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Background: Beyond clinical atherosclerosis imaging of vessel stenosis and plaque mor
phology, early detection of inflamed atherosclerotic lesions by molecular imaging could 
improve risk assessment and clinical management in high-risk patients. To identify inflamed 
atherosclerotic lesions by molecular imaging in vivo, we studied the specificity of our 
radiotracer based on maleylated (Mal) human serum albumin (HSA), which targets key 
features of unstable atherosclerotic lesions.
Materials and Methods: Mal-HSA was radiolabeled with a positron-emitting metal ion, 
zirconium-89 (89Zr4+). The targeting potential of this probe was compared with unspecific 
89Zr-HSA and 18F-FDG in an experimental model of atherosclerosis (Apoe–/– mice, n=22), 
and compared with wild-type (WT) mice (C57BL/6J, n=21) as controls.
Results: PET/MRI, gamma counter measurements, and autoradiography showed the accumula
tion of 89Zr-Mal-HSA in the atherosclerotic lesions of Apoe–/– mice. The maximum standardized 
uptake values (SUVmax) for 89Zr-Mal-HSA at 16 and 20 weeks were 26% and 20% higher 
(P<0.05) in Apoe–/– mice than in control WT mice, whereas no difference in SUVmax was observed 
for 18F-FDG in the same animals. 89Zr-Mal-HSA uptake in the aorta, as evaluated by a gamma 
counter 48 h postinjection, was 32% higher (P<0.01) for Apoe–/– mice than in WT mice, and the 
aorta-to-blood ratio was 8-fold higher (P<0.001) for 89Zr-Mal-HSA compared with unspecific 
89Zr-HSA. HSA-based probes were mainly distributed to the liver, spleen, kidneys, bone, and 
lymph nodes. The phosphor imaging autoradiography (PI-ARG) results corroborated the PET and 
gamma counter measurements, showing higher accumulation of 89Zr-Mal-HSA in the aortas of 
Apoe–/– mice than in WT mice (9.4±1.4 vs 0.8±0.3%; P<0.001).
Conclusion: 89Zr radiolabeling of Mal-HSA probes resulted in detectable activity in 
atherosclerotic lesions in aortas of Apoe–/– mice, as demonstrated by quantitative in vivo 
PET/MRI. 89Zr-Mal-HSA appears to be a promising diagnostic tool for the early identifica
tion of macrophage-rich areas of inflammation in atherosclerosis.
Keywords: positron emission tomography, molecular imaging, zirconium, human serum 
albumin, atherosclerosis, macrophages

Introduction
Atherosclerosis is a chronic inflammatory disease of the arterial wall that develops 
slowly over the decades. The disease has severe consequences for both society and 
individuals, and is a leading risk factor for cardiovascular disease, including myocar
dial infarction and stroke.1

Current clinical diagnostic tools are based on nontargeted visualization of the 
vasculature, such as angiography, or computed tomography (CT) and magnetic 
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resonance (MR) angiography with blood contrast.2 

Visualization of the vascular layers with invasive imaging 
techniques may enable the measurement of cap thickness 
and thus help direct the intervention,2 but these techniques 
are invasive and associated with certain risks. The back
bone of imaging is based on the degree of luminal stenosis 
or calcium score to identify treatable lesions. However, 
plaques that are vulnerable to rupture or at risk of plaque 
erosion can exist without impingement of the lumen. In the 
case of nonsignificant luminal stenosis, currently available 
clinical methods fail to predict accurately the progressive 
changes within the plaque that precede symptomatic pla
que disruption. Numerous studies have shown that high 
macrophage content, especially in the plaque shoulder 
region, correlates with plaque vulnerability.1,3 Hence, the 
degree of inflammation might better predict plaques that 
are prone to rupture.1,4

