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Original Article

Implementation of a high resolution, high-contrast magnetic 
resonance imaging protocol with extended delayed phases for 
peritoneal mesothelioma
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Background: Imaging of peritoneal malignancies using conventional cross-sectional imaging is 
challenging, but accurate assessment of peritoneal disease burden could guide better selection for definitive 
surgery. Here we demonstrate feasibility of high-resolution, high-contrast magnetic resonance imaging (MRI) 
of peritoneal mesothelioma and explore optimal timing for delayed post-contrast imaging.
Methods: Prospective data from inpatients with malignant peritoneal mesothelioma (MPM), imaged 
with a novel MRI protocol, were analyzed. The new sequences augmenting the clinical protocol were 
(I) pre-contrast coronal high-resolution T2-weighted single-shot fast spin echo (COR hr T2w SSH 
FSE) of abdomen and pelvis; and (II) post-contrast coronal high-resolution three-dimensional (3D)  
T1-weighted modified Dixon (COR hr T1w mDIXON) of abdomen, acquired at five delay times, up to  
20 min after administration of a double dose of contrast agent. Quantitative analysis of contrast enhancement 
was performed using linear regression applied to normalized signal in lesion regions of interest (ROIs). 
Qualitative analysis was performed by three blinded radiologists.
Results: MRI exams from 14 participants (age: mean ± standard deviation, 60±12 years; 71% male) were 
analyzed. The rate of lesion contrast enhancement was strongly correlated with tumor grade (cumulative 
nuclear score) (r=−0.65, P<0.02), with ‘early’ delayed phase (12 min post-contrast) and ‘late’ delayed phase  
(19 min post-contrast) performing better for higher grade and lower grade tumors, respectively, in agreement 
with qualitative scoring of image contrast.
Conclusions: High-resolution, high-contrast MRI with extended post-contrast imaging is a viable 
modality for imaging peritoneal mesothelioma. Multiple, extended (up to 20 min post-contrast) delayed 
phases are necessary for optimal imaging of peritoneal mesothelioma, depending on the grade of disease.
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Introduction

Radiographic assessment of peritoneal malignancies is 
challenging due to frequently small tumor size or thickness, 
similar density and signal intensity to adjacent structures, 
variable distribution of disease, and unpredictable contrast 
enhancement. Malignant peritoneal mesothelioma (MPM) 
is one such malignancy necessitating careful diagnostic 
assessment prior to attempting definitive surgical resection 
(1-4). Unfortunately, modern imaging modalities have 
suboptimal diagnostic ability for determining unresectable 
disease. Underestimation of disease burden by axial imaging 
is a known limitation and results in a reliance on invasive 
diagnostic laparoscopy for accurate staging (5-7). Imprecise 
clinical staging can lead to futile attempts at surgical 
resection and a delay in guiding patients with unresectable 
disease to more appropriate or palliative treatment (7,8). 
Better diagnostic certainty would reduce the management 
burden on patients and improve surgeon and patient 
confidence in the treatment plan (4,9).

Current Peritoneal Surface Oncology Group International 
(PSOGI) guidelines recommend computed tomography 
(CT) as the preferred pre-operative diagnostic modality 
despite scarce supporting data (10); however, these 
guidelines and the literature also suggest that magnetic 
resonance imaging (MRI) could be used for pre-operative 
evaluation despite unanswered questions regarding its 
accuracy for detection and characterization of disease 
burden (3,5,8,11). Prospective assessment of peritoneal-
specific MRI, especially for mesothelioma, has not been 
implemented due to the low resolution of MRI axial 
imaging and technical challenges involved. However, 
while a CT scan provides better slice thickness and spatial 
resolution than conventional MRI, MRI offers significantly 
better tissue discrimination of disease and the ability to 
optimize for contrast enhancement, without ionizing 
radiation (5,10-12). In addition, the optimal timing of 
post-contrast imaging for highlighting and characterizing 
peritoneal lesions remains unknown and is more safely 
studied with a non-ionizing modality.

