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ABSTRACT
OBJECTIVES This study sought to develop an integrative positron emission tomography (PET) with magnetic resonance imaging (MRI) procedure for accurate atherosclerotic plaque phenotyping, facilitated by clinically approved and
nanobody radiotracers.
BACKGROUND Noninvasive characterization of atherosclerosis remains a challenge in clinical practice. The limitations
of current diagnostic methods demonstrate that, in addition to atherosclerotic plaque morphology and composition,
disease activity needs to be evaluated.
METHODS We screened 3 nanobody radiotracers targeted to different biomarkers of atherosclerosis progression,
namely vascular cell adhesion molecule (VCAM)-1, lectin-like oxidized low-density lipoprotein receptor (LOX)-1, and
macrophage mannose receptor (MMR). The nanobodies, initially radiolabeled with copper-64 (64Cu), were extensively
evaluated in Apoe–/– mice and atherosclerotic rabbits using a combination of in vivo PET/MRI readouts and ex vivo
radioactivity counting, autoradiography, and histological analyses.
RESULTS The 3 nanobody radiotracers accumulated in atherosclerotic plaques and displayed short circulation times due
to fast renal clearance. The MMR nanobody was selected for labeling with gallium-68 (68Ga), a short-lived radioisotope
with high clinical relevance, and used in an ensuing atherosclerosis progression PET/MRI study. Macrophage burden was
longitudinally studied by

68

Ga-MMR–PET, plaque burden by T2-weighted MRI, and neovascularization by dynamic

contrast-enhanced (DCE) MRI. Additionally, inﬂammation and microcalciﬁcations were evaluated by ﬂuorine-18
(18F)-labeled ﬂuorodeoxyglucose (18F-FDG) and

18

F-sodium ﬂuoride (18F-NaF) PET, respectively. We observed an in-

crease in all the aforementioned measures as disease progressed, and the imaging signatures correlated with histopathological features.
CONCLUSIONS We have evaluated nanobody-based radiotracers in rabbits and developed an integrative PET/MRI
protocol that allows noninvasive assessment of different processes relevant to atherosclerosis progression. This
approach allows the multiparametric study of atherosclerosis and can aid in early stage anti-atherosclerosis drug trials.
(J Am Coll Cardiol Img 2019;12:2015–26) © 2019 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A

ABBREVIATIONS
AND ACRONYMS
64

Cu = copper-64

ease

DCE = dynamic
contrast-enhanced
18

F-FDG =

18

F-

ﬂuorodeoxyglucose
18

F-NaF =

18

F-sodium ﬂuoride

68

Ga = gallium-68

HFD = high-fat diet
LOX = lectin-like oxidized lowdensity lipoprotein receptor

MDS = most diseased segment
MMR = macrophage mannose
receptor
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F I G U R E 1 Nanobody-Facilitated Atherosclerosis PET Imaging
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(A) Schematic representation of a full-size antibody and a nanobody. (B) Monocyte/macrophage dynamics in atherosclerosis. Endothelial
dysfunction is accompanied by the expression of the surface receptor lectin-like oxidized low-density lipoprotein receptor (LOX)-1 (blue) or
adhesion molecules like vascular cell adhesion molecule (VCAM)-1 (yellow). Circulating monocytes are recruited to atherosclerotic lesions
via interaction with these adhesion molecules (1), leading to inﬁltration through the endothelium (2). Inﬁltrated monocytes eventually
differentiate into macrophages (3), which may also express LOX-1 and the macrophage mannose receptor (MMR) (red). (C) Study outline.
(D) Size exclusion chromatograms of the 3 copper-64 (64Cu) nanobodies, demonstrating coelution of radioactivity (blue trace) with the
nonradioactive species (black trace) (labs ¼ 220 nm). DCE ¼ dynamic contrast enhanced;
68

18

F ¼ ﬂuorine-18; FDG ¼ ﬂuorodeoxyglucose;

