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Abstract

Purpose: Gold fiducial markers are used to guide liver stereotactic body radiation therapy (SBRT)

and are hard to detect by magnetic resonance imaging (MRI). In this study, the parameters of the

three-dimensional T1-weighted turbo gradient-echo (3D T1W-GRE) sequence were optimized for

gold marker detection without degrading tumor delineation.

Methods: Custom-made phantoms mimicking tumor and normal liver parenchyma were prepared and

embedded with a gold marker. The 3D T1W-GRE was scanned by varying echo time (TE), bandwidth

(BW), flip angle (FA), and base matrix size. The signal-to-noise ratio (SNR), contrast ratio (CR), and

relative standard deviation (RSD) of the signal intensity in the area including the gold marker were

evaluated, and the parameters were optimized accordingly. The modified 3D T1W-GRE (called

HYBRID) was compared with the conventional T1W-GRE- and T2*-sequences in both phantom and

clinical studies. In the clinical study of six patients with primary liver tumors, two observers visually

assessed marker detection, tumor delineation, and overall image quality on a four-point scale.

Results: In the phantom study, HYBRID showed significantly higher SNR and RSD than those of

conventional T1W-GRE (P < 0.001). In the clinical study, HYBRID yielded significantly higher

scores than conventional T1W-GRE did in terms of marker detection (P < 0.001). The scores of both

sequences were not statistically different in terms of tumor delineation and overall image quality (P =

0.56 and P =0.32).

Conclusions: The proposed HYBRID sequence improved gold fiducial marker detection without



degrading tumor delineation in MRI for SBRT of primary liver tumor.

Keywords: Liver stereotactic body radiation therapy; Gold fiducial marker; Marker detection; EOB-

MRI



Introduction

The standard curative treatment for primary and metastatic liver tumors is surgery. However,

radiofrequency ablation, transcatheter arterial chemoembolization, and radiotherapy are powerful

alternative approaches for inoperable cases. In recent years, stereotactic body radiation therapy

(SBRT) has been increasingly used for treating liver tumors, a development supported by high local

control rates with acceptable toxicity [ 1-3]. Furthermore, the success of highly conformal

radiotherapy in sparing normal tissues and confining dose escalation to the target depends on excellent

imaging.

Magnetic resonance imaging (MRI) has been widely used in combination with computed

tomography (CT) for planning radiotherapy treatment, because its superior soft-tissue contrast can

substantially improve segmentation accuracy in the brain, head-neck, prostate, and other regions [4].

In the diagnosis and management of liver tumors, Gadolinium-ethoxybenzyl-diethylenetriamine

pentaacetic acid (Gd-EOB-DTPA)-enhanced MRI (i.e., EOB-MRI) has an important role, and it is

widely used in clinical examinations [5—7] as well as in radiotherapy treatment planning [4,8—10].

The implantation of fiducial markers is recommended for precise CT-MRI registration in

treatment planning, image localization in pretreatment patient-setup verification, and real-time tumor

tracking during SBRT [11,12]. However, conventionally used gold fiducial markers are small in size

(e.g., less than 1 mm in diameter) with low magnetic susceptibilities [13], which makes detection

using MRI difficult. A previous study employed the T2*-weighted image for marker detection in



prostate radiotherapy because of its high metal sensitivity [14]. However, T2*-weighted images are

inappropriate for tumor imaging in EOB-MRI, as there is a lack of tissue contrast between the tumor

and normal liver parenchyma. Some previous studies have evaluated the characteristics of fiducial

markers in MRI and provided guidance on the selection of suitable markers in clinical practice

[13,15]; they concluded that obtaining multiple sequences was important for marker detection and

tumor delineation. However, multiple scanning may cause misalignment and anatomical

deformation, owing to different breath-holding positions in the liver. Thus, the application of a single

imaging sequence capable of simultaneously detecting markers and delineating tumors would be

ideal.

It is well known that the signal void induced by T2*-decay of metals depends on the echo

time (TE), and that the bandwidth (BW) can affect magnetic susceptibility artifacts [13,16].

Therefore, we hypothesized that optimizing the parameters of the three-dimensional (3D) T1-

weighted turbo gradient-echo sequence (T1W-GRE), which is commonly used in EOB-MRI, would

enable identification of even small gold fiducial markers without compromising tumor delineation.