In this study, we describe novel radiological advances 

in imaging the peritoneum noted during the course of a 
phase II clinical trial (NCT #03867578) examining the 
role of high resolution, high contrast MRI in imaging the 
peritoneal cavity prior to surgical resection in patients with 
peritoneal mesothelioma, and examine the time dependence 
of lesion signal intensity after magnetic resonance contrast 
administration.

Methods

Study subjects & recruitment

Patients presenting to a multi-disciplinary mesothelioma 
clinic at the University of Chicago were screened for 
inclusion in this phase II prospective clinical trial (NCT 
#03867578) between February of 2019 and August of 
2020. Consecutive recruitment from a homogeneous 
population was used to minimize potential bias. This study 
was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the Institutional Review Board of the Biological Sciences 
Division of the University of Chicago (No. IRB18-
1011) and informed consent was taken from all individual 
participants. The inclusion criteria included age ≥18 years, 
biopsy-proven MPM, cytoreductive surgery planned within 
60 days, ability to safely undergo and tolerate contrast-
enhanced CT, contrast-enhanced MRI, and ultrasound 
scans, and ability and willingness to use appropriate 
contraceptive methods before imaging and for a period 
of 365 days thereafter. The exclusion criteria included 
pregnancy or breastfeeding and counter-indications for 
undergoing imaging exams.

Enrolled participants underwent a research MRI 
using our novel protocol 1–5 weeks prior to the surgical 
assessment of disease via a diagnostic laparoscopy or 
definitive cytoreductive surgery. Conventional axial CT 
imaging was obtained per standard of care.

Participants’ clinical and demographic data were 
recorded, including age, sex, intraoperative assessment of 
disease burden [peritoneal cancer index (PCI) score], history 
of cardiac disease, histological subtype, pathology results 
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[nuclear grade and cumulative nuclear score (nuclear atypia 
and mitotic count)] (13), and receipt of prior neoadjuvant 
therapy and prior cytoreductive surgery. Pathology results 
were reported post-cytoreductive surgery as the highest 
grade/score observed.

MRI protocol

Participants were scanned on a 3T dStream Ingenia MRI 
scanner (Philips Healthcare, Andover, MA, USA), using 
the anterior surface coil and posterior elements built into 
the scanner bed. The new sequences introduced to enhance 
the standard clinical abdominal MRI protocol were (I) pre-
contrast coronal high-resolution T2-weighted single-shot 
fast spin echo (COR hr T2w SSH FSE; spatial resolution 
0.80×0.80×3.00 mm3) of abdomen and pelvis; and (II) post-
contrast coronal high-resolution three-dimensional (3D) 

T1-weighted modified Dixon (COR hr T1w mDIXON; 
spatial resolution 1.20×1.16×3.00 mm3) of abdomen and 
upper pelvis, with anterior/posterior coverage of 23 cm, and 
acquired at multiple delay times, up to 20 min after contrast 
administration. Additionally, a double dose (0.2 mmol/kg) of 
gadoterate meglumine (Dotarem; Guerbet LLC, Princeton, 
NJ, USA) was administered to increase contrast. The choice 
of contrast agent was guided by established safety profiles 
regarding stability in vitro and in vivo (14-19). Specific 
imaging parameters for the full MRI protocol are listed 
in Table S1, that can be found online. Diffusion-weighted 
imaging (DWI) was not included, as it was not possible 
to achieve spatial resolutions necessary for identification 
of small, flat or linear lesions. Figure 1 shows examples of 
delayed post-contrast COR hr T1w mDIXON images in 
four subjects. Anatomical structures are shown in sharp detail 
with adequate SNR and lesion enhancement is evident.