Ga ¼ gallium-68; MRI ¼ magnetic resonance imaging; PET ¼ positron emission tomography; T2W ¼ T2-weighted.
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F I G U R E 2 Nanobody-Radiotracer Screening in Mice
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(A) Radioactivity distribution in selected tissues in Apoe–/– mice at 3 h post-injection of the corresponding

64

Cu-nanobody (n $ 3 per nanobody). Autoradiography (B)

and radioactivity concentration (C) concentration in aortas of Apoe–/– mice at 3 h post-injection of the corresponding

64

Cu-nanobody (n $ 3 per nanobody). (D)

Representative fused PET/CT images 1 h post-injection of 64Cu-VCAM (left) and 64Cu-MMR (right) in Apoe–/– mice. Arrows indicate enhanced uptake at the aortic arch
and root, typical sites of atherosclerotic lesions. (E) Representative images of aortic root sections from Apoe–/– mice with atherosclerosis showing, in the left column,
hematoxylin and eosin (H&E) staining (top) and immunohistochemistry for CD31 (endothelial cells) (middle) and CD68 (macrophages) (bottom); in the right column,
autoradiography (top) and immunoﬂuorescence for the respective targets of the 3 nanobodies with (middle) and without (bottom) 4,6-diamino-2-phenylindole (DAPI)
stain. Bar ¼ 200 mm. *p < 0.05, and **p < 0.01. %ID/g ¼ percentage injected dose per gram of tissue; Bl ¼ bladder; Ki ¼ kidney; Li ¼ liver; Sp ¼ spleen; other
abbreviations as in Figure 1.

macrophage mannose receptor (MMR) (21) (Figure 1B).

on a clinical PET/MRI system to simultaneously study

These nanobodies, labeled with copper-64 ( 64 Cu),

vessel wall morphology and atherosclerotic plaque

were ﬁrst extensively screened in Apoe–/– mice and
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Finally, the MMR nanobody was further developed
68

enhanced (DCE) MRI, in addition to
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18
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progression in rabbits (Figure 1C).
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F-FDG-PET and

F-NaF-PET, was applied to study atherosclerosis

Senders et al.

JACC: CARDIOVASCULAR IMAGING, VOL. 12, NO. 10, 2019
OCTOBER 2019:2015–26

PET/MRI Phenotyping of Atherosclerosis

F I G U R E 3 PET/MRI Plaque Phenotyping of Rabbit Atherosclerotic Aortas
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(A) Representative T2W-MRI (left) and 3-dimensional DCE-MRI (right) images of aortas from rabbits with atherosclerosis. (B) Representative
coronal aortic PET/MR images at 3 h post-injection (p.i.) of

18

F-FDG (left), and at 160 min p.i. of
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Cu nanobody (right). In all panels, from

left to right, images are shown for the 64Cu-VCAM, 64Cu-MMR, and 64Cu-LOX groups. Below the images, from left to right, are shown T2WMRI vessel wall area (VWA), DCE-MRI permeability measurements (expressed as intensity area under the curve [IAUC] 2 min p.i. of contrast
agent), and PET-derived radioactivity concentration for

18

F-FDG (3 h p.i.) and
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Cu-nanobodies (160 min p.i.) in abdominal aortas from

rabbits with atherosclerosis (n $ 4 per group). SUV ¼ standardized uptake value; other abbreviations as in Figure 1.

METHODS

radioisotope allows extensive ex vivo evaluation due
to its 12.7-h decay half-life. Radiolabeling of all

A complete description of the methods is provided in

nanobodies proceeded in high radiochemical yield

the Supplemental Appendix. All animal experiments
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approved by the Institutional Animal Care and Use
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T A B L E 1 Key Features of the
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rosis imaging potential, we conducted a careful auto-

Values are median (interquartile range).
64

Cu ¼ copper-64; LOX ¼ lectin-like oxidized low-density lipoprotein receptor; MDS ¼ most diseased segment;
MMR [ macrophage mannose receptor; PET ¼ positron emission tomography; SUV [ standardized uptake
value; VCAM ¼ vascular cell adhesion molecule.