Although some studies have demonstrated the sequence dependence of marker detection [13,14], to

the best of our knowledge, this is the first study on the optimization of imaging parameters for

marker detection in liver.

This study aimed to optimize the parameters of 3D T1W-GRE, focusing on both high metal

sensitivity and sufficient tumor/normal-tissue T1 contrast, by using a custom-made phantom. We also



compared the image quality of the resulting sequence (named “HYBRID”) with that of a

conventional one using clinical data.

Materials and Methods

All scans were performed on a 3T MRI scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen,

Germany) using a combined 18-channel matrix body and spine coil. The volumetric interpolated

breath-hold examination (VIBE) technique [17] was used as the base sequence for 3D T1W-GRE.

Phantom study

Custom-made phantom

For simulating tumor and normal liver parenchyma in the hepatobiliary phase, respectively, 0.1 and

0.2 mmol/L of gadoxetate sodium (EOB-Primovist, Bayer Yakuhin, Ltd., Osaka, Japan [Gd-EOB])

diluted with distilled water were prepared and gelled with 2% agar. The precontrast and postcontrast

T1 values reported in [18] were respectively regarded as those of tumor and liver parenchyma in the

hepatobiliary phase. The final T1 and T2 values of each solution (measured by inversion-recovery and

single spin-echo methods, respectively) were 883 ms for T1 and 66 ms for T2 in the tumor-vial, 530

ms for T1 and 62 ms for T2 in the parenchyma-vial. In addition, a VISICOIL™ (>99.9% Au, SCETI

Medical Labo KK, Tokyo, Japan) with diameter 0.5 mm and length 5 mm was embedded in the

parenchyma-vial, and both vials were placed in a container. The surroundings were filled with rice to

minimize the BO inhomogeneity at the vial/air-interface (Fig. 1).



Acquisition and analysis

For determining the optimal parameters, phantom images were obtained with 3D-VIBE by varying

TE, BW, flip angle (FA), and base matrix size. The basic parameters were TE, 2.5 ms; BW, 400

Hz/pixel; FA, 10°, and base matrix size, 256. TE was varied from 1.5 ms to 4.0 ms at 0.5 ms intervals.

BW was varied to 200, 300, 400, 500, 610, and 700 Hz/pixel. FA was varied from 5° to 30° in 5°

intervals. The base matrix size was varied from 256 to 416 in 32-step intervals. When one parameter

is varied, all other parameters were fixed at the basic values described above. The other common

parameters were set as follows: repetition time, 6.5 ms; field-of-view, 285 x 380 mm?; slice thickness,

2 mm; number of slices, 60; parallel-imaging acceleration factor, 2 for the slice direction using the

CAIPIRINHA technique [19], and number of averages, 1. The chemical shift selective pulse method

was employed for fat-suppression.

For comparison at each parameter setting, the signal intensity (SI) and its standard deviation

(SD) were measured; moreover, the region of interest (ROI) was defined manually. To measure the

signal-to-noise ratio (SNR) and contrast ratio (CR), we first identified a slice that did not contain

metal artifacts, and carefully set the ROI such that no air bubbles were contained therein. The SNR

was calculated as SNR = SI/SD, where SI is the mean value within the ROI, and SD is measured for

an identical ROI in the parenchyma-vial. The CR was calculated as CR = (SI of Parenchyma-vial — SI

of Tumor-vial) / (SI of Parenchyma-vial + SI of Tumor-vial), where SI is the mean value within the

ROIL. The ROI in the parenchyma-vial was the same as that in the case of SNR measurement, and that



in the tumor-vial was drawn with the same size at the same slice. To evaluate marker detection, we

selected the slice with the most prominent metal artifacts (i.e., different slice from SNR and CR

measurements), and the relative standard deviation (RSD) was calculated as RSD [%] = (SD/SI)

x100. Here, we used the SD and mean values within the manually drawn ROI that were as large as

possible to include the metal artifacts induced by the VISICOIL, and to exclude the edge of the

parenchyma-vial. Within a homogeneous phantom, the clarity of the signal void and the presence of

susceptibility artifacts can affect the RSD. Thus, a larger RSD implies better marker visibility. Ten

scans were performed for each parameter setting, and the average value was used (10 sets of data

each).

