this was an exploratory and feasibility study, the sample
size was determined in consideration of study period and clinical

Table 1. MRI scan parameters
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practice and not through a mathematical calculation. Patients
were randomly assigned to one of three DCE-MRI protocols
by using a computerized random number generator (https://
randomizer.org) to minimize any potential bias from researcher
selection. Randomization was performed when the patients were
enrolled in our study and provided informed consent. Neither
blocking nor stratification variables was used during the
randomization.

MRI acquisition

A 3.0-T MR scanner (Magnetom Skyra; Siemens Healthcare,
Erlangen, Germany) with an 18-channel body matrix coil and
a table-mounted 32-channel spine matrix coil was used. One of
three DCE-MRI protocols (i.e. CAIPIRINHA-VIBE, KWIC-
Radial-VIBE or c¢-VIBE) was performed for each patient. The
scan coverage of these sequences was 208 mm (52 slices X 4-mm
thickness), which was sufficient for covering the entire liver in all
the patients. The detailed MRI parameters for the DCE-MRI
protocols are summarized in Table 1.

Free-breathing DCE-MRIs with three different sequences were
acquired. Before contrast agent injection, five-phase baseline
acquisitions were performed. When the sixth phase acquisition
was started, 0.1 mmolkg™ " of body weight of gadoteric acid
(Dotarem®; Guerbet, Villepinte, France) was injected at a rate of
2mls™ ", followed by a saline chase of 20ml at the same in-
jection rate. The three sequences had the same base resolution of
256, and all scan parameters were adjusted to fix the acquisition
time. A free-breathing dynamic series was repeatedly obtained at
60 time points over 305s in all the sequences. CAIPIRINHA-
VIBE was performed with an acceleration factor of 4 (2 each in
the phase- and partition-encoding directions) and a reordering
shift of 1. Regarding c-VIBE, generalized autocalibrating partially
parallel acquisition” with an acceleration factor of 2 in the phase-
encoding direction was used. An acceleration factor of 4 (2 X 2)
for c-VIBE was excluded at preliminary testing because it showed
relatively severe parallel imaging artefact when we set up the DCE-
MRI protocol with a temporal resolution of 5s. KWIC-Radial-
VIBE was composed of 10 full-frame sets. By using the KWIC

Parameters CAIPIRINHA-VIBE KWIC-Radial-VIBE ¢-VIBE
Repetition time (ms) 3.8 3.7 3.2
Echo time (ms) 1.6 1.4 1.1
Field of view (mm?) 380 X 380 380 X 380 380 X 380
Flip angle (°) 25 25 25
Slice thickness (mm) 4 4 4
Matrix 256 X 256 256 X 256 256 X 256
Bandwidth (kHz) 890 1300 810
Number of excitation 1 1 1
Acceleration factor 2X2 None 2
Acquisition time (s) 305 305 305

CAIPIRINHA-VIBE, controlled aliasing in parallel imaging results in higher acceleration with volumetric interpolated breath-hold examination; c-VIBE,
conventional-VIBE; KWIC-Radial-VIBE, radial-VIBE with k-space-weighted image contrast reconstruction.
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view-sharing technique, six undersampled time-resolved sub-
frame image sets were reconstructed from one full-frame set. A
full-frame set was composed of 324 radial projection views (i.e. 54
projection views per interleaved subset). Only the time-resolved
subframe images were used for the DCE-MRI analysis.

Generation of a perfusion map

By using the software Tissue 4D (Siemens Healthcare, Erlangen,
Germany), voxel-wise perfusion maps of the initial area under the
concentration curve (IAUC) in 60 s were generated because iAUC is
currently most widely used in tumour perfusion analysis as rec-
ommended by Quantitative Imaging Biomarkers Alliance.” Motion
correction of the DCE-MRI scan was performed by using a non-
rigid registration technique.*” In this study, we did not use Tj
mapping for the reason that T; values obtained from T; mapping
may be inaccurate or some errors my occur in the process of co-
registration of T value to the dynamic data. We aimed to focus on
the effect of free-breathing dynamic series on image quality.
Therefore, the T; value of the tissue (especially the liver) was

BIR

assumed to be 800 ms. Then, time—intensity curves were obtained
and converted to time—concentration curves. Perfusion maps were
computed based on Tofts model using a population-averaged ar-
terial input function with two exponentials.* "

Image analysis

Qualitative analysis

Two abdominal radiologists (NS and KWK) with 7 and 13 years’
experience in liver imaging independently analyzed the quality
of perfusion maps by using a 5-point scale as follows:
1 = uninterpretable; 2 = poor; 3 = fair; 4 = good; and 5 = very
good. The rating was based on the registration quality of the
perfusion maps, the presence of misregistration artefacts and any
architectural distortion of the organ.’