The search for methods to identify these vulnerable pla
ques has attracted considerable interest and includes the use 
of several imaging modalities,2,5 such as ultrasound,6–8 MR 
imaging (MRI),9,10 and positron emission tomography 
(PET),11,12 as well as combinations of the latter two 
methods.13 The most common clinical radiotracer in PET 
imaging involves the use of 18F radiolabeled fluorodeoxyglu
cose (18F-FDG).14 Increasingly, the benefits that come with 
PET molecular imaging have also been explored for identi
fying vascular inflammation.11,12,14-17 However, because the 
inflammatory component of atherosclerotic plaques is 
usually not very prominent or visible with available clinical 
imaging applications or contrast agents, more specific PET 
tracers than FDG are being sought.13,16,18-22 Amongst the 
newly developed and most promising radiotracers targeting 
vulnerable plaque features, some have recently been tested in 
human subjects, eg 18F-sodium fluoride (18F-NaF)23 and 
gallium-68-labeled DOTATATE (68Ga-DOTATATE).24

Molecular imaging tools could provide quantitative 
information utilizing specific and targeted molecular 
probes for detailed information on a cellular and molecular 
level, and thus improve the accuracy in identifying 
patients at risk of plaque rupture.

We recently suggested the use of such a tracer, zirconium- 
89-labeled maleylated human serum albumin (89Zr-Mal- 
HSA), which specifically targets the macrophage scavenger 
receptor SR-A1.25 This receptor is an attractive target for 
diagnostic purposes as it is expressed on macrophages in the 
cap area, and inside the atherosclerotic lesion of human 
plaques,26,27 but not by vascular smooth muscle cells 
(vSMCs) and endothelial cells lining normal vasculature in 

non-plaque areas.28,29 SR-A1 exacerbates atherogenesis by 
promoting macrophage development into foam cells and 
stimulating the secretion of proinflammatory cytokines.28,30 

In the present study, we evaluated 89Zr-labeled tracers in 
a mouse model of atherosclerosis and compared them with 
18F-FDG. Our radiotracer enabled quantitative molecular 
imaging of inflamed atherosclerotic lesions by PET/MRI 
and enables early detection of inflamed atherosclerotic 
lesions.

Materials and Methods
Preparation of Radiotracers and 
FITC-Labeled Probes
The synthesis and characterization of the probes were 
previously reported by Ahmed et al.25 In brief, Para- 
isothiocyanatobenzyl-deferoxamine (p-NCS-Bz-DFO; 
CheMatech, Dijon, France) or fluorescein isothiocyanate 
(FITC; Sigma-Aldrich, St. Louis, MO, USA) were conju
gated to human serum albumin (HSA; Sigma-Aldrich) by 
adding p-NCS-Bz-DFO or FITC to HSA and stirring at 
room temperature (RT) and stable pH. The products were 
purified on a desalting column, and the product was 
freeze-dried. To conjugate the maleic anhydride (MalA), 
solid MalA was added while stirring at RT to a solution of 
HSA-DFO or HSA-FITC at pH 9. The resulting Mal-HSA 
-DFO was purified by dialysis and the Mal-HSA-FITC 
was purified on a desalting column. Solutions of the pro
ducts were sterile filtered and freeze-dried. The approxi
mate average numbers of conjugated FITC, DFO, and Mal 
groups could be determined by comparisons of the average 
molecular masses of the different HSA modifications with 
the molecular mass of unconjugated HSA. The respective 
masses were analyzed by mass spectrometry (MS) (Bruker 
ultrafleXtreme MALDI-TOF/TOF with a Smartbeam-II 
laser (Bruker Daltonik, Bremen, Germany)).

Radiolabeling and Quality Control
The radiolabeling of HSA was performed according to 
a method previously described by Ahmed et al.25 In 
brief, 0.3 mg (1 mg/mL in 0.5 M HEPES buffer, Thermo 
Fisher Scientific, Waltham, MA, USA) of R-HSA-DFO (R 
= Mal or nonmodified) was added to a neutralized solution 
of 89Zr; ~80–100 MBq 89Zr(IV) oxalate (t½ (89Zr) = 78.4 
h) in 1 M oxalic acid (PerkinElmer, BV Cyclotron VU, 
Amsterdam, The Netherlands); the pH was adjusted to 
7–7.2 with 1 M sodium carbonate. The reaction was then 
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continued for 1 h on a Thermo Shaker set to 21°C and 
450 rpm.