The HYBRID sequence was determined from the results of preliminary experiments,

considering the total balance of the large RSD for better marker detection, and sufficient SNR and CR

values for tumor delineation, with a suitable breath-holding acquisition time (limited to 23 s).

Subsequently, the sequence was quantitatively evaluated by comparison with the conventional 3D-

VIBE sequence (C-VIBE) and two-dimensional T2*-weighted gradient-echo sequence (T2*) in terms

of the SNR, CR, and RSD. We performed the ROI placement similar to the one in the preliminary

experiment but selected three slices for this case. Because marker-visibility is also affected by

expansion artifacts into the though-plane in the RSD measurement, the ROI placement was performed

in three slices where metal artifacts were visible. For the SNR and CR measurements, the ROI

placement was performed in three slices without metal artifacts. Ten scans were performed for each



parameter setting, and the average value was used (30 sets of data each). The detailed parameters for

all three sequences are listed in Table 1.

Clinical study

The study was approved by the ethics committee of our institution. Informed consent was waived by

the committee, because clinical MRI data were collected retrospectively.

Subjects

Data were collected from six patients (mean age, 73.2 years; range, 66—82 years) who underwent

EOB-MRI for radiotherapy from January 2021 to June 2021 at Nagoya University Hospital. Five

patients were being treated for hepatocellular carcinoma and one for intrahepatic cholangiocarcinoma.

All patients received ultrasound-guided marker implantation as part of our standard clinical practice.

The VISICOIL ™ (>99.9% Au, ® 0.5 mm, length: 5 mm) used in our institution contains a pair of

markers; hence, a total of two markers should be visualized. A dynamic contrast-enhanced CT scan

was performed one week after marker implantation, and EOB-MRI was performed the day after the

CT scan.

Acquisition and analysis

All patients were scanned with C-VIBE and the newly determined HYBRID. Both sequences were

acquired 15-20min after administration of Gd-EOB, i.e., in the hepatobiliary phase. For comparison

and reliable marker detection, T2* was acquired approximately 5 min after administration. The same

scan parameters used for the phantom study were used in the clinical examination. The vendor-



provided 3D distortion correction was applied to ensure the geometric accuracy [20], and geometric

distortion was minimized by positioning tumor and markers as close as possible to the center of the Z-

axis of the MRI bed.

For qualitative assessment, a radiation oncologist and a medical physicist with six and eight

years of experience in radiotherapy, respectively, were blinded to the acquisition techniques, and

performed independent visual assessments. They ranked marker detection, tumor delineation, and

overall image quality, using a four-point scale. For marker detection, the scale was as follows: 1 =

non-identifiable; 2 = obscured even with CT-combination; 3 = identifiable with CT-combination; and

4 = clearly identifiable. Here, “CT-combination” means that the CT image was used to locate the

marker and was scored with the corresponding MRI individually. It should be noted that there were

two markers for each patient, and these were evaluated individually. For tumor delineation, the scale

was as follows: 1 = non-identifiable; 2 = obscured or blurred with some effect on contouring quality;

3 = almost clear with no effect on contouring quality; and 4 = clearly identifiable. For overall image

quality, the scale was as follows: 1 = poor; 2 = suboptimal; 3 = acceptable; and 4 = excellent.

Statistical analysis

All statistical analyses were performed using the SPSS software (SPSS for Windows, version 27,

IBM). The Friedman test with Bonferroni correction was employed to test the differences in SNR,

CR, and RSD for the three sequences in the phantom study. The Wilcoxon signed-rank test was

employed to compare the two sequences (C-VIBE and HYBRID) for marker detection, tumor
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delineation, and overall image quality in the clinical study. A P-value of < 0.05 was considered

statistically significant.

