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Abstract

Accurate quantification and characterization of atherosclerotic plaques with MRI requires

high spatial resolution acquisitions with excellent image quality. The intrinsically better sig-

nal-to-noise ratio (SNR) at high-field clinical 7T compared to the widely employed lower field

strengths of 1.5 and 3T may yield significant improvements to vascular MRI. However, 7T

atherosclerosis imaging also presents specific challenges, related to local transmit coils and

B1 field inhomogeneities, which may overshadow these theoretical gains. We present the

development and evaluation of 3D, black-blood, ultra-high resolution vascular MRI on clini-

cal high-field 7T in comparison lower-field 3T. These protocols were applied for in vivo imag-

ing of atherosclerotic rabbits, which are often used for development, testing, and validation

of translatable cardiovascular MR protocols. Eight atherosclerotic New Zealand White rab-

bits were imaged on clinical 7T and 3T MRI scanners using 3D, isotropic, high (0.63 mm3)

and ultra-high (0.43 mm3) spatial resolution, black-blood MR sequences with extensive spa-

tial coverage. Following imaging, rabbits were sacrificed for validation using fluorescence

imaging and histology. Image quality parameters such as SNR and contrast-to-noise ratio

(CNR), as well as morphological and functional plaque measurements (plaque area and

permeability) were evaluated at both field strengths. Using the same or comparable imaging

parameters, SNR and CNR were in general higher at 7T compared to 3T, with a median

(interquartiles) SNR gain of +40.3 (35.3–80.1)%, and a median CNR gain of +68.1 (38.5–

95.2)%. Morphological and functional parameters, such as vessel wall area and permeabil-

ity, were reliably acquired at 7T and correlated significantly with corresponding, widely vali-

dated 3T vessel wall MRI measurements. In conclusion, we successfully developed 3D,

black-blood, ultra-high spatial resolution vessel wall MRI protocols on a 7T clinical scanner.
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7T imaging was in general superior to 3T with respect to image quality, and comparable in

terms of plaque area and permeability measurements.

Introduction

Cardiovascular disease due to atherosclerosis is the main cause of morbidity and mortality

worldwide [1]. In the imaging community, there has been much focus in developing and vali-

dating non-invasive in vivo techniques to characterize arterial vessel wall atherosclerosis and

to measure atherosclerotic disease burden non-invasively [2–4]. Specifically, vessel wall mea-

surements by quantitative magnetic resonance imaging (MRI), such as vessel wall area, have

already been demonstrated to be good predictors of future cardiovascular events [5–8]. These

parameters have also been successfully used as surrogate imaging markers of treatment efficacy

for approved and novel anti-atherosclerotic compounds [9–14]. In the long term, non-invasive

vascular MR imaging may aid in more efficiently diagnosing and stratifying individuals at

high risk for cardiovascular events, as well as monitoring patient treatment response [15, 16].

At present, vessel wall MRI still faces significant challenges [9–12, 17–19] when acquired at

the most common clinical field strengths of 1.5 and 3T. MRI of the small arterial wall requires

imaging with very high-spatial resolution, for accurate quantification of plaque size and to cor-

rectly identify relevant high-risk plaque components, such as lipid rich necrotic core and

fibrous cap [16]. Ideally, vascular MRI acquisitions should be 3-dimensional (3D), use isotro-

pic voxels and allow extensive spatial coverage along a whole vessel, while avoiding partial vol-

ume artifacts in tortuous, disease-prone areas [20, 21]. In addition, efficient “black blood”

preparations, which suppress the bright signal from flowing blood, and perivascular fat signal

suppression are needed to ensure optimal contrast and delineation of the arterial wall with

respect to the vessel lumen and other neighboring structures [20, 22, 23]. To satisfy all these

requirements while maintaining high scan time efficiency, signal-to-noise ratio (SNR) and spa-

tial resolution often need to be compromised when imaging on 1.5 and 3T scanners. This sig-

nificantly affects the accuracy of atherosclerosis burden measurements and the

characterization of plaque composition, especially when using advanced quantitative MR tech-

niques [24]. Particularly, the measurement of functional parameters relevant to high-risk pla-

que phenotypes, such as enhanced vessel wall permeability and neovascularization using high

temporal resolution dynamic contrast enhanced (DCE) MRI [25], may be significantly

impacted by low SNR measurements.

The advent of high-field 7T clinical MRI scanners offers new opportunities to surpass these

challenges and improve the characterization of at-risk atherosclerotic plaques [26, 27]. In prin-

ciple, the intrinsically higher SNR at 7T may allow 3D vessel wall imaging with isotropic high

spatial resolution, improved image quality and within imaging times suitable for clinical exam-

inations. However, arterial vessel wall MRI at 7T also presents specific issues, for example

related to the use of local transmit coils and B1 field inhomogeneities [28], which may over-

shadow these theoretical advantages over lower field 1.5 and 3T clinical scanners.

In this study, we aimed to assess the advantages and disadvantages of high-field clinical 7T

vessel wall MRI for quantification of plaque burden and permeability, in comparison with 3T

field strength. 3D vessel-wall black blood MRI protocols developed on a clinical 7T scanner

were applied for high and ultra-high spatial resolution in vivo imaging of the atherosclerotic

rabbit abdominal aorta and benchmarked against equivalent acquisitions at clinical 3T [18,

29]. The rabbit aorta is similar in size to the human coronary arteries [30], and rabbit aortic

plaques recapitulate many phenotypical characteristics of human plaques [31]. Since rabbits
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can be imaged on clinical MR scanners, this relevant animal model of atherosclerosis has been

extensively used in the past by our group and others for robust development, testing and vali-

dation of cardiovascular MR imaging protocols before translation into humans [17, 32–39].

Methods

Ethics statement

This study was conducted after review and approval by the Institutional Animal Care and Use

Committee (IACUC) of the Icahn School of Medicine at Mount Sinai.

Animal model and study design

Atherosclerosis was induced in 8 male New Zealand White (NZW) rabbits using a previously

validated approach [9, 10, 17–19, 29, 40–42], consisting of a combination of high-fat diet and

double balloon injury of the infrarenal abdominal aorta. All rabbits were imaged between 5

and 7 months of high-fat diet containing 0.3% cholesterol and 4.7% coconut oil for 2 months

and 0.15% and 4.7% coconut oil thereafter. Animals were sacrificed after the last imaging

time-point (Fig 1). Animals were imaged twice, once on a 7T clinical scanner (Magnetom, Sie-

mens Healthineers, Erlangen, Germany), and once on a 3T clinical scanner (mMR, Siemens

Healthineers, Erlangen, Germany).

Fig 1. Study design. (A) Atherosclerosis was induced in 8 male New Zealand White rabbits. Rabbits were imaged 5–7 months after high-fat diet initiation. 3D imaging

sequences were acquired from just below the left renal artery until the aortic bifurcation (B).

https://doi.org/10.1371/journal.pone.0241779.g001
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7T rabbit coil design

At 7T, a custom-made coil was specifically designed to achieve optimal transmit/receive effi-

ciency along the entire rabbit abdominal aorta for high SNR imaging of the arterial vessel wall.

This coil consists of a transmit-only quadrature-driven high-pass birdcage and 12 receive-only

loop elements. The transmit birdcage is located on a cylinder with a diameter of 20.3 cm, while

the receive elements are located on a cylinder with a diameter of 13.3 cm. The two cylinders

are concentric. The 12-channel receive-only array is arranged into two rows in the z direction,

with 6 elements in each row (Fig 2E). For the 3T scans a Tx/Rx 15-channel knee coil was used

for imaging (Quality Electrodynamics (QED), Mayfield, OH).