radiographic analysis (Supplemental Figure 4A). The
most diseased segments (MDS) had about 1.5, 3, and
4 more counts per unit area than the corresponding
atherosclerosis-free, least diseased segments for 64 Cu64

64

plaque was assessed in sections taken from the aortic

LOX,

root of mice injected with the radiolabeled nano-

plemental Figures 4B and 4C). Moreover, MDS for

bodies. Autoradiography of aortic sections showed

64

colocalization of radioactivity with the expected cell

per unit area than the average whole abdominal aorta

types for each nanobody, that is, endothelial cells for

(Supplemental Figure 4D). For illustrative purposes,

64

we also computed MDS-to-blood and MDS-to-heart

Cu-VCAM, macrophages for
64

64

Cu-MMR, and both

Cu-VCAM, and

Cu-MMR, respectively (Sup-

Cu-MMR contained more than 2 the radioactivity

Cu-LOX, and immunoﬂuorescence conﬁrmed

ratios (Supplemental Figures 4E and 4F). Collec-

target speciﬁcity for all nanobodies (15–17) (Figure 2E).

tively, these data suggest that the MMR nanobody has

PET/MRI

a high atherosclerosis imaging potential. A summary

for

PLAQUE
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OF

RABBIT

ATHEROSCLEROTIC AORTAS. In vivo imaging ex-

periments were conducted for the 3

64

Cu-labeled

of the key ﬁndings from the

64

Cu-nanobody tracer

studies in mice and rabbits can be found in Table 1.

nanobodies in a rabbit model of atherosclerosis using a

To investigate whether nanobody tracer accumu-

clinical PET/MRI scanner (Supplemental Figure 2). A

lation was related to plaque size, inﬂammation, or

comprehensive in vivo PET/MRI analysis of athero-

permeability, we performed extensive comparative

sclerotic

the

region-by-region analyses between their uptake and

Cu-nanobodies was carried out. In addition to

the different parameters evaluated by our multi-

nanobody PET, the multimodal imaging protocol also

pronged imaging protocol (Supplemental Figure 5).

64

aortas

of

rabbits

injected

with

64

included T2-weighted–MRI measurement of vessel

Interestingly, aortic

wall area (Figure 3A, left) and DCE-MRI–based evalu-

signiﬁcantly correlated with the uptake of

ation of vascular permeability (Figure 3A, right).

but

18

64

Cu-MMR uptake was not
18

F-FDG,

Cu-MMR uptake did show a positive correlation

F-FDG-PET scan was performed 2

with vessel wall area (Supplemental Figure 5A). We

days before the nanobody-PET scan to allow direct

also found a signiﬁcant inverse correlation between

Additionally, an

comparison between
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F-FDG and the nanobody ra-
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Cu-VCAM uptake and vessel wall area. Ex vivo
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radioactivity distribution in the aorta was evaluated

sentative PET/MR fusion images of aortas from rabbits

by digital autoradiography and compared against the

64

Cu-nanobodies recorded between

other parameters using a similar analysis (Supple-

160 and 170 min p.i. are shown in Figure 3B (right). T2-

mental Figure 6A). Importantly, signiﬁcant correla-

weighted–based plaque area, DCE-MRI measure-

tions were found between PET-derived standardized

injected with the
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F-FDG uptake were similar among the 3

uptake values and radioactivity deposition as quan64

groups of rabbits. Overall, these parameters suggest a

tiﬁed from the autoradiographs for all

similar degree of disease burden for all groups. Similar

bodies, demonstrating the reliability of the imaging-

to the mouse studies, we found fast blood clearance

derived

values

(Supplemental

Figure

Cu-nano6B).
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F I G U R E 4 PET/MRI Evaluation of Atherosclerosis Progression
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F-NaF (1.5 h p.i.)