Results

Phantom study

Figure 2 shows the changes in SNR, CR, and RSD caused by varying TE, BW, FA, and base matrix

size. SNR showed no obvious dependence on TE, but decreased with a higher BW and larger base

matrix size. The maximum SNR value was obtained at 10° when the FA was varied. CR increased

with a larger FA but was not affected by any other parameters. On the contrary, RSD was highly

dependent on TE. It also decreased slightly for a larger FA and increased with a larger base matrix

size, but it was independent of BW. The boxplots in Fig. 3 compare the three sequences for the SNR,

CR, and RSD. HYBRID showed significantly higher SNR and RSD values than those of C-VIBE (P <

0.001); the RSD in this case was significantly different from that of T2* (P = 0.029). Although the

CRs of HYBRID and C-VIBE were statistically different (P = 0.014), they were extremely close,

whereas the CR of T2* was considerably lower.

Clinical study

Table 2 presents the scores for marker detection, tumor delineation, and overall image quality of the

three sequences. In marker detection, HYBRID outscored C-VIBE (mean score: 3.5+ 0.8 vs. 2.2 +

0.9, P <0.001), whereas the tumor delineation and overall image quality scores of the two sequences
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were not significantly different statistically (3.6 £ 0.5 vs. 3.7+ 0.5, P=0.56 and 3.6 + 0.5 vs. 3.8 £

0.5, P=0.32, respectively). T2* had the highest score in marker detection, but its tumor delineation

and overall image quality scores were markedly inferior, although no statistical analysis was

performed. Representative images corresponding to Case 1 are shown in Fig. 4 (see Supplementary

data for all other cases).

Discussion

The visualization of fiducial markers is important for precise CT-MRI registration in liver SBRT;

simultaneous marker detection and tumor delineation in a single sequence would be ideal for avoiding

misalignment due to separate breath-holding positions in multiple imaging rounds. Therefore, we first

used phantom experiments to determine the parameters of the modified sequence, focusing on both

high metal sensitivity and sufficient tumor/normal-tissue T1 contrast. We also performed visual

assessments using clinical images. Our results demonstrated that the newly optimized sequence

allowed for better gold fiducial marker detection without degrading tumor delineation in the primary

liver tumor.

The effect of metals on MRI is represented as signal voids or pile-ups due to decreased

local-T2* and susceptibility artifacts caused by B0 inhomogeneity. In EOB-MRI, 3D T1W-GRE is the

indispensable sequence for obtaining the Gd-EOB enhancement effect. However, T1-weighted

sequences are inferior to T2*-weighted sequences for marker detection in the prostate, as

12



demonstrated previously [14]. Small markers are also difficult to detect on MRI, and are sometimes

invisible even with T2*-weighted images [21]. To overcome this constraint, iron-containing (i.e.,

ferromagnetic) [22] or platinum (i.e., paramagnetic) [23] markers have been developed, which have a

higher magnetic susceptibility than that of gold (i.e., diamagnetic), and can produce larger artifacts

that are easier to detect. However, these markers are disadvantageous because local distortions caused

by the implantation of these markers (iron-containing or platinum) can potentially compromise the

geometric accuracy. Recently, a novel liquid marker (BioX-mark) without metals has been reported,

which causes the formation of signal voids due to the lack of water protons. This would be ideal in

terms of local susceptibility distortion [24]. Although using such markers may be a feasible solution,

many hospitals still use gold markers. Therefore, in this study, we addressed the detection of gold

fiducial markers using parameter optimization.

In the phantom study, the RSD was used as an indicator of marker detection, and a longer

TE resulted in a larger RSD (Fig. 2-1) due to an enhancement of the signal void. Although a previous

study evaluated the characteristics of various markers by separating signal void and susceptibility

artifacts [13], we employed the RSD to evaluate these two factors in combination. Our study focused

on the determination of parameters for clinical use, and RSD was sufficient for this purpose. The

result was also consistent with that of clinical visual assessment. In contrast, BW showed little impact

on RSD in our study (Fig. 2-j), whereas a previous study found that markers were significantly less

pronounced in higher-BW images [16]. This discrepancy may be because of the differences in BW,
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marker size, and spatial resolution. They used relatively low BWs and high spatial resolution to

understand the principles of marker detection, whereas, we conducted our evaluation under conditions

designed for clinical situations.