A

C

B

D

Figure 1 Examples of post-contrast COR hr T1w mDIXON (water-only) images acquired through the abdomen of four subjects, at delay 
times of 12.5–14 min are shown (A-D). Anatomical structures are shown in sharp detail with adequate SNR. Lesion enhancement is evident, 
with some of the enhanced lesions indicated with arrowheads. COR hr T1w mDIXON, coronal high-resolution 3D T1-weighted modified 
Dixon; 3D, three-dimensional; SNR, signal-to-noise ratio.

https://cdn.amegroups.cn/static/public/QIMS-23-13-Supplementary.pdf
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Region of interest (ROI) definition

The COR hr T1w mDIXON (in-phase) images were 
loaded into custom-made software for ROI delineation. 
An experienced abdominal radiologist (C.B.H.) selected 
freehand-outl ined ROIs in the lateral  abdominal 
subcutaneous fat tissue, as well as several lesion ROIs, for 
each subject on the first post-contrast sequence. The ROIs 
were propagated and manually adjusted as necessary to 
match across several additional post-contrast COR hr T1w 
mDIXON images. The same radiologist classified selected 
lesions as either linear or mass type.

Quantitative image analysis

Image signal was averaged over each ROI and lesion averages 

were normalized to fat ROI average signal. Uptake of contrast 
agent in fat tissue was assumed to be minimal and therefore 
fat ROI signal could provide adequate normalization to 
account for variations in hardware gain between post-contrast 
COR hr T1w mDIXON sequences within each exam. Lesion 
ROI signal normalized to fat (SF) was modeled with a linear 
function over the 4–20 min post-contrast delay interval to 
determine the slope FA  in units of min−1 {Eq. [1]}:

( )F F iS i A D offset= ⋅ + 	 [1]

where SF(i) represents the normalized lesion signal at i-th 
post-contrast timepoint, Di represents the delay time of 
the i-th post-contrast sequence (approximately 4, 7, 13, 16, 
and 20 min), and offset is the y-axis intercept not used in 
this study. This method is illustrated in Figure 2. Positive 
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Figure 2 Calculation of slope FA  is illustrated. (A) A whole-field COR hr T1w mDIXON (water-only) image is shown for reference. An enlarged 
sub-region of water-only and in-phase mDIXON images is also shown. The lesion (red) and subcutaneous fat (yellow) ROIs are outlined on the 
water only image, and the signal intensities are measured on the in-phase image. (B) The ratio of the lesion ROI and subcutaneous fat ROI signal 

intensities yields SF at each delay time D. Using Eq. [1], SF is fit as a function of D. In this example, FA =3.2×10−3·min−1. ROI, region of interest; 
COR hr T1w mDIXON, coronal high-resolution 3D T1-weighted modified Dixon; 3D, three-dimensional.
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values of FA  indicated continuous increase in normalized 
signal due to contrast agent uptake in the lesions, while 

negative values of FA  indicated contrast agent washout 
and decreasing normalized signal over the 4–20 min delay 
interval.

FA  values were used in per-lesion analysis. For per-

subject analysis, averages FA  for all lesions outlined in a 
single subject were calculated and correlated with clinical 
variables.

Qualitative image analysis

Three abdominal radiologists (A.O., N.C.O., C.B.H.) with 
10–25 years of experience independently reviewed post-
contrast COR hr T1w mDIXON (water only) images 
acquired at (mean ± standard deviation) 12.1±1.3 min  
(‘early’) and 19.1±1.5 min (‘late’) delay after contrast 
administration. Only two post-contrast time points were 
compared, to reduce the complexity of the evaluation. 
Survey responses were collected on Research Electronic 
Data Capture (REDCap) (20,21). The radiologists were 
asked to state their preference for visualization of the 
peritoneum and potential peritoneal disease, specifically in 
the pelvis and the right diaphragm. The radiologists were 
blinded to post-contrast timing of MRI sequences.

Statistical analysis

The intra- and inter-patient variability was assessed using 
mixed effects regression with patients as random effects. 
The Wilcoxon signed rank test was used to evaluate 

whether the mean of all lesion slopes FA  differed from zero. 
The Wilcoxon rank-sum test was used to evaluate whether 

the mean of slopes FA  differed between mass versus linear 
type lesions. The paired test for proportions was used 
to compare proportions of lesions with positive slopes 
between mass versus linear type lesions. The threshold for 
significance was set to P=0.05.