MR image acquisition

On both scanners, localizer scans and time-of-flight (TOF) angiography were used to clearly

identify the rabbit abdominal aorta [18, 29]. Subsequently, the following sequences were

acquired:

Fig 2. Image quality results. Images of the aorta acquired with 3D T2 weighted SPACE at high resolution (0.63 mm3, HR) and ultra-high resolution (0.43 mm3, UHR) on

a 3T and 7T MRI scanner (A). Boxplots indicating SNR measured in the vessel wall (B) and lumen (C); and CNR, D) for T2w SPACE, and pre-contrast and post-contrast

T1w MERGE sequences. The 12-channel receive-only coil is displayed (E). � indicates significantly different based onWilcoxon-signed ranks tests; SPACE, Sampling
Perfection with Application optimized Contrasts using different flip angle Evolution; MERGE, Motion sensitized driven Equilibrium prepared Rapid Gradient Echo; Pre, pre-
contrast administration; Post, post-contrast administration.

https://doi.org/10.1371/journal.pone.0241779.g002
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1. 3D T2w SPACE [20, 22] (Sampling Perfection with Application optimized Contrasts using

different flip angle Evolution),

2. Pre-contrast 3D T1w MERGE [21] (Motion Sensitized Driven Equilibrium (MSDE) [23]

prepared Rapid Gradient Echo),

3. Dynamic contrast enhanced (DCE) MRI using 3D T1w MERGE [18], and

4. Post-contrast 3D T1w MERGE [21].

3D T2w SPACE was used to quantify atherosclerotic plaque burden (defined as vessel wall

area), while DCE-MRI and pre/post-contrast 3D T1w MERGE were used to quantify plaque

neovascularization/permeability. DCE-MRI was acquired before, during and after manual

injection of the T1-shortening MR contrast agent gadolinium (Gd) diethylenetriamine penta-

acetic acid (DTPA), at the dose of 0.1 mmol/Kg body weight. At both field strengths, all

sequences, with the exception of DCE-MRI, were acquired using 2 different spatial resolutions:

0.6x0.6x0.6 mm3 (High Resolution, ‘HR’) and 0.4x0.4x0.4 mm3 (Ultra-High Resolution,

‘UHR’). 3T and 7T acquisition times were 3:50 min for T2SPACE HR and 11:06 min for

T2SPACE UHR, while acquisition times of pre- and post-contrast 3D T1w MERGE were 2:39

min for 3T and 7T HR, and 5:46 min for 3T and 7T UHR, respectively. DCE-MRI was imaged

only at a resolution of 0.6x0.6x0.6 mm3 (HR), since only one contrast agent injection was per-

formed per imaging session, and to allow imaging with a sufficiently high temporal resolution

for the quantification of plaque permeability [18, 29]. For all sequences, imaging parameters

were kept as consistent as possible across field strengths to allow for direct comparison of sig-

nal-to-noise (SNR) measurements. No parallel imaging was used. Tables detailing imaging

parameters for all sequences at each field strength can be found in the S1 Table.

MR image analysis

After image acquisition, data was transferred to a workstation with Osirix software for image

analysis (http://www.osirix-viewer.com). All images were reformatted in the axial plane before

analysis. For all sequences, analyses were performed in axial slices from the left renal artery,

down to the aortic bifurcation.

Signal to noise (SNR) and contrast to noise (CNR) ratio measurements. Vessel wall signal

intensity was calculated by averaging the MR signal in the area defined by the inner and outer ves-

sel wall contours. Noise regions of interest (ROIs) were traced on the 3 middle slices of each

sequence, in the native acquisition plane (sagittal). Care was taken to place noise regions in the

middle section of the image, where transmit and receive efficiency are higher, and in areas with no

artifacts. Standard deviation of noise ROIs, std(noise), was calculated for each slice, averaged across

the 3 slices, and then used to calculate SNR assuming Rician distributed noise as follows [43]:

SNR ¼
signal

1:5 � stdðnoiseÞ
ð1Þ

Contrast-to-noise ratio (CNR) between vessel wall and lumen was calculated as the normal-

ized difference between vessel wall and lumen SNR. SNR and CNR were calculated for 3D

T2w SPACE, and pre and post-contrast 3D T1w MERGE sequences, at both field strengths

and spatial resolutions. Slice-by-slice SNR and CNR were averaged for each rabbit from the

renal arteries to the iliac bifurcation, and these values were used for statistical analysis. All

ROIs were manually placed.

Vessel wall area measurements. For each traced axial slice, vessel wall area was calculated

from 3D T2w SPACE acquisitions by tracing and subtracting the areas defined by the outer
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and inner vessel wall contours. Slice-by-slice area measurements were averaged for each rabbit

from the renal arteries to the iliac bifurcation, and these values were used for statistical

analysis.

Dynamic Contrast Enhanced (DCE) MRI. Enhanced vessel wall permeability and

increased neovascularization are hallmarks of atherosclerotic plaques at high-risk for causing

severe clinical events, such as myocardial infarction and stroke [44]. In the past, our group and

others have demonstrated that these features can be reliably quantified using in vivo DCE-MRI

at 1.5T and 3T, both in patients [45–49] and large animal models [17, 18, 32] of atherosclerosis.

This technique consists in the rapid acquisition of images before, during and after the injection

of a gadolinium (Gd) based, T1 shortening contrast agent. Here, for DCE-MRI analysis inner

and outer vessel wall contours were traced on post-contrast 3D T1w MERGE images. In sev-

eral rabbit studies we have demonstrated that the area under the contrast agent uptake curve

(AUC) from in vivo vessel wall DCE-MRI is a good surrogate measure of atherosclerotic pla-

que permeability [17, 18, 32], as validated by histology [17, 32], and by measuring vessel wall

permeability to Evans Blue (EB) dye using near infra-red fluorescence (NIRF) [18]. In line

with these historical data, plaque contrast agent uptake was measured by calculating the area-

under-the-curve (AUC) of the MRI signal intensity over time, up to 2 minutes after contrast

agent injection, averaged in each vessel wall ROI [18]. For statistical analysis, slice-by-slice

AUC values were averaged across all analyzed slices, or in segments corresponding to ex vivo
Evans Blue ROIs (see below for more details).

Ex vivo Evans Blue (EB) Near Infrared Fluorescence (NIRF) and histology

Within 48 hours from the second imaging session, rabbits were euthanized using an intrave-

nous injection of sodium pentobarbital (100 mg/kg), and immediately perfused using 1L of

saline solution. Before euthanasia animals were injected with 6 mL of 0.5% Evans Blue (EB,

Sigma Aldrich, St. Louis, MO) in 1x PBS through a 22G catheter placed in a marginal ear

vein. For each session, one animal not injected with EB served as control. EB was allowed to

circulate for 30 minutes to allow for binding to serum albumin and extravasation in the vessel

wall. After euthanasia, rabbit abdominal aortas were harvested, measured in length and

imaged with a Xenogen IVIS-200 optical imaging system (Perkin Elmer Inc., Shelton, CT,

USA). The excitation and emission filters for Evans Blue were set to 605 and 680 nm, respec-

tively, with an exposure time of 4 s, binning at 8, FOV 12.2 cm. After fluorescence imaging,

the abdominal aorta was divided into 12 segments, which were fixed using a 10% buffered for-

malin solution. The first 4 segments encompassed a 1.6 cm segment (0.4 cm per segment)

right below the left renal artery, where formation of atherosclerotic plaques was more promi-

nent. The other 8 segments were equally spaced from the bottom of the 4th section, up to the

iliac bifurcation. Within 24 hours from fixation, specimens were embedded into paraffin

blocks. Each paraffin block was sectioned (5 μm) onto glass slides and stained using Masson’s

trichrome stain for vessel wall area measurements. NIRF images were analyzed by placing

square 0.5x0.5 cm2 ROIs in the rabbit abdominal aortas from the left renal artery, down to the

iliac bifurcation. An ROI of the same size was also placed in a portion of skeletal muscle har-

vested from each rabbit, acquired within the same FOV and with the same imaging parame-

ters as a control tissue. Average and total radiant efficiency [(p/s/cm2/sr)/(μW/cm2)] for each

ROI were recorded as a measure of EB deposition in the aorta. Outer and inner vessel wall

contours were traced on digitized histology slides using Panoramic Viewer software (http://

www.3dhistech.com/pannoramic_viewer). Vessel wall area was calculated by subtracting

inner from outer vessel wall contour and averaged for each rabbit across the whole aorta (seg-

ments 1–12).
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Statistical analysis

Statistical analyses were performed using IBM SPSS version 24.0 (SPSS Inc, Chicago, Illinois,

USA) and MedCalc version 16.8.4 (Mariakerke, Belgium). Unless otherwise stated, data are

listed as medians (first interquartile–third interquartile). Non-parametric tests were used since

all quantified parameter values were not normally distributed. The Wilcoxon signed ranks test

was applied to compare dependent data (vessel wall area measurements using imaging and

image quality in terms of SNR and CNR) and independent data were assessed with the inde-

pendent samples Mann-Whitney U test (average and total radiant efficiency on Evans Blue

Near Infra-Red Fluorescence and vessel wall area measurements using histology). Correlations

between vessel wall area measurements performed on imaging and histology were evaluated

using the Spearman’s correlation coefficient with 95% confidence intervals (95% CI). The

Spearman’s correlation coefficient was also used for comparison between DCE measurements

and EB results. Correlations between all DCE measurements combined for both time points at

3T and 7T were evaluated using the intra-class correlation coefficient (ICC) with 95% CI.