Another finding was that higher in-plane resolution was preferable for marker detection

(Fig. 2-1) because of the clear visualization of signal void. Therefore, we employed a large TE

(modified to 3.5 ms from 1.78 ms) and base matrix size (modified to 320 from 256) to improve

marker detection, with the trade-off of longer acquisition time and decreased SNR. The extension of

TR due to long TE and increased matrix size results in longer acquisition time. To address the

lengthening of the acquisition time, we reduced the number of slices and applied the phase-partial-

Fourier technique (see Table 1). SNR theoretically decreases with increasing matrix size and reducing

the number of slices, nevertheless, the SNR of HYBRID was higher than that of C-VIBE. One

possible explanation is that the unintentionally longer TR due to TE extension caused a signal

increase. In addition, we set the BW such that it was smaller than C-VIBE to increase the SNR

(modified to 400 Hz/pixel from 470 Hz/pixel). Thus, the increase in SNR obtained due to long TR and

lower BW outweighed its decrease due to the large matrix size and reduced number of slices. Thus,

HYBRID had an acceptable acquisition time, considerably improved gold marker detection, and

comparable tissue T1-contrast relative to a conventional sequence.

In the clinical study, C-VIBE failed to identify the markers in most cases. In contrast,

HYBRID was able to identify all markers except one. The marker in Case 3 could not be identified
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(see Supplementary Fig.2), because it was located at the edge of the liver parenchyma and was not

clearly discernible even with T2*. In other cases, the scores for marker detection were either 3 or 4

(identifiable), and tumor delineation and overall image quality were acceptable. Particularly in case 2,

the markers had been implanted at the radiofrequency ablation site, not the liver parenchyma (i.e., the

background signal was relatively low); nevertheless, they were clearly identifiable on the HYBRID

image because of enhanced signal void (see Supplementary Fig. 1). T2* had the highest score in

marker detection in most cases (as expected). However, its scores in tumor delineation and overall

image quality were extremely low, suggesting that it is inappropriate for tumor contouring in liver.

HYBRID allowed for small non-iron markers to be visualized without degrading the

tumor/normal-tissue contrast by Gd-EOB, which would lead to more accurate and efficient treatment

planning. Our parameter optimization did not involve any new technology prior to

commercialization and is easily reproducible on normal clinical scanners. HYBRID can also

reduce the burden on the patient by reducing the number of breath-holds during examination, because

multiple sequences are not required. However, slight lip-like artifacts were observed in some cases (an

example is shown in the form of dotted arrows in Fig. 4), which may have been caused by imperfect

breath-holding due to the longer acquisition time (e.g., the score of observer A for the overall image

quality in cases 3 and 5 was also 3, due to this artifact, which is not shown here). Further optimization

to reduce the time would be desirable in the future, especially for patients with difficulties in breath-

holding.
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When using multiple sequences for marker detection and tumor delineation, both the

difference in breath-hold level and the deformation of the abdominal anatomy affects the registration.

There is a respiratory-induced anatomical deformation of the liver itself, and the deformation of the

abdominal anatomy during each of the respiratory phases also affects the liver shape. To understand

the tumor deformation during each of the respiratory phases (e.g., inspiration and expiration), it is

necessary to visualize the marker and tumor simultaneously. The proposed sequence may be useful for

this aspect as well.

Our study involved only primary liver tumors, which are a minority of patients targeted for

SBRT. A majority of targets for SBRT are metastatic liver tumors, but we could not include metastatic

tumors because they are treated with other treatment options in our hospital. Therefore, the number of

cases is very limited and the proposed sequence has not been confirmed to be useful for metastatic

tumors as well. However, both the primary and metastatic liver tumors show the same low signal in

the hepatobiliary phase of EOB-MRI because of the lack of normal hepatocytes. In addition, because

metastatic tumor is not associated with liver dysfunction, there would be a greater uptake of Gd-EOB

into the normal liver parenchyma [25,26], which would provide a better contrast between the

background liver (high signal) and the tumor or marker (low signal). HYBRID has the potential to be

widely used for liver SBRT, including metastatic tumors, although it needs to be confirmed in

metastatic cases in the future.