The readers also rated the image quality of the DCE-MRI scans (i.e.
raw data of the dynamic series) in three different phases at 30's, 1 min
and 3 min after contrast agent injection, respectively, by using the
same 5-point scale. Then, the sum and mean score of the ratings at

Figure 1. Generation of perfusion maps and time-intensity curve from dynamic contrast-enhanced (DCE)-MRI using radial-
volumetric interpolated breath-hold examination (VIBE) with k-space-weighted image contrast reconstruction (a) and controlled
aliasing in parallel imaging results in higher acceleration with VIBE (b). In each sequence, DCE-MRI scans are registered to yield
motion-corrected images (left). Regions of interests (ROIs) are placed in the aorta, tumour and liver parenchyma. From motion-
corrected DCE-MRI scans, time-intensity curves of the ROIs are generated (middle). Then, perfusion maps of the initial area under
the concentration curve (IAUC) are created (right). FOV, field of view; TE, echo time; TR, repetition time.

Motion-corrected DCE-MRI images k

Time-intensity curves Perfusion map of iIAUC

4
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those three phases were calculated. The overall image quality, lesion
conspicuity, image sharpness and degree of artefacts were assessed.

Quantitative analysis

Quantitative analysis was performed for the signal-to-noise ratio
(SNR) of the raw DCE-MRI scan and goodness-of-fit (GOF) of the
1AUC perfusion map. First, to measure the SNR of the MRI scans
obtained from new reconstruction techniques such as parallel
imaging or KWIC, in which noise distribution is inhomogeneous,
we used a method based on a single image voxel. In this method,
SNR is defined as the ratio of the mean value to the standard
deviation of the signal intensity in repeated “identical” acquisitions
along the time course of the voxel."' Accordingly, the radiologist
(NS) placed regions of interest on the same spot in the liver in five
sequential phases of pre-contrast MRI scans and measured the
signal intensity from the regions of interest.

Second, the GOF of the time—intensity curve in the aorta and
liver was evaluated because the quantitative value of the perfu-
sion maps is greatly dependent on the curve fitting of the
time—intensity curve. The GOF of the time-intensity curve
describes how well the curve fits a set of observed values. The
Pearson x° test was used to compare the GOF of the perfusion
curves for each DCE-MRI protocol. The x> of the GOF reflects
the discrepancy between the observed and expected values; thus,
a small y* value means a better quality GOE.'?

Statistical analysis

The interobserver agreement between the two reviewers for
scoring image quality was analyzed with quadratic-weighted k
statistics by using MedCalc® (MedCalc Software, Ostend, Bel-
gium). The k value was interpreted as follows: poor, k < 0.2; fair,
0.2 <k =0.4; moderate, 0.2 <k =0.6; good, 0.6 <k=0.8; and
very good, 0.8 <k=1.0."> Image quality score was compared
between the three sequences by using a repeated measures
analysis of variance with post hoc analysis and Bonferroni cor-
rection, because each subject received two ratings by two
reviewers. Quantitative values were compared between the three
sequences by using one-way analysis of variance with post hoc
analysis and Bonferroni correction. All statistical analyses except
interobserver agreement were performed with SPSS® v. 21.0
(IBM Corp., New York, NY; formerly SPSS Inc., Chicago, IL).
p-values <0.05 were considered statistically significant.

RESULTS

Patients

Among the 24 patients who initially agreed to participate in the
study, 1 patient cancelled her participation at the time of MRI
because of her poor general condition. Ultimately, 23 patients
(14 males and 9 females; mean * standard deviation age, 51.8 *
13.6 years) underwent DCE-MRI. According to the random as-
signment process, 10 patients underwent CAIPIRINHA-VIBE,
6 patients underwent KWIC-Radial-VIBE and 7 patients un-
derwent c-VIBE. Among these patients, 19 patients had malignant
liver tumours, including cholangiocarcinomas (n = 9), metastases
from pancreatic cancer (n = 5), colon cancer (n = 3) or gallbladder
cancer (n=2). The MRI findings of the remaining four patients
included resolved hepatic metastases (n = 2), post-chemotherapy
sinusoidal obstruction syndrome (n=1) and focal eosinophilic

Table 2. Comparison of the three dynamic contrast-enhanced-MRI sequences through qualitative analysis
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KWIC

vs c-VIBE

0.001

0.015

0.013

0.047

CAIPIRINHA-VIBE

vs c-VIBE

0.002

0.007

0.004

0.016

p-values of Bonferroni post hoc test”

CAIPIRINHA-VIBE

vs KWIC

1.000

1.000

1.000

1.000

p-value of
RMANOVA

<0.001

0.004

0.003

0.012

c-VIBE

2.71 (2.39-3.04)