Spearman’s coefficient of correlation was used to 

characterize the correlation of FA  with age, pathology 
nuclear grade, and cumulative nuclear score. Nuclear grade 
and cumulative nuclear score are highly correlated and 
were not considered as independent measurements; thus, 
correcting for multiple comparisons yielded the significance 
threshold of 0.05/2=0.025. The Wilcoxon rank-sum test 

was used to compare the FA  between groups with or 

without presence of cardiac disease, prior cytoreductive 
surgery, and prior chemotherapy, with correction for 
multiple comparisons yielding the significance threshold of 
0.05/3=0.017.

Spearman’s coefficient of correlation was used to 
characterize the correlation of reader preference for 
visualization of the peritoneum and potential peritoneal 
disease with cumulative nuclear score, using the significance 
threshold of P=0.05.

Results

Study and clinical characteristics

Sixteen scans were performed on 14 subjects {age: median 
[range], 60 [26–74] years}. Although two participants 
completed scans before and after chemotherapy, only 
one pre-chemotherapy scan per subject was included in 
the analysis. One of the participants’ scans was excluded 
from comparison of early versus late delayed phase images 
because not all five extended-delay post-contrast sequences 
were performed, but was still included in the quantitative 
analysis. For one participant who had biphasic disease, 
pathology grade and cumulative nuclear score were not 
available.

Median PCI score (quantitative measure of burden of 
peritoneal disease scored in 13 zones with a score of 0–3 in 
each zone) was 38 (range, 11–39). Clinical and pathologic 
characteristics are summarized in Table 1 (22). Thirteen 
subjects had epithelioid mesothelioma and grade of the 
tumor was captured using previously described methods (13).

Quantitative image analysis and correlation to clinical 
variables

The mean number of outlined lesion ROIs, per subject, 
was 3.7 [range, 2–6; total 52 lesions (38 mass, 14 linear 
type)]. Data from two representative lesions from two 
different subjects are shown in Figure 3, illustrating both 

a positive value for FA  {Eq. [1]}, indicating continuous 
contrast uptake, and a negative value, indicating contrast 
agent washout. Figure 4 illustrates the frequently observed 
increase in lesion contrast over the examined post-contrast 
delay times.

In per-lesion analysis, the mean of slopes FA  was 
(−3.0±14)×10−3·min−1 (mean ± standard deviation) which 
was lower than zero (P<0.001). There was no significant 
difference in the mean slopes (P=0.24) or the proportion 



Quantitative Imaging in Medicine and Surgery, Vol 14, No 3 March 2024 2585

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(3):2580-2589 | https://dx.doi.org/10.21037/qims-23-13

Table 1 Demographic, clinical and pathologic data of study subjects

Characteristics N [%]

Total 14 [100]

Sex

Female 4 [29]

Male 10 [71]

Race/ethnicity

White and non-Hispanic 14 [100]

Other races/ethnicities 0 [0]

Presence of cardiac disease 4 [29]

Prior chemotherapy 7 [50]

Prior cytoreductive surgery 2 [14]

Pathology

Biphasic 1 [7]

Epithelioid 13 [93]

Nuclear grade (n=13)

1 8 [62]

2 4 [31]

3 1 [8]

Cumulative nuclear score (n=13) (nuclear atypia + mitotic counts)

2 4 [31]

3 4 [31]

4 4 [31]

5 0 [0]

6 1 [8]
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Figure 3 Signal from COR hr T1w mDIXON (in phase) images, 
normalized to fat (SF) is plotted against the post-contrast image 
delay time D, for lesions from two representative subjects, to 

illustrate the range of FA . The trendlines (dashed lines) indicate 

the best linear fit to each lesion’s signal data {see Eq. [1]}. COR 
hr T1w mDIXON, coronal high-resolution 3D T1-weighted 
modified Dixon; 3D, three-dimensional.

of lesions with positive slopes (P=0.28) between mass and 
linear type lesions. The inter- and intra-patient variances 
were 2.04×10−3·min−2 and 0.81×10−3·min−2, respectively, 
yielding an intraclass correlation coefficient of 0.72 [95% 
confidence interval (CI): 0.56–0.86, P<0.001], indicating 
statistically significant and non-negligible intra-patient 
correlation.