These ICC values were calculated for all individual segment measurements as well as for aver-

aged measurements per animal. ICC analyses were also used to compare VWA measured at

3T with 7T. A p-value < 0.05 was considered statistically significant.

Results

Image quality: SNR and CNR

At the same spatial resolution, we found SNR to be significantly higher (p<0.05) at 7T com-

pared to 3T for almost all acquisitions, with the exception of vessel wall pre-contrast UHR 3D

T1w MERGE (p = 0.093) and lumen UHR 3D T2w SPACE (p = 0.069), where the SNR

increase at 7T was not statistically significant. Median SNR gain at 7T with respect to 3T was

+40.3 (35.3–80.1)%.

In vessel wall imaging, the CNR indicates the ability to discern the vessel wall from the

lumen and the surrounding tissues. CNR was also found to be significantly higher at 7T as

compared to 3T, except for vessel wall pre-contrast UHR 3D T1w MERGE (p = 0.889). Median

CNR gain was +68.1 (38.5–95.2)%.

Irrespective of field strength, aortic vessel wall MRI SNR and CNR were higher at HR

(0.6x0.6x0.6 mm3 voxel size) as compared to UHR (0.4x0.4x0.4 mm3) for all acquisitions

(p = 0.012 for all comparisons). Our SNR and CNR results are in line with previously pub-

lished data of the human carotid arteries [26, 27].

Detailed results of image quality measurements SNR and CNR are listed in Table 1 and Fig 2.

Vessel wall area measurements by 3D T2 weighted SPACE MRI and

histology

There were no absolute differences between VWA measurements from HR and UHR 3D T2w

SPACE acquired at either 3T or 7T (p = 0.779 and p = 0.069, respectively). These results are in

concordance with data obtained in clinical studies on the carotid arteries using 2D T1w fast

gradient echo (FGE) and T2w turbo spin echo (TSE) imaging [27]. As shown by previous stud-

ies, the absolute value of quantitative plaque burden measurements depends on the acquired

spatial resolution, with lower resolutions resulting in higher measurements [50]. In line with

these results, in our study vessel wall area (VWA) measurements were significantly higher for

HR as compared to UHR 3D T2w SPACE, both at 3T and 7T (p = 0.012). Intra-class correla-

tion coefficients between VWA measured with 3T and 7T were 0.873 (95% CI 0.493–0.973) for

HR and 0.966 (95% CI 0.840–0.993) for UHR images.
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Correlations between VWA calculated from imaging and histology were positive but not

significant for all spatial resolutions and field strengths with Spearman’s correlation coeffi-

cients ranging from 0.405 (95% CI -0.420–0.863, p = 0.320) for UHR 3D T2w SPACE acquired

at 7T to 0.476 (95% CI -0.344–0.884, p = 0.233) for HR 3D T2 SPACE acquired at 7T. This

result may be due to the fact that MRI and histology were correlated after averaging across the

whole vessel, because of intrinsic difficulties in accurately matching corresponding imaging

and histological slices. Results of the vessel wall area measurements are listed in Table 2 and

displayed in Fig 3.

Vessel wall permeability by in vivo DCE-MRI and ex vivo NIRF imaging

In our study, AUC measurements from 3T and 7T DCE-MRI were positively and significantly

correlated, with an ICC of 0.201 [95% CI 0.037–0.354]) (Fig 4), indicating modest concordance

between measurements taken at the two different field strengths. In fact, AUC measurements

differed significantly between 3T (2.546 [1.810–3.571) and 7T (2.011 [1.552–2.622], p<0.001).

However, AUC measurements were positively and significantly correlated with average and

Table 1. Image quality in terms of signal-to-noise and contrast-to-noise ratios.

Region of

interest

Resolution SNR SNR Gain CNR CNR Gain

3T 7T 3T 7T
Vessel wall T2w SPACE High 12.9 (11.3–

14.3)

18.0 (16.9–

18.9)

+39.9% P = 0.012 10.9 (9.3–

11.9)

15.0 (12.5–

15.4)

+37.2% P = 0.012

Ultra-high 5.9 (5.3–6.9) 10.7 (9.5–

11.5)

+79.8% P = 0.012 4.5 (4.1–5.3) 8.9 (7.7–10.0) +95.6% P = 0.012

P = 0.012 P = 0.012 P = 0.012 P = 0.012
Pre-contrast T1w

MERGE

High 6.2 (5.3–6.7) 12.6 (12.0–

13.4)

+103.2% P = 0.012 3.3 (3.1–3.7) 8.3 (6.1–8.9) +150.0% P = 0.012

Ultra-high 3.7 (3.6–4.0) 4.5 (2.7–5.4) +21.4% P = 0.093 1.9 (1.7–2.0) 1.8 (1.1–2.5) -3.6% P = 0.889
P = 0.012 P = 0.012 P = 0.012 P = 0.012

Post-contrast T1w

MERGE

High 17.5 (13.3–

18.5)

28.3 (19.0–

34.8)

+61.2% P = 0.012 9.7 (8.9–

12.7)

18.9 (16.6–

22.4)

+93.8% P = 0.012

Ultra-high 9.1 (8.6–9.5) 12.5 (10.9–

15.7)

+36.5% P = 0.017 6.1 (5.9–6.3) 8.7 (7.5–11.8) +42.4% P = 0.017

P = 0.012 P = 0.012 P = 0.012 P = 0.012
Lumen T2w SPACE High 2.1 (1.9–2.3) 2.9 (2.7–3.3) +38.7% P = 0.025

Ultra-high 1.5 (1.3–1.6) 1.8 (1.7–1.9) +22.7% P = 0.069
P = 0.012 P = 0.012

Pre-contrast T1w

MERGE

High 2.5 (2.2–3.1) 5.2 (4.5–5.5) +110.8% P = 0.012

Ultra-high 1.8 (1.7–1.9) 2.5 (2.0–3.4) +40.7% P = 0.036
P = 0.017 P = 0.012

Post-contrast High 5.6 (4.3–7.0) 10.1 (8.2–

12.4)

+81.0% P = 0.012
T1w MERGE

Ultra-high 2.9 (2.7–3.4) 3.9 (3.5–4.5) +31.8% P = 0.025
P = 0.012 P = 0.012

SNR is evaluated within the lumen and the vessel wall and CNR is evaluated based on vessel wall and lumen measurements. P-values per row indicate comparison

between 3T and 7T and P-values per column indicate comparison between high resolution and ultra-high resolution. P-values are based on Wilcoxon-signed ranks tests.

SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; SPACE, Sampling Perfection with Application optimized Contrasts using different flip angle Evolution;

MERGE, Motion Sensitized Driven Equilibrium prepared Rapid Gradient Echo.

https://doi.org/10.1371/journal.pone.0241779.t001
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total radiant efficiency of ex vivo Evans Blue NIRF for both 3T and 7T DCE (Table 3 and Fig

4). Correlations were stronger for 7T (ρ = 0.385 (95% CI 0.146–0.582) for average radiant effi-

ciency and ρ = 0.392 (95% CI 0.153–0.587) for total radiant efficiency) compared to 3T (ρ =

0.321 (95% CI 0.075–0.530) for average radiant efficiency and ρ = 0.291 (95% CI 0.043–0.506)

for total radiant efficiency). Average and total radiant efficiency, averaged across all ROIs in a

vessel, and across animals, were substantially higher in animals injected with EB (total radiant

efficiency 6.43 (5.15–9.24) (p/s/cm2/sr)/(μW/cm2)) with respect to non-injected, control ani-

mals (0.56 (0.55–0.56) (p/s/cm2/sr)/(μW/cm2).