2.81 (2.45-3.17)

2.71 (2.40-3.02)

2.69 (2.30-3.01)

KWIC-Radial-VIBE

3.72 (3.38-4.07)

3.61 (3.22-4.00)

3.42 (3.07-3.76)

3.42 (3.00-3.84)

CAIPIRINHA-VIBE

3.52 (3.25-3.79)

3.60 (3.30-3.90)

3.43 (3.17-3.70)

3.45 (3.12-3.78)

Parameters

Overall image
quality

Lesion

conspicuity

Image
sharpness

Artefacts

CAIPIRINHA-VIBE, controlled aliasing in parallel imaging results in higher acceleration with volumetric interpolated breath-hold examination; c-VIBE, conventional-VIBE; KWIC-Radial-VIBE,

radial-VIBE with k-space-weighted image contrast reconstruction; RMANOVA, repeated measures analysis of variance.

The numbers in parenthesis represent the 95% confidence interval of the average score of image quality.

?Adjusted p-values using Bonferroni correction.
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infiltration (n = 1). All the patients were allowed to breathe shal-
lowly and regularly during MRI scanning.

Acquisition of the dynamic contrast-enhanced-MRI
scans and perfusion maps

In all the three tested sequences, we obtained transverse DCE-
MRI scans with a good temporal resolution of 5s, which meets
the recommendation of the Quantitative Imaging Biomarkers
Alliance DCE-MRI profile and is regarded as sufficient to scan
the fast initial contrast arrival. The spatial resolution was rea-
sonably good (1.48 X 1.48 X 4 mm/voxel). The perfusion maps
of the iAUC parameter were generated in all the patients
(Figure 1). The perfusion map quality score was highest for
KWIC-Radial-VIBE (4.33 = 0.65), followed by CAIPIRINHA-
VIBE (3.70 £0.73) and c-VIBE (3.14 = 0.66), with significant
differences between the three (p=0.008). A post hoc test
revealed that KWIC-Radial-VIBE significantly differed from
c-VIBE (p=0.006). However, the difference between
CAIPIRINHA-VIBE and KWIC-Radial-VIBE did not reach
statistical significance (p = 0.167). In general, the perfusion map
in KWIC-Radial-VIBE showed less pronounced misregistration
artefacts than those of the other two sequences.

Qualitative analysis of image quality

The interobserver agreement between the two reviewers for
evaluating the overall image quality score of raw MRI data was
good (k=0.753; 95% confidence interval, 0.610-0.895).
Therefore, the mean scores were used in the data analysis.

Regarding the overall image quality of the DCE-MRI
scans, CAIPIRINHA-VIBE (3.52 = 0.55) was comparable with

BUR

KWIC-Radial-VIBE (3.72 £0.37; p=1.000), and both were
significantly Dbetter than ¢-VIBE (2.71*0.34; p<<0.001)
(Table 2). Likewise, in the other qualitative parameters,
CAIPIRINHA-VIBE and KWIC-Radial-VIBE showed compara-
ble performances, which were both significantly better than that
of ¢-VIBE (Figure 2).

Quantitative analysis

The SNR of the liver was highest with KWIC-Radial-VIBE
(24.39 £1.92), followed by c-VIBE (20.24*=5.80) and
CAIPIRINHA-VIBE (17.62 = 7.41) (Table 3). However, these
differences did not reach statistical significance (p = 0.116).

The GOF of the time—intensity curve for the aorta was lowest for
CAIPIRINHA-VIBE (2.05 = 1.50), followed by c-VIBE (4.65 =
4.44) and KWIC-Radial-VIBE (6.31 = 7.9), but this difference
was also not statistically significant (p = 0.224).

DISCUSSION

Our present study demonstrated that CAIPIRINHA-VIBE and
KWIC-Radial-VIBE are quite feasible for free-breathing DCE-MRI
of the abdomen. Both CAIPIRINHA-VIBE and KWIC-Radial-VIBE
are essentially comparable in terms of image quality and perfusion
map generation. Both sequences are expected to be promising for
DCE-MR], although they have different advantages and drawbacks.
In contrast, c-VIBE may not be a good choice for free-breathing
DCE-MRI because of image degradation by respiratory motion
artefacts. Indeed, when we fixed the temporal (5s) and spatial res-
olutions (1.48 X 1.48 X 4 mm/voxel) for the three tested sequences,
CAIPIRINHA-VIBE and KWIC-Radial-VIBE showed better image
quality of the perfusion maps and DCE-MRI scans than c-VIBE.