In per-subject analysis, no statistically significant 

differences in FA  were found between groups with and 
without cardiac disease (P=0.08), prior chemotherapy 
(P=0.62), or prior cancer reduction surgery (P=0.44). 

Spearman’s coefficients of correlation between FA  and age, 
nuclear grades, and cumulative nuclear score were −0.33 
(P=0.24), −0.62 (P=0.025), and −0.65 (P=0.017; as illustrated 

in Figure 5), respectively.

Qualitative image analysis and correlation to clinical 
variables

Late delayed images (~19 min post-contrast) were found 
superior in 55%, equal in 14%, and inferior to the early 
delayed images (~12 min post-contrast) in 31% of the scans. 
The cumulative nuclear score was significantly correlated 
with reader preference (r=0.65, P=0.02) for reader 1, for 
both pelvis and right diaphragm. There was no significant 
correlation when all reader results for both regions were 
combined (r=0.27, P=0.40).

Discussion

This phase II clinical trial demonstrates the feasibility 
of high-resolution, high-contrast MRI of peritoneal 
mesothelioma with adequate signal-to-noise ratio (SNR), 
especially in the post-contrast COR hr T1w mDIXON 
sequence, and describes relation of peritoneal lesion signal 
intensity with timing of contrast administration.

We introduced several technical advances. First, two 
high-resolution sequences were implemented. The COR 
hr T2w SSH FSE sequence was acquired in the respiratory 
triggered (free breathing, up to two slices per respiratory 
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cycle) mode. The spatial resolution was limited by the 
duration of the respiratory pause after expiration and SNR. 
The post-contrast COR hr T1w mDIXON images in the 
abdomen only covered the liver dome in order to maximize 
the breathold duration-limited spatial resolution. Second, 
a double dose of contrast agent was used to enhance lesion 
visibility. High doses do not produce proportionally higher 
early peak enhancements due to T2* effects and non-
linearity of T1 shortening effects on signal intensity, but in 
the delayed post-contrast phases these effects are minimized, 
improving lesion visibility. Third, we implemented extended 

delayed imaging and observed that a large percentage of 
lesions exhibited persistent enhancement, up to 20 min 
post-contrast administration, while some were already in 
the washout phase at 4 min post-contrast.

The COR hr T1w mDIXON acquisition includes 
multiple breatholds, limiting the achievable temporal 
resolution. Thus, we were not able to assess the early 
post-contrast kinetics, but at our delayed imaging times 
(4+ min), the contrast kinetics is slower and more readily 
quantifiable. This is in contrast to dynamic contrast-
enhanced MRI (DCEMRI) analysis software provided by 
most MRI manufacturers (23) and to a large number of 
DCEMRI analysis software packages (24) that use complex 
pharmacokinetic modeling to quantify contrast agent 
dynamics but require much higher temporal resolution, 
especially in the first 1–2 min.

Differences in contrast kinetics point to differences 
in lesion pathophysiology, which is consistent with our 

finding that FA  is significantly and strongly correlated to 
cumulative nuclear score and indicates that a single post-
contrast acquisition may not be optimal. Earlier studies 
have recommended a 5 min post-contrast delay, but longer 
delays were not evaluated (25-28). A CT study using delays 
of up to 10 min similarly found 4–5 min to be an optimal 
delay, but also that many lesions are still enhancing at that 
time (29). It could be posited that tumors that lead to high 
fibrotic response that can impede contrast diffusion, or 
those after neoadjuvant chemotherapy or radiation, might 