There are some limitations to this study. First, the number of subjects was small, and only
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primary liver tumors were included. Future studies should be conducted to explore the cases of

metastatic liver tumors. Second, the marker characteristics were not considered and only one type of

marker was used. Several previous studies have indicated that marker visibility depends on size,

shape, composition, and orientation [13,15,21]. However, we focused on determining the parameter

settings, and understanding the effects of marker characteristics was beyond the scope of the present

study. Smaller markers can mitigate the invasiveness of marker implantation and produce fewer CT

artifacts; therefore, a future study needs to confirm whether a marker of diameter 0.35 mm (the

smallest non-iron fiducial marker commercially available) can be visualized. Third, our study was

performed with a 3T scanner. High magnetic fields generally have a high metal sensitivity [15] and

better contrast enhancement caused by the prolongation of T1 relaxation times [27]. Hence, further

parameter optimization may be necessary when using 1.5 T scanners.

Conclusions

The proposed HYBRID sequence can improve gold fiducial marker detection without degrading

tumor delineation in EOB-MRI for SBRT of primary liver tumor. It suggests that parameter

optimization is important for marker detection on MRI. Our findings may lead to more accurate and

efficient treatment planning, and also reduce the burden on patients by reducing the number of breath-

holds during examination. Future studies in patients with metastatic liver tumors are required for a

widespread use.
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Figure captions

Fig. 1. (a) Photograph of VISICOIL™ (>99.9% Au) employed as a gold fiducial marker in this study.

(b) Custom-made phantom. (c) Schematic of the two vials comprising the phantom, and location of

the VISICOIL. For simulating tumor (left) and normal liver parenchyma (right), 0.1 and 0.2 mmol/L

of gadoxetate sodium were diluted with distilled water and gelled with 2% agar, respectively. A

VISICOIL was embedded in the right vial.

Fig. 2. Changes in (a — d) signal-to-noise ratio (SNR), (e — h) contrast ratio (CR), and (i — 1) relative

standard deviation (RSD) of the signal intensity with echo time, bandwidth, flip angle, and base

matrix size.

Fig. 3. Boxplots comparing signal-to-noise ratio (SNR), contrast ratio (CR), and relative standard

deviation (RSD) of the signal intensity for the three sequences; conventional (C-VIBE), HYBRID

(this work), and T2*. Asterisks in plots indicate P < 0.001.

Fig. 4. Case 1 of a 66-year-old man with hepatocellular carcinoma with Child-Pugh A cirrhosis: (a)

Post-contrast CT shows clear marker visibility. (b) Low-signal feature in T2*-weighted image shows

the marker, but other similar low-signal regions are due to fibrosis; tumor delineation is poor. (c)

Moderately low-signal area in conventional T1-weighted image at the hepatobiliary phase delineates

tumor excellently, but the marker is also moderately low signal and difficult to distinguish from

vessels. (d) HYBRID image at the hepatobiliary phase exhibits both clear marker detection and tumor

delineation, but there are slight lip-like artifacts (dotted arrows). Arrow: marker; Arrowhead: tumor.
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Table 1. The detailed imaging parameters for all three sequences.

C-VIBE HYBRID T2*
Type 3D T1W-GRE 3D T1W-GRE 2D GRE
Repetition time (ms) 3.9 5.45 332
Echo time (ms) 1.78 3.5 6.0
Flip angle (°) 9 10 30
Field-of-view (mm) 285 x 380 285 x 380 285 x 380
Matrix size (phase % read) 154 x 256 180 x 320 130 x 288

Acquisition resolution (mm)
Reconstruction resolution (mm)
Bandwidth (Hz/Pixel)

Number of slices

Number of averages
Phase-partial Fourier
Slice-partial Fourier

Parallel imaging

Fat suppression

Acquisition time (s)

1.86 x 1.48 x 2.0

1.48 x 1.48 x 3.0

470

72

1

Off

7/8

CAIPIRINHA of 2

CHESS

19

1.58 x 1.19x 2.0

1.19%x1.19%x 3.0

400

60

1

7/8

7/8

CAIPIRINHA of 2

CHESS

23

220x132x%x20

1.32x1.32%x2.0

430

30

1

7/8

n.a.

GRAPPA of 2

No

23

C-VIBE, conventional volumetric interpolated breath-hold examination; 3D, three-

dimensional; TIW-GRE, T1-weighted turbo gradient-echo; 2D, two-dimensional; n.a., not

applicable; CAIPIRINHA, controlled aliasing in parallel imaging results in higher acceleration;

GPAPPA, generalized autocalibrating partially parallel acquisitions; CHESS, chemical shift

selective
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Table 2. The scores for marker detection, tumor delineation, and overall image quality of the three sequences.