(right), and (B) representative T2W-MRI (left) and DCE-MRI (right) images from healthy and atherosclerotic rabbits (on high-fat diet for
4 months [4HFD] or 8 months [8HFD], n $ 3 per group). (C) Cardiac PET/MR images of the respective tracers and associated aorta-to-heart
ratios in rabbits with atherosclerosis (8HFD). (D) Aortic sections taken from healthy control subjects and atherosclerotic rabbits (4HFD or
8HFD) and stained with H&E and RAM-11 (macrophages). *p < 0.05;

18

F-FDG versus

18

F-NaF: #p < 0.05;

##

p < 0.01. Abbreviations as in

Figures 1 to 3.

correlation was found between any

64

Cu-nanobody

half-life ¼ 68 min). We obtained

68

Ga-MMR in high

uptake and vascular permeability, as measured by

radiochemical yield and purity. Importantly, no

DCE-MRI, suggesting that their accumulation in the

meaningful differences were found between the 68 Ga-

vessel wall is not governed by this parameter (Sup-

labeled VCAM and MMR nanobodies and their

plemental Figure 6C).

labeled counterparts in preliminary experiments

PET/MRI

EVALUATION

OF

ATHEROSCLEROSIS

The study also included static

netics and plaque macrophage speciﬁcity, the MMR

18

nanobody

the multiparametric

further

included

in

a

PET/MRI

Cu-

carried out in Apoe –/– mice (Supplemental Figure 7).

PROGRESSION. Due to its favorable pharmacoki-

was

64

18

F-FDG and

F-NaF PET scans on consecutive days before
68

Ga-MMR PET/MRI session

atherosclerosis progression study. To match the

(Supplemental Figure 8A). We observed a gradual in-

nanobody’s short blood circulation time and pursue a

crease in

translational approach, in the ensuing experiments

tensities in the aorta as disease progressed (Figure 4A).

we used the shorter-lived isotope

68

Ga (physical

18

F-FDG and

Interestingly, although

18

68

Ga-MMR PET signal in-

F-NaF PET aortic signal was
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F I G U R E 5 Ex Vivo Plaque Characterization

A

RAM-11

CD206

Autoradiography
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***
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***
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0

0

0

**
***

3.0

*

MMR

Macrophage
Content

Area
Control

CD206
Int. Density x106

Area x105

8

Integrated
Density x106

B

r = 0.79
P = 0.03

4
2

2

0

0
0

1.5

r = 0.69

4

3.0

P < 0.01
0

68

4HFD

8HFD

1

2

68

Ga-MMR
AR Intensity

Ga-MMR
AR Intensity

(A) Representative images of rabbit atherosclerotic aortic sections showing H&E, RAM-11 (macrophages), and CD206 (MMR-expressing macrophages) staining, and the
corresponding masks. (B) Quantitative analysis in aortic sections, showing vessel wall area (left), based on H&E staining; macrophage content (middle), based on RAM11 integrated density; and macrophage mannose expression (right), based on CD206 integrated density. (C) Correlation between 68Ga-MMR autoradiography (AR) and
CD206 integrated density in aortic sections from atherosclerotic rabbits that had been 4 (red) and 8 months (green) on cholesterol-enriched high-fat diet. *p < 0.05,
**p < 0.01, ***p < 0.001. Abbreviations as in Figures 1, 2, and 4.

68

Ga-MMR uptake (r ¼ 0.55, p ¼

similar between control subjects and rabbits fed a

associated with

cholesterol-enriched high-fat diet (HFD) for 4 months,

0.0002), which is indicative of macrophage accumu-

a signiﬁcant increase after 8 months on HFD was

lation in atherosclerosis progression. The

found. Aorta-to-muscle ratios showed a similar trend

PET images were dominated by a strong kidney signal

68

Ga-MMR

(Supplemental Figure 8B). Finally, vessel wall area

in all groups, and no signiﬁcant differences were

and permeability also increased as disease advanced

found in organ uptake for all tracers (kidney, liver,

(Figure 4B). Supplemental Table 3 summarizes the

bone marrow—or bone for

main imaging parameters for the 3 tracers.

among the 3 groups (Supplemental Figure 8C).