To analyze and purify the radiolabeled tracers (89Zr- 
Mal-HSA and 89Zr-HSA), high-performance liquid chro
matography (HPLC; LC-10AD VP, Shimadzu, Kyoto, 
Japan with a Superdex 75 10/300 GL column, 0.5 mL/ 
min 1× phosphate buffered saline (PBS), 210 nm) 
equipped with a radiodetector (Model 170 Radioisotope 
Detector, Beckman Instruments, Pasadena, CA, USA), was 
used and the radiolabeled tracers were collected in 16–20 
small fractions. The subfractions used for imaging were 
taken from the highest ~30% of the radio peak. The label
ing yield and radiochemical purity of the 89Zr-labeled 
tracers (89Zr-Mal-HSA and 89Zr-HSA) were determined 
by instant thin-layer chromatography (iTLC), eluted with 
0.2 M citric acid (Sigma-Aldrich). The radioactive biodis
tribution in the iTLC strip was quantified on a TLC- 
scanner (Biodex Medical Systems, Shirley, NY, USA) 
using Winscan software (Biodex Medical Systems).

Mice
As a disease model, female apolipoprotein E null mice 
(Apoe–/–) (Jackson Laboratories) were used (n=22). The 
Apoetm1Unc mutant strain was developed in the laboratory 
of Dr. Nobuyo Maeda at the University of North Carolina 
at Chapel Hill. Female C57BL/6J wild-type (WT) mice 
(Jackson Laboratories) were used as control animals 
(n=21). The C57BL/6J strain was produced by backcross
ing the Apoetm1Unc mutation 10 times to C57BL/6J mice. 
All animals were age and diet matched for all experiments. 
To accelerate plaque progression, the animals were fed 
a Western diet (WD) (21% fat, 0.15% cholesterol, R638 
Lantmännen Lantbruk, Specialdieter; Kimstad, Sweden) 
from 8 weeks of age until 20 weeks of age. An additional 
group of female WD-fed Apoe–/– mice (n=27, 20 weeks of 
age) were used for a biodistribution study.

Imaging Protocol
For the imaging experiments, the mice were anesthetized 
using an isoflurane/oxygen gas mixture (4% for induction, 
1.5–2% for maintenance). The anesthetic concentration 
was regulated using an E-Z Anesthesia Vaporizer and 
blended with 7:3 air/O2 (Euthanex Corporation, PA, 
USA). Core body temperature was controlled and main
tained at 37°C using a rectal thermistor probe and feed
back-controlled homeothermic heating pad during 
anesthesia. For imaging, mice were placed in custom- 
made 3D-printed beds to standardize the positioning of 

the mice during scanning and facilitate the overlay of 
images from MR and microPET imaging from the same 
mouse. Each mouse was scanned by PET at ages 16 and 20 
weeks and by MRI once at an average age of 17.3±1.5 
weeks. Immediately after the 48 h time point on 
the second imaging week, each mouse was euthanized 
(using 5% isoflurane) for ex vivo analyses. The overall 
study plan is shown in Figure 1.

MicroPET Imaging
The imaging procedure consisted of PET imaging using 
18F-FDG (~7 MBq/animal) on day 1 (30 min static scan, 
40–60 min postinjection [p.i.]); 89Zr-HSA or 89Zr-Mal- 
HSA radiotracers (~5 MBq/animal) on day 2 (1 h dynamic 
scan and 30 min static scan, 4 h p.i.), day 3 (30 min static 
scan, 24 h p.i.), and day 4 (30 min static scan, 48 h p.i.). 
A detailed protocol for the PET imaging is described 
elsewhere.31 Briefly, for each PET imaging session, two 
animals were scanned simultaneously: an Apoe–/– and WT 
mouse. 18F-FDG (t½ = 109.8 min) for clinical use was 
produced on site (Dept. of Radiopharmacy, Karolinska 
University Hospital), following all the requirements for 
human use and was used without further purification. 
Dilution with sterile 0.9% saline was carried out as neces
sary. Each animal received an injection of ~100–200 μL 
(max. 10 mL/kg body weight) of the radiotracer diluted in 
0.9% saline and a radioactive dose.