Marker detection Tumor delineation Overall image quality
C-VIBE HYBRID T2* C-VIBE HYBRID T2* C-VIBE HYBRID T2*
Mean = SD 2.2+£0.9 3.5+0.8 3.8+0.5 3.7+x0.5 3.6£05 1.7+0.7 3.8+0.5 3605 2.3+x0.7

Observer A 2 1 4 3 4 2 4 3 1 4 3 2
Case 1

Observer B 3 2 4 4 4 3 4 4 2 3 3 3

Observer A 1 1 4 4 4 4 4 4 1 4 4 1
Case 2

Observer B 2 2 4 3 4 4 3 3 1 4 4 2

Observer A 2 1 4 1 4 3 3 3 3 4 3 3
Case 3

Observer B 2 1 3 2 4 3 3 3 2 4 4 2

Observer A 3 1 4 3 4 4 4 4 1 4 4 2
Case 4

Observer B 4 2 4 4 4 4 3 4 2 3 4 2

Observer A 3 2 4 3 4 4 4 4 1 3 3 3
Case 5

Observer B 3 2 4 4 4 4 4 3 2 4 3 3

Observer A 3 3 4 4 4 4 4 4 2 4 4 2
Case 6

Observer B 3 3 3 3 4 4 4 4 2 4 4 3

Note that there were two markers for each patient, and these were evaluated individually. C-VIBE, conventional volumetric interpolated breath-
hold examination; SD, standard deviation.
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Fig. 3
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Appendix A. Supplementary data

Supplementary Fig. 1. Case 2 of a 76-year-old man with hepatocellular carcinoma in hepatitis B virus
with Child-Pugh A: (a) Post-contrast CT shows clear marker visibility. (b) T2*-weighted image shows
sufficient marker detection, but the tumor is not distinguishable. (¢) Conventional T1-weighted image
at the hepatobiliary phase shows excellent tumor delineation, but the markers are not identifiable. (d)
HYBRID image at the hepatobiliary phase shows marker detection even though the markers are in

radiofrequency ablation site. Arrow: marker; Arrowhead: tumor.
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Supplementary Fig. 2. Case 3 of a 70-year-old woman with hepatocellular carcinoma with Child-Pugh
A cirrhosis: (a) Post-contrast CT shows clear marker visibility. (b) T2*-weighted image shows the
marker, even though it is at the edge of the liver parenchyma. (¢ — d) The marker is not detected in

either conventional T1-weighted or HYBRID images at the hepatobiliary phase. Arrow: marker.
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Supplementary Fig. 3. Case 4 of an 82-year-old man with intrahepatic cholangiocarcinoma: (a) Post-
contrast CT shows clear marker visibility. (b) T2*-weighted image shows sufficient marker detection,
but the tumor edges are obscured. (¢) Conventional T1-weighted image at the hepatobiliary phase
shows excellent tumor delineation, but the marker is unclear. (d) HYBRID image at the hepatobiliary

phase exhibits both clear marker detection and tumor delineation. Arrow: marker.
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Supplementary Fig. 4. Case 5 of a 73-year-old man with hepatocellular carcinoma with Child-Pugh A
cirrhosis: (a) Post-contrast CT shows clear marker visibility. (b) T2*-weighted image shows sufficient
marker detection, but the tumor cannot be distinguished. (c) Conventional T1-weighted image at the
hepatobiliary phase can identify one marker, but not the other. (d) HYBRID image at the hepatobiliary

phase can identify both markers. Arrow: marker; Arrowhead: tumor.
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Supplementary Fig. 5. Case 6 of a 72-year-old man with hepatocellular carcinoma: (a) Post-contrast
CT shows clear marker visibility. (b) T2*-weighted image shows sufficient marker detection, but the
tumor is not distinguishable. (c) Conventional T1-weighted image at the hepatobiliary phase shows
excellent tumor delineation, but the marker is unclear. The low signal near the marker (dotted arrow)
is a blood vessel, but it may be misidentified as a marker. (d) HYBRID image at the hepatobiliary
phase exhibits both clear marker detection and tumor delineation. Arrow: marker; Arrowhead: tumor;

Dotted arrow: blood vessel.
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