Discussion

In this manuscript, we describe the development of a 3D black blood atherosclerosis imaging

protocol with ultra-high spatial resolution, high SNR and extensive spatial coverage, on a clini-

cal high-field 7T MR scanner.

As a first step, we have chosen to deploy our 3D vessel wall imaging protocol in atheroscle-

rotic rabbits. Assessing the performance of 7T vessel wall imaging in this validated animal

model before translation into humans has allowed us to more easily control for possible con-

founding factors that may render the comparison between different field strengths more chal-

lenging. Some of these potential issues are i) bulk motion, which can be avoided by the use of

anesthesia in the animal model; ii) the prominent field inhomogeneities apparent in certain

relevant human anatomies, such as the neck, where the carotid arteries are located, compared

to the rabbit abdomen; and iii) the presence of tortuous vessels in plaque prone areas in

humans, such as the carotid bulb, or the intracranial circulation, in comparison with the rabbit

infra-renal abdominal aorta.

Because of its specific features, the rabbit model has been extensively used in the past by our

groups and others for developing, testing and validating cardiovascular MR imaging protocols

before translation into humans [17, 32–39]. Atherosclerotic rabbits are a validated model of

cardiovascular disease: the rabbit abdominal aorta is comparable in terms of vessel wall thick-

ness and area to the human coronary arteries [30], and rabbit aortic plaques present many of

the characteristic features of high-risk human lesions, such as the presence of active plaque

inflammation, abundant plaque macrophages, as well as neovascularization and enhanced ves-

sel wall permeability [51]. While being a small animal model, rabbits can be imaged on clinical

MR scanners, and therefore represent an attractive and cost-effective alternative to larger ani-

mals for the robust development of protocols that can be readily translated into humans.

Table 2. Imaging Vessel Wall Area (VWA) measurements.

MR System VWA (cm2)

3T 7T

High resolution 0.12 (0.11–0.17) 0.13 (0.11–0.16) P = 0.779
Ultra-high resolution 0.09 (0.08–0.12) 0.09 (0.07–0.12) P = 0.069

P = 0.012 P = 0.012

VWA measurement results for 3D T2 weighted SPACE acquired on 3T and 7T MR system at high (0.63 mm3) and

ultra-high (0.43 mm3) resolution. VWA measurements at high resolution were significantly larger than ultra-high

resolution measurements for both MR systems. VWA values are listed as medians (quartiles). P-values per row

indicate comparison between 3T and 7T and P-values per column indicate comparison between high resolution and

ultra-high resolution. P-values based on Wilcoxon signed ranks tests.

VWA, vessel wall area; SPACE, Sampling Perfection with Application optimized Contrasts using different flip angle

Evolution.

https://doi.org/10.1371/journal.pone.0241779.t002
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Our 7T vascular imaging protocol relies on 3D T2w SPACE [20] and 3D T1w MERGE [21],

two validated MR sequences commonly employed for vessel wall imaging to quantify plaque

burden and neovascularization/permeability. These sequences were evaluated at the isotropic

resolution of 0.6x0.6x0.6 mm3 (referred to as “High Resolution”, HR), commonly used in our

rabbit imaging protocols at 3T [18, 29, 42], and at the higher resolution of 0.4x0.4x0.4 mm3

(referred to as “Ultra-High Resolution”, UHR). This setup allowed us to evaluate both the effects

of spatial resolution and field strength on vessel wall SNR, vessel wall/lumen CNR, and, ulti-

mately, on the quantification of vessel wall area, and plaque neovascularization/permeability.

In our study, we found vessel wall SNR to be overall significantly higher at 7T compared to

3T, with a median SNR gain of +40.3%. This value is considerably lower than the expected

Fig 3. Vessel wall area results. Results of vessel wall area imaging measurements for 3T and 7T (A). Spearman’s correlations between imaging and histology were

positive (however not significant) (B). Comparisons of high resolution 3T and 7T images and histology (C) for a plaque with concentric thickening (left) and a larger

plaque with eccentric thickening (right). HR, high resolution; UHR, ultra-high resolution; VWA, vessel wall area.

https://doi.org/10.1371/journal.pone.0241779.g003
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theoretical gain of 133% when assuming direct proportionality between SNR and field strength

increase. Previous studies employing 2D imaging have also found that vessel wall SNR at 7T is

consistently higher than 3T [26, 27], although a higher variability of SNR across subjects at the

higher 7T field strength was observed. These and our results may be attributed to the use of

different transmit/receive arrays at 3T and 7T, which may significantly impact SNR and image

quality regardless of field strength. Other studies, specifically investigating the use of ‘Delay

Alternating with Nutation for Tailored Excitation’ (DANTE) black blood preparation pulses,

found only a modest increase in SNR and CNR at 7T [52]. In this case [52] more prominent

aliasing and motion artifacts were observed at 7T, as a result of the prolonged scan time neces-

sary to avoid exceeding specific absorption rate (SAR) limits, which may also have contributed

to the observed marginal gain in SNR at this field strength. A lower than theoretical SNR gain

at 7T may be also attributable to increased T1 and reduced T2 at this higher field strength,

leading to a decrease in SNR at equal acquisition times. While imaging parameters (particu-

larly TR and TE) could be optimized to maximize SNR efficiency, the choice for these parame-

ters is not just dictated by relaxation parameters but also by limitations in total scan time and

design of the 3D spin/gradient echo read-out train. In addition, not much literature is available

on vessel wall relaxation parameters at 7T. We therefore feel that in keeping the sequence

parameters similar between 3T and 7T, the best possible comparison between field strengths

has been made.

In concordance with clinical studies on the carotid arteries [27], we found good agreement

between vessel wall area measured by T2w SPACE at 3T and 7T, for both HR and UHR

images. As previously shown [50], we found that vessel wall area was higher in HR with respect

to UHR images. Vessel wall measurements by MRI showed a positive correlation with vessel

wall area measured by histology, which was, however, not statistically significant. This may be

attributed to the fact that vessel wall area by MRI and histological measurements cannot be

perfectly slice-matched and therefore were correlated after averaging across the whole vessel.

Moreover, we found that VWA measured by MRI was overestimated as compared to histology.

This well-known discrepancy is due to the much higher resolution provided by microscopic

histological images (μm2), compared to the much coarser resolution in vivo MRI (mm2).

Therefore, while histological images allow for a very accurate quantification of vessel wall area,

quantifying plaque burden by MRI carries a margin of error which is directly proportional to

image resolution. In fact, as it can be observed in Fig 3, panel B overestimation of vessel wall

area by MRI is more prominent at in HR versus UHR images.

Fig 4. Correlations between 3T and 7T MRI displayed for Dynamic Contrast Enhanced images (DCE) data. (A). Absolute comparison of DCE

measurements between 3T and 7T (B). Correlation between Evans blue measurements and DCE measurements (C). Infra-red fluorescence images of two

rabbits, one Evans blue injected rabbit and one control rabbit without Evans blue injection (D).

https://doi.org/10.1371/journal.pone.0241779.g004

Table 3. Correlations between Evans blue and dynamic contrast enhanced imaging for all measurements.

MRI EB Spearman’s correlation

ρ 95% CI P-value
3T Tot 0.291 (0.043–0.506) 0.023

Ave 0.321 (0.075–0.530) 0.012

7T Tot 0.392 (0.153–0.587) 0.002

Ave 0.385 (0.146–0.582) 0.002

P-values based on Spearman’s correlation.