The 18F-FDG PET (n=43; 22 Apoe–/– and 21 WT mice), 
89Zr-Mal-HSA PET (n=23; 12 Apoe–/– and 11 WT mice), and 
control radiotracer 89Zr-HSA PET (n=20; 10 Apoe–/– and 10 
WT mice) scans were performed using the MicroPET Focus 
120 scanner (CTI-Concorde Microsystems, Knoxville, TN, 
USA). PET data were acquired in the 3D mode, and the 
images were reconstructed by standard 2D filtered back 
projection using a ramp filter. PET data were processed 
using the MicroPET Manager and evaluated using the 
Inveon Research Workplace (IRW) software (Siemens 
Medical Systems, Malvern, PA, USA). To quantify the radio
activity accumulation of the 18F-FDG and the 89Zr-labeled 
tracers in the aortic arch of the animals, the images from PET 
and MRI scans were first coregistered in the IRW software; 
then, volumes of interest (VOIs) were manually drawn 
around the aortic arch (100–160 mm3) on the MR image 
for the measurements of intensities as the maximum standar
dized uptake value (SUVmax) from the radiolabeled com
pound on the PET image. The activity (SUVmean) 
originating from the blood pool was measured in a VOI 
(4.8 mm3) drawn in the inferior vena cava (located 30 mm 
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below the top of the aortic arch VOI) on the PET image using 
the earliest time points (0–20 s p.i.) to identify the vessel. 
Quantification of the 18F-FDG uptake was performed on PET 
images acquired 40–60 min p.i., and the mean SUVmax 

values in the aortic arch VOIs were measured throughout 
the whole 30-min static scan. To quantify the uptake of the 
89Zr-labeled tracers, the mean SUVmax value in each VOI 
from the last 15 min (when the activities had stabilized, ie, 45 
min p.i.) of the 1 h dynamic scans was used. The radioactivity 
was quantified and presented using standardized uptake 
values (calculated as voxel intensity [MBq]/VOI volume 
[mL])/(injected activity [MBq]/animal body weight [g]), 
and target-to-background ratios (TBRs) for aortic arch and 
blood pool. TBRs were calculated as follows: TBR = (plaque 
activity)/(blood pool activity). Additionally, the time–radio
activity curves (TRCs) for the 89Zr-labeled tracers and for the 
pure 89Zr radioisotope were obtained for the first-hour p.i.

Magnetic Resonance Imaging
Each mouse was imaged by MRI once. MRI was per
formed at 9.4 T using a scanner with a horizontal bore 
(Varian, Yarnton, UK) and equipped with a millipede coil 
with an inner diameter of 30 mm and a gradient insert with 
an inner diameter of 12 cm. The mouse was anesthetized 
and placed in a prone position on a 3D-printed animal bed 
that was identical to the beds used for PET scanning. 
Subcutaneous needle electrodes were positioned in the 
right forelimb and left hind limb for electrocardiography 
(ECG) (SA Instruments, Stony Brook, NY, USA). 
A respiration pillow was fixed to the bed under the abdo
men, and the core body temperature was measured by 
a rectal thermistor probe and maintained at 37°C through 
a feedback-controlled warm air system (SA Instruments).

Bright blood MR images, enabling the delineation of 
relevant regions of interest (ROIs), were acquired with 
prospective triggering to the ECG with one excitation per 
expiration period. Therefore, the repetition time (TR) was 
determined by the respiration rate, which was in the range 
of 40–100 breaths per minute. The scanning parameters 
were echo time (TE), 2.76 ms, flip angle, 90°, field-of- 
view (FOV) 10.24 × 25.6 mm2 (or 10.24 × 38.4 mm2 if 
needed to avoid aliasing), matrix size 512×128 (or 512 × 
192 for larger FOV), and slice thickness 0.4 mm. The read 
and phase encode directions were in the plane of the aortic 
arch, and the experiment was repeated with incremented 
slice positions to cover the heart.

To facilitate coregistration with the PET images, 
a complementary data set covering the entire chest of the 

animal with 64 slices was also acquired. The slices were 
registered with the bright blood image but acquired with 
a multislice loop, where data from eight slices were 
acquired following each ECG trigger within the allowed 
expiration phase. Scanning parameters were TE, 3.24 ms, 
flip angle, 70°, FOV 10.24 × 25.6 mm2 (or 10.24 × 
38.4 mm2 if needed to avoid phase wraparound), and 
matrix size 512 × 128 (or 512 × 192 for the larger FOV).