Figure 4 The improved visibility of some lesions in late delayed images is illustrated. (A) A COR hr T1w mDIXON (water-only) image 
acquired at 9 min delay through the liver of a 67-year-old subject with epithelioid mesothelioma is shown. (B,C) The area outlined in panel 
A is enlarged to better visualize the lesion (arrowheads), in images taken at 9 min (B) and 19 min delay (C). The lesion conspicuity was 
clearly increased in the later delayed image (C). COR hr T1w mDIXON, coronal high-resolution 3D T1-weighted modified Dixon; 3D, 
three-dimensional.
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Figure 5 The correlation between the cumulative nuclear score 

and FA  is illustrated. The Spearman’s correlation coefficient is 
−0.65 (P=0.017).
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demonstrate similar delayed contrast enhancement. Our 
quantitative and qualitative results indicate that acquiring 
both earlier and later delayed phases could increase the 
diagnostic accuracy of an MRI exam. Due to similarity of 
contrast kinetics of CT and most MRI contrast agents, 
our results could lead to further optimization of the post-
contrast imaging timing in peritoneal mesothelioma in both 
MRI and CT imaging.

Some concerns will need to be addressed before 
adoption of the proposed MRI protocol in routine clinical 
practice. Relatively unstably chelated (non-ionic or linear) 
gadolinium (Gd)-based contrast agents can deposit Gd in 
tissues, with unclear clinical significance, and care should 
be taken with administration of double doses (14). This 
deposition has not been demonstrated with the use of 
gadoterate meglumine (Dotarem, Guerbet, Paris, France) 
(16,18). The non-ionic, macrocyclic structure of gadoterate 
gives it extremely high stability that allows for safe contrast 
elimination from the body and should be the contrast agent 
of choice for the proposed protocol (15,17). Further, some 
institutions may be reluctant to extend the imaging times 
to 15+ min post-contrast administration. A larger follow up 
study would provide more information needed to evaluate 
the diagnostic benefit of the extended delayed imaging and 
guide this decision.

There are some limitations to this study. First, the low 
number of participants limited the statistical power. This 
was due to recruitment from a homogeneous population 
studied in rigorous clinical trial conditions, with consecutive 
recruitment used to minimize potential bias. On the other 
hand, the number of lesions outlined per participant was 
high, resulting in a high total number of lesions available 
for analysis. Because the properties of lesions found in 
the same participant can be correlated, affecting the 
statistical power, we reported the inter- and intra-subject 
variability, which can be used to power future studies. 
Second, while we have demonstrated strong correlation 
of the contrast enhancement kinetics with cumulative 
nuclear score, the optimal number and timing of delayed 
contrast administration is still unclear, as early post-
contrast timepoints were not analyzed. Third, the coronal 
high-resolution T1-weighted sequence did not cover the 
entire abdomen, but was targeted to areas most likely to 
contain new lesions, such as the right hemidiaphragmatic 
recess. Increasing the number of breatholds would allow 
for expanded anatomical coverage, at the expense of longer 
acquisition times. Finally, this study was not designed 
to evaluate the diagnostic performance of the new MRI 

protocol. A rigorous comparison of MRI findings with 
operative findings, to establish diagnostic performance, is 
underway.

Conclusions

In conclusion, we demonstrated the feasibility of a high-
resolution, high-contrast MRI protocol for imaging of 
peritoneal mesothelioma. High quality post-contrast 
coronal T1-weighted images demonstrated the necessity 
of multiple and extended delayed-phase acquisitions due to 
differences in contrast uptake kinetics in lesions of different 
nuclear grade. The MRI protocol proposed in this study 
may allow future imaging adjustments and reduction in 
management burden and accompanying morbidity for 
patients with peritoneal mesothelioma.
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Table S1 MRI protocol and sequence parameters

Name Sequence type TR/TE (ms)
Flip angle  

(°)
FS FOV (mm2)

Resolution (ACQ) 
(mm3)

Slice gap 
(mm)

Resolution (REC) 
(mm3)

SENSE
Duration 

(min:second)
Post-contrast 

delay (min)