EB, Evans blue; Tot, total radiant efficiency; Ave, average radiant efficiency; 95% CI, 95% confidence interval.

https://doi.org/10.1371/journal.pone.0241779.t003
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While others have reported the use of contrast enhancement imaging for improved detec-

tion of vessel wall lesions in patients with posterior circulation ischemia [53] and of peripheral

intracranial segments [54] at 7T, to our knowledge we are the first to report the use of dynamic

contrast enhanced (DCE) MRI to quantify neovascularization and permeability in the athero-

sclerotic vessel wall at this higher field strength. We found good concordance between

DCE-MRI results at 3T and 7T, and confirmed a correlation between AUC by DCE-MRI and

vessel wall permeability evaluated by ex vivo Evans Blue, as previously validated at 3T [18]. Dif-

ferences in AUC values between the two field strengths may be attributed to expected differ-

ences in contrast agent relaxivity at 3 and 7T, and to the method used to convert the MR signal

to contrast agent concentration prior to AUC calculation. As previously described and vali-

dated, contrast agent concentration was estimated in this study as the relative signal enhance-

ment at each point in time after contrast agent injection [18]. A more accurate quantification

of contrast agent concentration, which may eliminate these discrepancies, requires accurate

quantification of vessel wall pre-contrast T1 relaxation time with the same spatial coverage and

resolution of the sequence used for DCE-MRI [55]. While such a method may certainly lead to

a more accurate quantification of plaque enhancement, neovascularization and permeability,

3D T1 mapping of the arterial vessel wall is currently a topic of active investigation and its

application in this context was beyond the scope of our study [56, 57].

Conclusions

In conclusion, we demonstrate the successful development of a 3D black blood MRI protocol to

assess plaque burden and neovascularization/permeability in a rabbit animal model of atheroscle-

rosis on a high-field clinical 7T scanner, in comparison with 3T. This approach allows imaging

with high spatial resolution and extensive spatial coverage of the rabbit arterial vessel wall, compa-

rable in size to the human coronary arteries, with high SNR and CNR. We find that measures of

plaque burden and neovascularization/permeability are comparable between the two field

strengths, with SNR and vessel wall/lumen CNR being consistently higher at 7T with respect to 3T.

Supporting information

S1 Checklist. The ARRIVE guidelines 2.0: Author checklist.

(PDF)

S1 Table. Image acquisition parameters.

(DOCX)

S1 File.

(ZIP)

Acknowledgments

The authors would like to thank Chang Ho Wessel and Samantha Baxter.

Author Contributions

Conceptualization: Zahi A. Fayad, Willem J. M. Mulder, Claudia Calcagno.

Data curation: Martin J. Willemink, Claudia Calcagno.

Formal analysis: Martin J. Willemink, Claudia Calcagno.

Funding acquisition: Zahi A. Fayad, Willem J. M. Mulder, Claudia Calcagno.

PLOS ONE Ultra-high resolution 7T imaging of the atherosclerotic vessel wall

PLOS ONE | https://doi.org/10.1371/journal.pone.0241779 December 14, 2020 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241779.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241779.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241779.s003
https://doi.org/10.1371/journal.pone.0241779


Investigation: Martin J. Willemink, Ilda Bander, Claudia Calcagno.

Methodology: Zahi A. Fayad, Willem J. M. Mulder, Claudia Calcagno.

Resources: Zahi A. Fayad, Willem J. M. Mulder, Claudia Calcagno.

Supervision: Bram F. Coolen, Hadrien Dyvorne, Philip M. Robson, Seigo Ishino, Alison Pru-

zan, Arthi Sridhar, Bei Zhang, Priti Balchandani, Venkatesh Mani, Gustav J. Strijkers, Aart

J. Nederveen, Tim Leiner, Zahi A. Fayad, Willem J. M. Mulder, Claudia Calcagno.

Writing – original draft: Martin J. Willemink, Claudia Calcagno.

Writing – review & editing: Martin J. Willemink, Bram F. Coolen, Hadrien Dyvorne, Philip

M. Robson, Ilda Bander, Seigo Ishino, Alison Pruzan, Arthi Sridhar, Bei Zhang, Priti Bal-

chandani, Venkatesh Mani, Gustav J. Strijkers, Aart J. Nederveen, Tim Leiner, Zahi A.

Fayad, Willem J. M. Mulder, Claudia Calcagno.

References
1. Writing Group M, Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, et al. Heart Disease and

Stroke Statistics-2016 Update: A Report From the American Heart Association. Circulation. 2016; 133

(4):e38–360. https://doi.org/10.1161/CIR.0000000000000350 PMID: 26673558

2. Ripa RS, Pedersen SF, Kjaer A. PET/MR Imaging in Vascular Disease: Atherosclerosis and Inflamma-

tion. PET Clin. 2016; 11(4):479–88. https://doi.org/10.1016/j.cpet.2016.05.009 PMID: 27593251

3. Dweck MR, Williams MC, Moss AJ, Newby DE, Fayad ZA. Computed Tomography and Cardiac Mag-

netic Resonance in Ischemic Heart Disease. J Am Coll Cardiol. 2016; 68(20):2201–16. https://doi.org/

10.1016/j.jacc.2016.08.047 PMID: 27855810

4. Patel AK, Suri HS, Singh J, Kumar D, Shafique S, Nicolaides A, et al. A Review on Atherosclerotic Biol-

ogy, Wall Stiffness, Physics of Elasticity, and Its Ultrasound-Based Measurement. Curr Atheroscler

Rep. 2016; 18(12):83. https://doi.org/10.1007/s11883-016-0635-9 PMID: 27830569

5. McDermott MM, Kramer CM, Tian L, Carr J, Guralnik JM, Polonsky T, et al. Plaque Composition in the

Proximal Superficial Femoral Artery and Peripheral Artery Disease Events. JACC Cardiovasc Imaging.

2016; 10(9):1003–12. https://doi.org/10.1016/j.jcmg.2016.08.012 PMID: 27838307

6. Papini GD, Di Leo G, Bandirali M, Cotticelli B, Flor N, Restivo P, et al. Is Carotid Plaque Contrast

Enhancement on MRI Predictive for Cerebral or Cardiovascular Events? A Prospective Cohort Study. J

Comput Assist Tomogr. 2016; 41(2):321–6.

7. Xu D, Hippe DS, Underhill HR, Oikawa-Wakayama M, Dong L, Yamada K, et al. Prediction of high-risk

plaque development and plaque progression with the carotid atherosclerosis score. JACC Cardiovasc

Imaging. 2014; 7(4):366–73. https://doi.org/10.1016/j.jcmg.2013.09.022 PMID: 24631510

8. Mani V, Muntner P, Gidding SS, Aguiar SH, El Aidi H, Weinshelbaum KB, et al. Cardiovascular mag-

netic resonance parameters of atherosclerotic plaque burden improve discrimination of prior major

adverse cardiovascular events. J Cardiovasc Magn Reson. 2009; 11:10. https://doi.org/10.1186/1532-

429X-11-10 PMID: 19393089

9. Lobatto ME, Calcagno C, Metselaar JM, Storm G, Stroes ES, Fayad ZA, et al. Imaging the efficacy of

anti-inflammatory liposomes in a rabbit model of atherosclerosis by non-invasive imaging. Methods

Enzymol. 2012; 508:211–28. https://doi.org/10.1016/B978-0-12-391860-4.00011-2 PMID: 22449928

10. Lobatto ME, Calcagno C, Otten MJ, Millon A, Ramachandran S, Paridaans MP, et al. Pharmaceutical

development and preclinical evaluation of a GMP-grade anti-inflammatory nanotherapy. Nanomedicine.

2015; 11(5):1133–40. https://doi.org/10.1016/j.nano.2015.02.020 PMID: 25791805

11. Vucic E, Calcagno C, Dickson SD, Rudd JH, Hayashi K, Bucerius J, et al. Regression of inflammation in

atherosclerosis by the LXR agonist R211945: a noninvasive assessment and comparison with atorva-

statin. JACC Cardiovasc Imaging. 2012; 5(8):819–28. https://doi.org/10.1016/j.jcmg.2011.11.025

PMID: 22897996

12. Vucic E, Dickson SD, Calcagno C, Rudd JH, Moshier E, Hayashi K, et al. Pioglitazone modulates vas-

cular inflammation in atherosclerotic rabbits noninvasive assessment with FDG-PET-CT and dynamic

contrast-enhanced MR imaging. JACC Cardiovasc Imaging. 2011; 4(10):1100–9. https://doi.org/10.