Corresponding slices in the stack were replaced by 
bright blood images before manual coregistration with 
the PET data. In a few cases, minor operator errors in 
the slice planning motivated spline interpolation to cor
rectly merge the data sets, which did not impede delinea
tion of the relevant regions or coregistration with the PET 
data.

Black blood (spin-echo with a TE of 9.56 ms) and 
bright blood (gradient echo with a TE of 1.85 ms and 
flip angle of 90°) from a cross-sectional 0.6 mm slice 
through the root of the aorta were also acquired (matrix 
size 256 × 256 and FOV 25.6 × 25.6 mm2). Both 
sequences were triggered by the ECG within the expiration 
period, making the TR equal to the respiration period.

Blocking Study
To illustrate the effects of presaturation of the liver and 
spleen uptake capacity for Mal-HSA, we evaluated six 
mice in a blocking study. An intravenous dose of 1 mg 
nonradiolabeled Mal-HSA was injected in Apoe–/– mice 
(n=3) and circulated for 15 min prior to injection of 89Zr- 
Mal-HSA. Three additional Apoe–/– mice were injected 
with only radiolabeled probe and used as controls. The 
mice were anesthetized according to the imaging protocol, 
sacrificed 1 h p.i. and dissected for gamma counter mea
surement of the radioactive signal in the aorta, blood, 
heart, liver, and spleen.

Biodistribution
To assess the blood clearance dynamics of the agents and 
sites of their accumulation over time, biodistribution stu
dies of 89Zr-HSA and 89Zr-Mal-HSA were performed. 
89Zr-labeled HSA and Mal-HSA were injected into the 
tail vein and the animals were euthanized at 1, 4, 24, and 
48 h p.i. At each time point, organs were dissected, placed 
in scintillation vials, weighed, and radioactivity was mea
sured in a gamma counter (Wallac Wizard 3” 1480, 
PerkinElmer, Waltham, MA, USA). To compare with the 
HSA-based probes, the biodistribution of 18F-FDG in mice 
was evaluated in a pilot study (n=4). Data were calculated 
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as the percentage of injected dose per g of tissue (%ID/g). 
A description of ex vivo tissue- and blood analysis is given 
in the Electronic Supplementary Material.

Phosphor Imaging Autoradiography
For digital Phosphor Imaging Autoradiography (PI-ARG) of 
atherosclerosis, frozen 8 μm sections of mouse aortic roots 
were mounted on glass slides, and aortas from both Apoe–/– 

and WT mice were pinned up on a thin foam pad and placed 
on an imaging plate (BAS-IP-2025 and −2040 SR storage 
phosphor screens, GE Healthcare Life Sciences, Pittsburgh, 
PA, USA). After an exposure period (3–5 days, depending on 
the experimental setup), the imaging plates were read at 
a pixel resolution of 50 μm with an Amersham Typhoon 
FLA 9500 Phosphor Imager (GE Healthcare Life Sciences). 
ImageQuant TL 8.2 software (GE Healthcare Life Sciences) 
was used for quantitative analysis of 89Zr-tracer uptake in the 
aorta. ROIs were manually drawn on each aorta, including 

whole aorta (WA), aortic arch, thoracic aorta (TA), and 
abdominal aorta (AA). The plaque ROIs were outlined in 
the aortic arch, guided by a corresponding image of full- 
length aorta stained with Sudan IV. Negative control ROIs 
were determined for both thoracic and abdominal parts of 
aortas as a nonplaque area within the aorta with the lowest 
activity. The background counts for the ROIs were outlined 
on each imaging plate. The threshold intensity values were 
set by estimating the lowest (lightest) pixel within the corre
sponding section image. The 89Zr radioactivity uptake in 
each ROI was calculated as the total intensity, photostimu
lated luminescence (PSL) per ROI area (mm2), corrected for 
the radioactive decay between injection and PI reading time 
points, normalized for differences in injected dose per gram 
of mouse weight and then background subtracted. To com
pare different image acquisitions, the ratios were calculated 
between the signals from the whole aorta of each animal and 
the whole aorta of the WT animal showing the lowest signal 

Figure 1 The overall study design. Starting with radiotracer preparation and quality controls; a schematic is shown of the radiotracer with the 89Zr-labeled HSA 
modification followed by animal preparation, in vivo imaging, and ex vivo measurements and analyses. A timeline of the study is provided, showing the diet throughout the 
course of the study.
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on each plate. Additionally, the ratios between the plaque 
areas in the aortic arch and nonplaque areas averaged over 
the whole aorta of each animal were calculated to evaluate 
plaque specificity.