AX T2w ABD + PEL BH 2D SSH FSE 1,250/80 90 – 430×300×485 1.3×1.5×5 0.5 0.81×0.81×5 1.75 AP 1:50 –

AX T2w FS ABD + PEL RT 2D mSH FSE 2,350/80 90 SPIR 430×300×485 1.2×1.4×5 0.5 0.81×0.81×5 1.3 AP 4:12 –

COR T2w ABD + PEL BH 2D SSH FSE 1,250/80 90 – 285×430×470 1.4×1.6×5 0.5 0.45×0.45×5 2.5 RL 1:50 –

COR hr T2w ABD + PEL RT† 2D SSH FSE 2,000/80 90 – 285×430×455 0.80×0.80×3 0 0.61×0.61×3 3.2 RL 7:30 –

COR PRE hr T1w ABD mDIXON BH† 3D FFE mDIXON 4.0/1.4, 2.6 10 Post-processing 400×430×190 1.2×1.16×3 – 0.89×0.89×1.5 2.2 RL, 1.7 AP 0:45 –

AX PRE T1w PEL mDIXON BH 3D FFE mDIXON 3.6/1.32, 2.3 10 Post-processing 430×300×270 1.60×1.7×3.5 – 0.9×0.9×1.75 2.0 AP, 1.5 FH 0:18 –

AX PRE T1w ABD mDIXON BH 3D FFE mDIXON 3.6/1.32, 2.3 10 Post-processing 430×300×270 1.60×1.7×3.5 – 0.9×0.9×1.75 2.0 AP, 1.5 FH 0:18 –

Administration of 0.2 mmol/kg of gadoterate meglumine‡

COR POST hr T1w ABD mDIXON BH† 3D FFE mDIXON 4.0/1.4, 2.6 10 Post-processing 400×430×190 1.2×1.16×3 – 0.89×0.89×1.5 2.2 RL, 1.7 AP 0:45 4, 7

AX POST T1w ABD mDIXON BH 3D FFE mDIXON 3.6/1.32, 2.3 10 Post-processing 430×300×270 1.60×1.7×3.5 – 0.9×0.9×1.75 2.0 AP, 1.5 FH 0:18 10

AX POST T1w PEL mDIXON BH 3D FFE mDIXON 3.6/1.32, 2.3 10 Post-processing 430×300×270 1.60×1.7×3.5 – 0.9×0.9×1.75 2.0 AP, 1.5 FH 0:18 11

COR POST hr T1w ABD mDIXON BH† 3D FFE mDIXON 4.0/1.4, 2.6 10 Post-processing 400×430×190 1.2×1.16×3 – 0.89×0.89×1.5 2.2 RL, 1.7 AP 0:45 13, 16, 20

COR POST hr T1w PEL mDIXON BH† 3D FFE mDIXON 4.0/1.4, 2.6 10 Post-processing 400×430×190 1.2×1.16×3 – 0.89×0.89×1.5 2.2 RL, 1.7 AP 0:45 23
†, research high-resolution sequence; ‡, double dose of gadoterate meglumine (Dotarem, Guerbet LLC, Princeton, NJ, USA). Total scan time listed: ~20 min. Total exam duration: ~60 min (includes survey sequences, prescan times, 
and breathold recovery). MRI, magnetic resonance imaging; TR, repetition time; TE, echo time; FS, fat suppression; FOV, field of view; ACQ, as acquired; REC, as reconstructed; SENSE, sensitivity encoding; AX, axial orientation; T2w, 
T2-weighted; ABD + PEL, ABD and PEL were acquired in two stages; ABD, abdominal; PEL, pelvic; BH, breath-hold; 2D, two-dimensional; SSH FSE, single-shot fast spin echo; AP, anterior/posterior direction; RT, respiratory triggered; 
mSH FSE, multi-shot fast spin echo; SPIR, spectral presaturation with inversion recovery; COR, coronal orientation; RL, right/left direction; hr, high-resolution; PRE, pre-contrast administration; T1w, T1-weighted; mDIXON, modified 
Dixon; 3D, three-dimensional; FFE, fast field echo; FH, foot/head direction; POST, post-contrast administration.
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