1016/j.jcmg.2011.04.020 PMID: 21999870

13. Fayad ZA, Mani V, Woodward M, Kallend D, Abt M, Burgess T, et al. Safety and efficacy of dalcetrapib

on atherosclerotic disease using novel non-invasive multimodality imaging (dal-PLAQUE): a

PLOS ONE Ultra-high resolution 7T imaging of the atherosclerotic vessel wall

PLOS ONE | https://doi.org/10.1371/journal.pone.0241779 December 14, 2020 14 / 17

https://doi.org/10.1161/CIR.0000000000000350
http://www.ncbi.nlm.nih.gov/pubmed/26673558
https://doi.org/10.1016/j.cpet.2016.05.009
http://www.ncbi.nlm.nih.gov/pubmed/27593251
https://doi.org/10.1016/j.jacc.2016.08.047
https://doi.org/10.1016/j.jacc.2016.08.047
http://www.ncbi.nlm.nih.gov/pubmed/27855810
https://doi.org/10.1007/s11883-016-0635-9
http://www.ncbi.nlm.nih.gov/pubmed/27830569
https://doi.org/10.1016/j.jcmg.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27838307
https://doi.org/10.1016/j.jcmg.2013.09.022
http://www.ncbi.nlm.nih.gov/pubmed/24631510
https://doi.org/10.1186/1532-429X-11-10
https://doi.org/10.1186/1532-429X-11-10
http://www.ncbi.nlm.nih.gov/pubmed/19393089
https://doi.org/10.1016/B978-0-12-391860-4.00011-2
http://www.ncbi.nlm.nih.gov/pubmed/22449928
https://doi.org/10.1016/j.nano.2015.02.020
http://www.ncbi.nlm.nih.gov/pubmed/25791805
https://doi.org/10.1016/j.jcmg.2011.11.025
http://www.ncbi.nlm.nih.gov/pubmed/22897996
https://doi.org/10.1016/j.jcmg.2011.04.020
https://doi.org/10.1016/j.jcmg.2011.04.020
http://www.ncbi.nlm.nih.gov/pubmed/21999870
https://doi.org/10.1371/journal.pone.0241779


randomised clinical trial. Lancet. 2011; 378(9802):1547–59. https://doi.org/10.1016/S0140-6736(11)

61383-4 PMID: 21908036

14. Tang TY, Howarth SP, Miller SR, Graves MJ, Patterson AJ, JM UK-I, et al. The ATHEROMA (Atorva-

statin Therapy: Effects on Reduction of Macrophage Activity) Study. Evaluation using ultrasmall super-

paramagnetic iron oxide-enhanced magnetic resonance imaging in carotid disease. J Am Coll Cardiol.

2009; 53(22):2039–50. https://doi.org/10.1016/j.jacc.2009.03.018 PMID: 19477353

15. Dweck MR, Aikawa E, Newby DE, Tarkin JM, Rudd JH, Narula J, et al. Noninvasive Molecular Imaging

of Disease Activity in Atherosclerosis. Circ Res. 2016; 119(2):330–40. https://doi.org/10.1161/

CIRCRESAHA.116.307971 PMID: 27390335

16. Coolen BF, Calcagno C, van Ooij P, Fayad ZA, Strijkers GJ, Nederveen AJ. Vessel wall characteriza-

tion using quantitative MRI: what’s in a number? Magn Reson Mater Phy. 2018; 31(1):201–22. https://

doi.org/10.1007/s10334-017-0644-x PMID: 28808823

17. Calcagno C, Cornily JC, Hyafil F, Rudd JH, Briley-Saebo KC, Mani V, et al. Detection of neovessels in

atherosclerotic plaques of rabbits using dynamic contrast enhanced MRI and 18F-FDG PET. Arterios-

cler Thromb Vasc Biol. 2008; 28(7):1311–7. https://doi.org/10.1161/ATVBAHA.108.166173 PMID:

18467641

18. Calcagno C, Lobatto ME, Dyvorne H, Robson PM, Millon A, Senders ML, et al. Three-dimensional

dynamic contrast-enhanced MRI for the accurate, extensive quantification of microvascular permeabil-

ity in atherosclerotic plaques. NMR Biomed. 2015; 28(10):1304–14. https://doi.org/10.1002/nbm.3369

PMID: 26332103

19. Cornily JC, Hyafil F, Calcagno C, Briley-Saebo KC, Tunstead J, Aguinaldo JG, et al. Evaluation of neo-

vessels in atherosclerotic plaques of rabbits using an albumin-binding intravascular contrast agent and

MRI. J Magn Reson Imaging. 2008; 27(6):1406–11. https://doi.org/10.1002/jmri.21369 PMID:

18504763

20. Fan Z, Zhang Z, Chung YC, Weale P, Zuehlsdorff S, Carr J, et al. Carotid arterial wall MRI at 3T using

3D variable-flip-angle turbo spin-echo (TSE) with flow-sensitive dephasing (FSD). J Magn Reson Imag-

ing. 2010; 31(3):645–54. https://doi.org/10.1002/jmri.22058 PMID: 20187208

21. Balu N, Yarnykh VL, Chu B, Wang J, Hatsukami T, Yuan C. Carotid plaque assessment using fast 3D

isotropic resolution black-blood MRI. Magn Reson Med. 2011; 65(3):627–37. https://doi.org/10.1002/

mrm.22642 PMID: 20941742

22. Mihai G, Winner MW, Raman SV, Rajagopalan S, Simonetti OP, Chung YC. Assessment of carotid ste-

nosis using three-dimensional T2-weighted dark blood imaging: Initial experience. J Magn Reson Imag-

ing. 2012; 35(2):449–55. https://doi.org/10.1002/jmri.22839 PMID: 22147541

23. Wang J, Yarnykh VL, Hatsukami T, Chu B, Balu N, Yuan C. Improved suppression of plaque-mimicking

artifacts in black-blood carotid atherosclerosis imaging using a multislice motion-sensitized driven-equi-

librium (MSDE) turbo spin-echo (TSE) sequence. Magn Reson Med. 2007; 58(5):973–81. https://doi.

org/10.1002/mrm.21385 PMID: 17969103

24. Alam SR, Stirrat C, Richards J, Mirsadraee S, Semple SI, Tse G, et al. Vascular and plaque imaging

with ultrasmall superparamagnetic particles of iron oxide. J Cardiovasc Magn Reson. 2015; 17:83.

https://doi.org/10.1186/s12968-015-0183-4 PMID: 26381872

25. van Hoof RH, Heeneman S, Wildberger JE, Kooi ME. Dynamic Contrast-Enhanced MRI to Study Ath-

erosclerotic Plaque Microvasculature. Curr Atheroscler Rep. 2016; 18(6):33. https://doi.org/10.1007/

s11883-016-0583-4 PMID: 27115144

26. Koning W, de Rotte AA, Bluemink JJ, van der Velden TA, Luijten PR, Klomp DW, et al. MRI of the

carotid artery at 7 Tesla: quantitative comparison with 3 Tesla. J Magn Reson Imaging. 2015; 41

(3):773–80. https://doi.org/10.1002/jmri.24601 PMID: 24578311

27. Kroner ES, van Schinkel LD, Versluis MJ, Brouwer NJ, van den Boogaard PJ, van der Wall EE, et al.

Ultrahigh-field 7-T magnetic resonance carotid vessel wall imaging: initial experience in comparison

with 3-T field strength. Invest Radiol. 2012; 47(12):697–704. https://doi.org/10.1097/RLI.

0b013e31826dc174 PMID: 22996317

28. Kraff O, Quick HH. 7T: Physics, safety, and potential clinical applications. J Magn Reson Imaging.

2017; 46(6):1573–89. https://doi.org/10.1002/jmri.25723 PMID: 28370675

29. Kim Y, Lobatto ME, Kawahara T, Lee Chung B, Mieszawska AJ, Sanchez-Gaytan BL, et al. Probing

nanoparticle translocation across the permeable endothelium in experimental atherosclerosis. Proc

Natl Acad Sci U S A. 2014; 111(3):1078–83. https://doi.org/10.1073/pnas.1322725111 PMID:

24395808

30. Kim WY, Stuber M, Bornert P, Kissinger KV, Manning WJ, Botnar RM. Three-dimensional black-blood

cardiac magnetic resonance coronary vessel wall imaging detects positive arterial remodeling in

patients with nonsignificant coronary artery disease. Circulation. 2002; 106(3):296–9. https://doi.org/10.