To explore the feasibility of coronary imaging,

18

F-NaF—and spleen)

Ex vivo quantiﬁcation of aortic uptake by gamma

cardiac uptake for the 3 radiotracers was determined

counting corroborated the in vivo ﬁndings (Supple-

by PET to calculate the aorta-to-heart ratios in rabbits

mental Figure 8D, left). Marked differences in radio-

with

HFD)

activity deposition patterns were also observed

F-NaF had

between control and atherosclerosis groups by auto-

the highest ratio due to its low uptake in cardiac tis-

radiography (Supplemental Figure 8D, right). Of note,

advanced

atherosclerosis

(8-month

(Figure 4C). The PET scan showed that
sue, followed by
take

in

the

68

Ga-MMR and

myocardium

18

was

18

F-FDG, whose uprelatively

high

(standardized uptake value 2 to 4 g/ml) despite a 4-h
fasting protocol before injection. Similar to

64

the blood half-life for

68

Ga-MMR was similar in all 3

groups (Supplemental Figure 8E).
Histological

evaluation

of

aortic

sections

Cu-

conﬁrmed disease progression as shown by increased

MMR results, vessel wall area was signiﬁcantly

plaque area and macrophage content (Figure 4D), as
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well as microcalciﬁcations (Supplemental Figure 9A),

Using

our

newly

developed

multiparametric

in atherosclerotic aortas and absence of these hall-

atherosclerosis imaging protocol, we noninvasively

marks in the control and 4-month HFD groups.

observed a similar disease burden in all rabbits.

Quantitative analysis revealed a signiﬁcant increase

Comparative analyses revealed a moderate correla-

in plaque size, macrophage content, and MMR

tion between vessel wall area and permeability,

(CD206) expression as disease progressed (Figures 5A

pointing to a certain degree of association between

and 5B). Importantly, CD206 immunostaining of

lesion size and neovascularization. Interestingly,

diseased aortas correlated signiﬁcantly with

68

Ga-

whereas

64

Cu-VCAM uptake did not correlate with

MMR radioactivity measured by autoradiography

DCE-MRI permeability measurements, its uptake was

(Figure 5C). We found no CD206 staining in the con-

negatively associated with vessel wall area, both

trol group, whereas expression was observed in both

in vivo and ex vivo. These ﬁndings are consistent

atherosclerotic rabbit groups (Figure 5A, Supple-

with the distinct expression of VCAM-1 in early

mental Figure 9A). Of note, a signiﬁcant correlation

atherosclerotic lesions (25) and may warrant further

between macrophage content and our nanobody

research into the use of this VCAM-1 nanobody

tracer was found in 4-month HFD rabbits, whereas in

radiotracer to detect such lesions. The MMR nano-

8-month HFD rabbits the correlation weakened

body tracer was further included in an atherosclerosis

(Supplemental Figure 9B).

progression study. To enhance translatability, and to

In summary, using this multiparametric imaging

match its short blood circulation half-life, we labeled

protocol, we were able to quantify different hallmarks

the MMR nanobody with the clinically relevant (26),

of atherosclerosis in a noninvasive fashion. The

short-lived isotope

observed imaging results were corroborated ex vivo

head-to-head comparison between clinically avail-

by different techniques, demonstrating the robust-

able radiotracers, namely

ness of this imaging approach to longitudinally eval-

the MMR nanobody radiotracer. Image analysis

uate disease burden.

revealed a signiﬁcantly higher aortic uptake for
FDG,

DISCUSSION

18

F-NaF,

68

and

Ga. This facilitated a unique

68

18

F-FDG and

Ga-MMR

in

18

F-NaF, and

rabbits

18

F-

with

advanced atherosclerotic lesions as compared to
healthy control subjects, which is indicative of