Figure 2. Raw dynamic contrast-enhanced-MR images using conventional-volumetric interpolated breath-hold examination (c-VIBE),
radial-VIBE with k-space-weighted image contrast reconstruction (KWIC-Radial-VIBE) and controlled aliasing in parallel imaging results in
higher acceleration with VIBE (CAIPIRINHA-VIBE): (a) an MR image obtained using c-VIBE reveals an overall blurred image with poor
conspicuity of hepatic vessels. The prominent motion artefacts due to breathing motion can be noted (arrowheads). (b) MR images
obtained using KWIC-Radial-VIBE and (c) CAIPIRINHA-VIBE show superior image quality with less motion artefacts compared with (a).
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ANOVA, analysis of variance; CAIPIRINHA-VIBE, controlled aliasing in parallel imaging results in higher acceleration with volumetric interpolated breath-hold examination; c-VIBE, conventional-VIBE;

GOF, goodness-of-fit; KWIC-Radial-VIBE, radial-VIBE with k-space-weighted image contrast reconstruction; SD, standard deviation; Sl, signal intensity; SNR, signal-to-noise ratio.

The numbers in parenthesis represent the 95% confidence interval.

?Adjusted p-values using Bonferroni correction.
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It is worth noting the characteristics of CAIPIRINHA-VIBE and
KWIC-Radial-VIBE with regard to using these motion-resistant
sequences for free-breathing DCE-MRI. CAIPIRINHA-VIBE is
a 3D T; weighted gradient-echo sequence using a new parallel
imaging scheme that modifies the acquisition pattern by shifting
the sampling positions in the partition-encoding direction. The
motion-resistant characteristics of CAIPIRINHA-VIBE are
based on (1) reduction of the severity of aliased pixels by a delta
shift in the partition-encoding direction and (2) reduction of the
acquisition time.'* KWIC-Radial-VIBE acquires radial sampling
in-plane and Cartesian sampling along the slice-encoding di-
rection using a “stack-of-stars” scheme.'>™'” KWIC-Radial-VIBE
shows less motion sensitivity and less pronounced aliasing
artefacts and provides a higher temporal resolution than
c-VIBE.'®'® The motion robustness of KWIC-Radial-VIBE
fundamentally results from the radial sampling pattern of
k-space.

Regarding the quality of perfusion maps and DCE-MRI scans,
we found no significant difference between CAIPIRINHA-VIBE
and KWIC-Radial-VIBE, although the perfusion map quality
score was higher for KWIC-Radial-VIBE. In general, KWIC-
Radial-VIBE provided less prominent misregistration artefacts.
This difference could be explained by the excellent motion in-
sensitivity of radial k-space sampling and the time-averaging
effect of radial spokes at the centre of k-space.”” KWIC-Radial-
VIBE demonstrated a higher SNR than CAIPIRINHA-VIBE,
even though this difference was not statistically significant. With
KWIC reconstruction, the peripheral region of k-space consists
of additional data from adjacent respiratory cycles, and the use
of more data increases the SNR.!® On the other hand, in a scan
accelerated by parallel imaging, such as 3D CAIPIRINHA, loss
of SNR is a well-known limitation of undersampling.'**

On the other hand, the lack of fidelity of the time—intensity
curve obtained from KWIC-Radial-VIBE is a known drawback
in the quantification of perfusion analysis.” In our study, six
individual subframe images were generated every 5s with 54
radial views for the central k-space filling. Therefore, the tem-
poral resolution of the central k-space region was 5s. However,
each subframe image also used the data from the adjacent in-
terleaved data set of 30s. Thus, the larger temporal window in
the outer k-space results in averaging of high-frequency data.” In
particular, during the initial contrast arrival time when the signal
intensity is rapidly changing, the temporal profile near the pe-
riphery of the lesions may be less accurate.'”

Our study had several limitations. First, a small number of
patients were included in this pilot study. Nevertheless, this pilot
work provides evidence for the effectiveness of CAIPIRINHA-
VIBE and KWIC-Radial-VIBE for free-breathing DCE-MRI in
the abdomen and can act as a basis for further studies. Second,
we did not compare the three sequences in the same patient,
which may raise the issue of selection bias. It is not practical to
scan the same subject twice with contrast within a single im-
aging session. Repeat scans on the same subject at separate times
would be subject to changes in breathing pattern. Instead, we
randomly assigned the MRI sequences per patient to minimize
the effect of patient health status on the quality of the DCE-MRI
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scans. Finally, we did not compare the image quality between
DCE-MRI and conventional MRI. The spatial resolution of

abdomen.

DCE-MRI (1.48 X 1.48 X 4 mm/voxel) may have limitation for

detecting and characterizing lesions compared with conven-

tional MRI.

CONCLUSION

In conclusion, we suggest that both CAIPIRINHA-VIBE and
KWIC-Radial-VIBE are feasible sequences with acceptable
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