1161/01.cir.0000025629.85631.1e PMID: 12119242

PLOS ONE Ultra-high resolution 7T imaging of the atherosclerotic vessel wall

PLOS ONE | https://doi.org/10.1371/journal.pone.0241779 December 14, 2020 15 / 17

https://doi.org/10.1016/S0140-6736%2811%2961383-4
https://doi.org/10.1016/S0140-6736%2811%2961383-4
http://www.ncbi.nlm.nih.gov/pubmed/21908036
https://doi.org/10.1016/j.jacc.2009.03.018
http://www.ncbi.nlm.nih.gov/pubmed/19477353
https://doi.org/10.1161/CIRCRESAHA.116.307971
https://doi.org/10.1161/CIRCRESAHA.116.307971
http://www.ncbi.nlm.nih.gov/pubmed/27390335
https://doi.org/10.1007/s10334-017-0644-x
https://doi.org/10.1007/s10334-017-0644-x
http://www.ncbi.nlm.nih.gov/pubmed/28808823
https://doi.org/10.1161/ATVBAHA.108.166173
http://www.ncbi.nlm.nih.gov/pubmed/18467641
https://doi.org/10.1002/nbm.3369
http://www.ncbi.nlm.nih.gov/pubmed/26332103
https://doi.org/10.1002/jmri.21369
http://www.ncbi.nlm.nih.gov/pubmed/18504763
https://doi.org/10.1002/jmri.22058
http://www.ncbi.nlm.nih.gov/pubmed/20187208
https://doi.org/10.1002/mrm.22642
https://doi.org/10.1002/mrm.22642
http://www.ncbi.nlm.nih.gov/pubmed/20941742
https://doi.org/10.1002/jmri.22839
http://www.ncbi.nlm.nih.gov/pubmed/22147541
https://doi.org/10.1002/mrm.21385
https://doi.org/10.1002/mrm.21385
http://www.ncbi.nlm.nih.gov/pubmed/17969103
https://doi.org/10.1186/s12968-015-0183-4
http://www.ncbi.nlm.nih.gov/pubmed/26381872
https://doi.org/10.1007/s11883-016-0583-4
https://doi.org/10.1007/s11883-016-0583-4
http://www.ncbi.nlm.nih.gov/pubmed/27115144
https://doi.org/10.1002/jmri.24601
http://www.ncbi.nlm.nih.gov/pubmed/24578311
https://doi.org/10.1097/RLI.0b013e31826dc174
https://doi.org/10.1097/RLI.0b013e31826dc174
http://www.ncbi.nlm.nih.gov/pubmed/22996317
https://doi.org/10.1002/jmri.25723
http://www.ncbi.nlm.nih.gov/pubmed/28370675
https://doi.org/10.1073/pnas.1322725111
http://www.ncbi.nlm.nih.gov/pubmed/24395808
https://doi.org/10.1161/01.cir.0000025629.85631.1e
https://doi.org/10.1161/01.cir.0000025629.85631.1e
http://www.ncbi.nlm.nih.gov/pubmed/12119242
https://doi.org/10.1371/journal.pone.0241779


31. Phinikaridou A, Hallock KJ, Qiao Y, Hamilton JA. A robust rabbit model of human atherosclerosis and

atherothrombosis. J Lipid Res. 2009; 50(5):787–97. https://doi.org/10.1194/jlr.M800460-JLR200 PMID:

19141434

32. Calcagno C, Lairez O, Hawkins J, Kerr SW, Dugas MS, Simpson T, et al. Combined PET/DCE-MRI in a

Rabbit Model of Atherosclerosis: Integrated Quantification of Plaque Inflammation, Permeability, and

Burden During Treatment With a Leukotriene A4 Hydrolase Inhibitor. JACC Cardiovasc Imaging. 2018;

11(2 Pt 2):291–301.

33. Senders ML, Lobatto ME, Soler R, Lairez O, Perez-Medina C, Calcagno C, et al. Development and Mul-

tiparametric Evaluation of Experimental Atherosclerosis in Rabbits. Methods Mol Biol. 2018; 1816:385–

400. https://doi.org/10.1007/978-1-4939-8597-5_30 PMID: 29987836

34. Wang YX, Kuribayashi H, Wagberg M, Holmes AP, Tessier JJ, Waterton JC. Gradient echo MRI char-

acterization of development of atherosclerosis in the abdominal aorta in Watanabe Heritable Hyperlipi-

demic rabbits. Cardiovasc Intervent Radiol. 2006; 29(4):605–12. https://doi.org/10.1007/s00270-005-

0073-5 PMID: 16729232

35. Millon A, Canet-Soulas E, Boussel L, Fayad Z, Douek P. Animal models of atherosclerosis and mag-

netic resonance imaging for monitoring plaque progression. Vascular. 2014; 22(3):221–37. https://doi.

org/10.1177/1708538113478758 PMID: 24907292

36. Chen H, Ricks J, Rosenfeld M, Kerwin WS. Progression of experimental lesions of atherosclerosis:

assessment by kinetic modeling of black-blood dynamic contrast-enhanced MRI. Magn Reson Med.

2013; 69(6):1712–20. https://doi.org/10.1002/mrm.24415 PMID: 22829477

37. Phinikaridou A, Ruberg FL, Hallock KJ, Qiao Y, Hua N, Viereck J, et al. In vivo detection of vulnerable

atherosclerotic plaque by MRI in a rabbit model. Circ Cardiovasc Imaging. 2010; 3(3):323–32. https://

doi.org/10.1161/CIRCIMAGING.109.918524 PMID: 20194634

38. Molony D, Park J, Zhou L, Fleischer C, Sun HY, Hu X, et al. Bulk Flow and Near Wall Hemodynamics of

the Rabbit Aortic Arch: A 4D PC-MRI Derived CFD Study. J Biomech Eng. 2018. https://doi.org/10.

1115/1.4041222 PMID: 30140921

39. Cuadrado I, Saura M, Castejon B, Martin AM, Herruzo I, Balatsos N, et al. Preclinical models of athero-

sclerosis. The future of Hybrid PET/MR technology for the early detection of vulnerable plaque. Expert

Rev Mol Med. 2016; 18:e6. https://doi.org/10.1017/erm.2016.5 PMID: 27056676

40. van der Valk FM, van Wijk DF, Lobatto ME, Verberne HJ, Storm G, Willems MC, et al. Prednisolone-

containing liposomes accumulate in human atherosclerotic macrophages upon intravenous administra-

tion. Nanomedicine. 2015; 11(5):1039–46. https://doi.org/10.1016/j.nano.2015.02.021 PMID:

25791806

41. Lobatto ME, Fayad ZA, Silvera S, Vucic E, Calcagno C, Mani V, et al. Multimodal clinical imaging to lon-

gitudinally assess a nanomedical anti-inflammatory treatment in experimental atherosclerosis. Mol

Pharm. 2010; 7(6):2020–9. https://doi.org/10.1021/mp100309y PMID: 21028895

42. Lobatto ME, Calcagno C, Millon A, Senders ML, Fay F, Robson PM, et al. Atherosclerotic plaque target-

ing mechanism of long-circulating nanoparticles established by multimodal imaging. ACS Nano. 2015;

9(2):1837–47. https://doi.org/10.1021/nn506750r PMID: 25619964

43. Brown RW, Cheng Y-CN, Haacke EM, Thompson MR, Venkatesan R. Magnetic Resonance Imaging:

Physical Principles and Sequence Design, 2nd Edition: Wiley-Blackwell; 2014 June 2014. 1008 p.