Three

nanobodies

targeting

3

well-established

increased vessel wall inﬂammatory activity, micro-

markers related to monocyte/macrophage dynamics

calciﬁcation, and macrophage burden, respectively.

were screened to identify key features of atheroscle-

MR-based measurements also revealed an increase in

rotic lesions. In contrast to long-circulating full-size

vessel wall area and permeability. These ﬁndings are

antibodies (22), the use of radiolabeled nanobodies

consistent with an increased plaque burden, although

enables PET vessel wall imaging at earlier time points

the 3 radiotracers seemed to accumulate at different

due to their rapid blood clearance after injection.

locations and/or concentrations throughout the aorta

Conveniently, nanobodies’ shorter circulation times

as evidenced by the absence of signiﬁcant correla-

allow their labeling with short-lived isotopes, sub-

tions between their respective uptakes. This is in

stantially

keeping with previous studies reporting a low degree

reducing

radiation

exposure.

Indeed,

18

18

in vivo PET/MRI biodistribution evaluation showed

of colocalization between

fast radioactivity clearance from blood that was

atherosclerotic lesions (27). Moreover, our histologi-

mirrored by a rapid accumulation in the kidneys,

cal and autoradiographic analyses of aortic sections

F-FDG and

F-NaF in

conﬁrming renal clearance for all nanobody tracers.

showed no signiﬁcant association between macro-

Similar biodistribution patterns were observed in

phage burden and mineral deposits. Taken together,

mice and rabbits. However, whereas in rabbits there

these data are consistent with a temporal separation

was no clear difference among aortic
uptakes, in Apoe –/– mice

64

64

Cu-nanobody

between the processes imaged by the 2 tracers,

Cu-MMR uptake was

because macrophage-mediated inﬂammation and

signiﬁcantly higher. Although this uptake can be

mineral deposition are considered hallmarks of early

attributed in part to MMR-positive cells in the

and advanced lesions, respectively. Therefore, these

adventitial layer and the surrounding perivascular

2 tracers seem complementary and their combined

tissue of atherosclerotic lesions of Apoe–/– mice (23),

use as a “cocktail” (28) could be of value also in

in rabbits we did observe an increased plaque uptake

atherosclerosis.

compared to control subjects and expression of the

The mannose receptor (MRC1, CD206) has been

mannose receptor within the lesions. These observa-

historically used as a marker for alternatively acti-

tions likely reﬂect the differences in lesion composi-

vated macrophages (29,30). Its expression has been

tion between the 2 models (24).

shown

in

human

lesions

with

intraplaque

2023

2024

Senders et al.

JACC: CARDIOVASCULAR IMAGING, VOL. 12, NO. 10, 2019
OCTOBER 2019:2015–26

PET/MRI Phenotyping of Atherosclerosis

hemorrhage and in thin cap ﬁbroatheromas (31,32),

imaging approach. PET is intrinsically a “hot spot”

making it a potential marker of plaque vulnerability.

technique and therefore particularly suited to study

Over the last decades,

18

F-FDG has been exploited as

biological processes systemically (38). From a clinical

a surrogate PET radiotracer for plaque inﬂammation.

perspective, noninvasive imaging has already been

18

Although

F-FDG is mainly taken up by macrophages

successfully used to provide surrogate endpoints in

(8), other processes than inﬂammation and other cell

clinical trials (9). These often require a large number

types may also contribute to its accumulation in

of participants to ensure a meaningful level of sta-

atherosclerotic plaques (33). Moreover, alternatively

tistical signiﬁcance is achieved, with long follow-up

activated and inﬂammatory macrophages have been

periods, as the primary endpoint is typically mortal-

shown to utilize glucose to a similar extent (34). In

ity. Robust

FDG and

64

18

noninvasive

readouts

are

therefore

F-

extremely beneﬁcial as they directly probe treatment

Cu-MMR uptake measured ex vivo,

response and thereby provide reliable information in

this study, we found a weak correlation between
whereas no relationship was found between

64

Cu-

a much shorter time frame. In this setting, an imaging

MMR and HDL uptake, which was used to map mac-

approach like the one described here can be of great

rophages by near infrared ﬂuorescence (NIRF) imag-

value. Furthermore, the protocol could be addition-

ing (35) and did correlate with
Collectively,

these

data

18

indicate

F-FDG uptake.

ally complemented by incorporation of noncontrast

that

T1-weighted MRI to investigate the presence of

different

macrophage populations are targeted by these 2 ra-

intraplaque

diotracers, that is, all versus CD206 þ macrophages.

whereas quantitative evaluation of the ﬁbrous cap

Ensuing studies will have to elucidate the complex

and the lipid-rich necrotic core could be performed by

relationships

macrophage

T2-weighted MRI (41). Thus, several speciﬁc aspects

F-FDG uptake

of the disease can be interrogated simultaneously to

among

inﬂammation,

phenotype, glucose metabolism, and

18

in the vessel wall.
18

F-FDG is the elevated myocardial uptake,

which hinders accurate identiﬁcation of lesions in the
coronary arteries (36). For comparative purposes,
PET-derived aorta-to-heart uptake ratios in diseased
rabbits were calculated for
68

18

F-FDG,

18

F-NaF, and

Ga-MMR as a measure of their ability to image

atherosclerosis in the coronary arteries. Although the
MMR nanobody did not show as high a background
signal as

18

F-FDG, its moderate aorta-to-heart uptake

ratio—probably due to the presence of “background”
cardiac resident macrophages (37)—may limit its
ability to image coronary plaques to areas with signiﬁcant macrophage burden. In this respect,

18

F-NaF

has an enormous advantage, as its cardiac uptake is
low. However, in this rabbit model, we had to exclude
some aortic regions from our analysis due to elevated
18

F-NaF uptake in nearby vertebrae. In the future,

this might prevent reliable aortic imaging in patients,
whereas

18

F-FDG and

or

thrombus

(39,40),

obtain a more complete representation of the inter-

One of the limitations of atherosclerosis imaging
with

hemorrhage

68

Ga-MMR showed lower up-

take in the vertebrae aside from a marginal uptake in

vention outcome.

CONCLUSIONS
We have

translated

nanobody-based

radiotracer

technology to rabbits for the ﬁrst time and integrated it in a PET/MRI protocol that allows evaluation of several key features of atherosclerosis
progression. Our protocol enabled reliable phenotyping of rabbit atherosclerotic lesions over time, as
well as extensive comparison of the nanobody
probes with different clinical radiotracers. Here, we
advocate this multiparametric imaging approach that
may be used to aid in early stage drug development
as well as in identiﬁcation of high-risk patients. We
believe that the nanobody tracers presented in this
study complement the clinically available tracers
18

F-FDG and

18

F-NaF and, as attested by the phase I

clinical trial of a HER2 nanobody tracer to identify
patients with breast cancer (26), their translation is
within reach.

the bone marrow.
In recent years, the community has witnessed a
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enormously

beneﬁt

from

a
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Current

procedure that reliably characterized lesions in an animal

diagnostic methods are very valuable in determining

model of the disease.

atherosclerotic plaque morphology and composition.
However, whereas knowledge about the atherosclerosis

TRANSLATIONAL OUTLOOK: Our PET/MRI protocol

disease process is growing, particularly related to in-

has the potential to be translated to patients and,

ﬂammation’s role, noninvasive imaging methods need to

importantly, can be customized to include other clinically

be developed. To this end, we combined target-speciﬁc

available tracers, such as

nanobody-PET imaging information with functional and

tional MRI-derived parameters. These imaging procedures

anatomical MRI readouts to develop an integrative mul-

may help to noninvasively unravel biological aspects of

tiparametric atherosclerotic plaque phenotyping

atherosclerosis and, ultimately, serve as a robust readout

18

F-FDG or

18

F-NaF, or addi-

in clinical trials.
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