44. Kolodgie FD, Yahagi K, Mori H, Romero ME, Trout HHR, Finn AV, et al. High-risk carotid plaque: les-

sons learned from histopathology. Semin Vasc Surg. 2017; 30(1):31–43. https://doi.org/10.1053/j.

semvascsurg.2017.04.008 PMID: 28818257

45. Kerwin WS, Oikawa M, Yuan C, Jarvik GP, Hatsukami TS. MR imaging of adventitial vasa vasorum in

carotid atherosclerosis. Magn Reson Med. 2008; 59(3):507–14. https://doi.org/10.1002/mrm.21532

PMID: 18306402

46. Kerwin WS, O’Brien KD, Ferguson MS, Polissar N, Hatsukami TS, Yuan C. Inflammation in carotid ath-

erosclerotic plaque: a dynamic contrast-enhanced MR imaging study. Radiology. 2006; 241(2):459–68.

https://doi.org/10.1148/radiol.2412051336 PMID: 16966482

47. Kerwin W, Hooker A, Spilker M, Vicini P, Ferguson M, Hatsukami T, et al. Quantitative magnetic reso-

nance imaging analysis of neovasculature volume in carotid atherosclerotic plaque. Circulation. 2003;

107(6):851–6. https://doi.org/10.1161/01.cir.0000048145.52309.31 PMID: 12591755

48. Dong L, Kerwin WS, Chen H, Chu B, Underhill HR, Neradilek MB, et al. Carotid artery atherosclerosis:

effect of intensive lipid therapy on the vasa vasorum—evaluation by using dynamic contrast-enhanced

MR imaging. Radiology. 2011; 260(1):224–31. https://doi.org/10.1148/radiol.11101264 PMID:

21493792

49. Chen H, Wu T, Kerwin WS, Yuan C. Atherosclerotic plaque inflammation quantification using dynamic

contrast-enhanced (DCE) MRI. Quant Imaging Med Surg. 2013; 3(6):298–301. https://doi.org/10.3978/

j.issn.2223-4292.2013.12.01 PMID: 24404443

PLOS ONE Ultra-high resolution 7T imaging of the atherosclerotic vessel wall

PLOS ONE | https://doi.org/10.1371/journal.pone.0241779 December 14, 2020 16 / 17

https://doi.org/10.1194/jlr.M800460-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19141434
https://doi.org/10.1007/978-1-4939-8597-5%5F30
http://www.ncbi.nlm.nih.gov/pubmed/29987836
https://doi.org/10.1007/s00270-005-0073-5
https://doi.org/10.1007/s00270-005-0073-5
http://www.ncbi.nlm.nih.gov/pubmed/16729232
https://doi.org/10.1177/1708538113478758
https://doi.org/10.1177/1708538113478758
http://www.ncbi.nlm.nih.gov/pubmed/24907292
https://doi.org/10.1002/mrm.24415
http://www.ncbi.nlm.nih.gov/pubmed/22829477
https://doi.org/10.1161/CIRCIMAGING.109.918524
https://doi.org/10.1161/CIRCIMAGING.109.918524
http://www.ncbi.nlm.nih.gov/pubmed/20194634
https://doi.org/10.1115/1.4041222
https://doi.org/10.1115/1.4041222
http://www.ncbi.nlm.nih.gov/pubmed/30140921
https://doi.org/10.1017/erm.2016.5
http://www.ncbi.nlm.nih.gov/pubmed/27056676
https://doi.org/10.1016/j.nano.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25791806
https://doi.org/10.1021/mp100309y
http://www.ncbi.nlm.nih.gov/pubmed/21028895
https://doi.org/10.1021/nn506750r
http://www.ncbi.nlm.nih.gov/pubmed/25619964
https://doi.org/10.1053/j.semvascsurg.2017.04.008
https://doi.org/10.1053/j.semvascsurg.2017.04.008
http://www.ncbi.nlm.nih.gov/pubmed/28818257
https://doi.org/10.1002/mrm.21532
http://www.ncbi.nlm.nih.gov/pubmed/18306402
https://doi.org/10.1148/radiol.2412051336
http://www.ncbi.nlm.nih.gov/pubmed/16966482
https://doi.org/10.1161/01.cir.0000048145.52309.31
http://www.ncbi.nlm.nih.gov/pubmed/12591755
https://doi.org/10.1148/radiol.11101264
http://www.ncbi.nlm.nih.gov/pubmed/21493792
https://doi.org/10.3978/j.issn.2223-4292.2013.12.01
https://doi.org/10.3978/j.issn.2223-4292.2013.12.01
http://www.ncbi.nlm.nih.gov/pubmed/24404443
https://doi.org/10.1371/journal.pone.0241779


50. Harteveld AA, Denswil NP, Van Hecke W, Kuijf HJ, Vink A, Spliet WGM, et al. Ex vivo vessel wall thick-

ness measurements of the human circle of Willis using 7T MRI. Atherosclerosis. 2018; 273:106–14.

https://doi.org/10.1016/j.atherosclerosis.2018.04.023 PMID: 29715587

51. Spagnoli LG, Orlandi A, Mauriello A, Santeusanio G, de Angelis C, Lucreziotti R, et al. Aging and ath-

erosclerosis in the rabbit. 1. Distribution, prevalence and morphology of atherosclerotic lesions. Athero-

sclerosis. 1991; 89(1):11–24. https://doi.org/10.1016/0021-9150(91)90003-l PMID: 1772469

52. Papoutsis K, Li L, Near J, Payne S, Jezzard P. A purpose-built neck coil for black-blood DANTE-pre-

pared carotid artery imaging at 7T. Magn Reson Imaging. 2017; 40:53–61. https://doi.org/10.1016/j.mri.

2017.04.011 PMID: 28438710

53. Harteveld AA, van der Kolk AG, van der Worp HB, Dieleman N, Zwanenburg JJM, Luijten PR, et al.

Detecting Intracranial Vessel Wall Lesions With 7T-Magnetic Resonance Imaging: Patients With Poste-

rior Circulation Ischemia Versus Healthy Controls. Stroke. 2017; 48(9):2601–4. https://doi.org/10.1161/

STROKEAHA.117.017868 PMID: 28701579

54. Umutlu L, Theysohn N, Maderwald S, Johst S, Lauenstein TC, Moenninghoff C, et al. 7 Tesla MPRAGE

imaging of the intracranial arterial vasculature: nonenhanced versus contrast-enhanced. Acad Radiol.

2013; 20(5):628–34. https://doi.org/10.1016/j.acra.2012.12.012 PMID: 23473725

55. Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, Knopp MV, et al. Estimating kinetic parame-

ters from dynamic contrast-enhanced T(1)-weighted MRI of a diffusable tracer: standardized quantities

and symbols. J Magn Reson Imaging. 1999; 10(3):223–32. https://doi.org/10.1002/(sici)1522-2586

(199909)10:3<223::aid-jmri2>3.0.co;2-s PMID: 10508281

56. Qi H, Sun J, Qiao H, Zhao X, Guo R, Balu N, et al. Simultaneous T1 and T2 mapping of the carotid pla-

que (SIMPLE) with T2 and inversion recovery prepared 3D radial imaging. Magn Reson Med. 2018.

https://doi.org/10.1002/mrm.27361 PMID: 29802629

57. Coolen BF, Poot DH, Liem MI, Smits LP, Gao S, Kotek G, et al. Three-dimensional quantitative T1 and

T2 mapping of the carotid artery: Sequence design and in vivo feasibility. Magn Reson Med. 2016; 75

(3):1008–17. https://doi.org/10.1002/mrm.25634 PMID: 25920036

PLOS ONE Ultra-high resolution 7T imaging of the atherosclerotic vessel wall

PLOS ONE | https://doi.org/10.1371/journal.pone.0241779 December 14, 2020 17 / 17

https://doi.org/10.1016/j.atherosclerosis.2018.04.023
http://www.ncbi.nlm.nih.gov/pubmed/29715587
https://doi.org/10.1016/0021-9150%2891%2990003-l
http://www.ncbi.nlm.nih.gov/pubmed/1772469
https://doi.org/10.1016/j.mri.2017.04.011
https://doi.org/10.1016/j.mri.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28438710
https://doi.org/10.1161/STROKEAHA.117.017868
https://doi.org/10.1161/STROKEAHA.117.017868
http://www.ncbi.nlm.nih.gov/pubmed/28701579
https://doi.org/10.1016/j.acra.2012.12.012
http://www.ncbi.nlm.nih.gov/pubmed/23473725
https://doi.org/10.1002/%28sici%291522-2586%28199909%2910%3A3%26lt%3B223%3A%3Aaid-jmri2%26gt%3B3.0.co%3B2-s
https://doi.org/10.1002/%28sici%291522-2586%28199909%2910%3A3%26lt%3B223%3A%3Aaid-jmri2%26gt%3B3.0.co%3B2-s
http://www.ncbi.nlm.nih.gov/pubmed/10508281
https://doi.org/10.1002/mrm.27361
http://www.ncbi.nlm.nih.gov/pubmed/29802629
https://doi.org/10.1002/mrm.25634
http://www.ncbi.nlm.nih.gov/pubmed/25920036
https://doi.org/10.1371/journal.pone.0241779