Semiautomatic Calculation of Radiotracer 
Accumulation in Plaque from PI-ARG
To improve the reproducibility of estimating radiotracer 
accumulation in atherosclerotic lesions as registered on PI, 
a semiautomatic routine was developed in MATLAB 
R2015b (MathWorks, Natick, MA, USA). Images obtained 
from the scanning of storage phosphor plates exported in TIF 
format with data scaled to the maximum intensity in the 
respective plate lost any absolute value. Consequently, each 
sample was processed independently. For each aorta, a fixed- 
size rectangular ROI was centered over the aorta. A local 
background was then calculated from the mean of ±20 pixels 
on the perimeter of this ROI and subtracted from the aortic 
image data (I-bkg). I-bkg was smoothed, and the edge of the 
aorta was determined on this image using a threshold of 0.5 × 
mean I-bkg intensity. A mask was generated using this edge 
and applied to I-bkg to simplify subsequent calculations 
because the processed image then only contained data within 
the aortic border. For each processed image, a small rectan
gular ROI was positioned manually over a region of the aorta 
considered to be normal, and the mean intensity (mns) of the 
rectangular ROI was calculated. The plaque area was con
sidered to consist of pixels with intensity values > mns × 2. 
The plaque burden was expressed as the plaque area pixels 
divided by all pixels in the aortic region, hence correspond
ing to the plaque burden as detected by the radiotracer.

Statistical Analyses
Data are represented as mean ± SEM if not stated otherwise. 
Statistical analyses were conducted in GraphPad Prism (ver
sion 7 for Macintosh). Statistical differences between the two 
group means were determined using a Student t test. To 
compare more than two groups, a one-way ANOVA was 
applied with a Tukey post hoc test. P<0.05 was regarded as 
significant in tests of statistical inference.

Results
Radiotracer Characteristics
The probe quality has previously been characterized in our 
group by MALDI-TOF MS.25 The radiochemical yield 
was 95% (based on HPLC analysis of the crude product). 
To determine the uptake of the FITC-labeled probes by 

circulating blood cells, whole blood was analyzed using 
flow cytometry after 5 min of probe administration, and 
less than 0.25% of the circulating leukocytes took up the 
FITC-labeled probes.

To visualize and quantify the accumulation of 89Zr-Mal 
-HSA in the aortic arch we used in vivo PET TRCs 
obtained from 1 h dynamic scans and illustrated as 
SUVmax in the aortic arch, SUVmean of blood pool, and 
TBRmax (Figure 2). The blood kinetic curves for pure 89Zr 
radioisotope showed a higher blood activity and slower 
clearance compared with 89Zr-HSA and 89Zr-Mal-HSA 
alone. In turn, 89Zr-HSA showed a much slower blood 
clearance than 89Zr-Mal-HSA (Supplementary Figure S1).

To determine their suitability as a vascular diagnostic 
imaging tool with regard to background signal, the TBRmax 

± SEM for the activities from the aortic arch (SUVmax) and 
from the blood pool (SUVmean) were calculated from the 1 
h dynamic scans, and the values averaged over the last 15 
min of the scan. TBRs for 89Zr-Mal-HSA and 89Zr-HSA for 
mice aged 16 and 20 weeks are summarized in Table 1 
(in vivo). While evaluating TBRs, we found a significant 
(P<0.05) 41% increase in uptake of 89Zr-Mal-HSA vs 89Zr- 
HSA in Apoe–/– mice aged 16 weeks. No significant differ
ences were observed when comparing TBRs in Apoe–/– and 
WT mice injected with 89Zr-Mal-HSA or 89Zr-HSA.

Animal Lipid Profiles and Plaque Burden
Mouse characteristics such as plasma lipid levels, blood glu
cose, and lesion percentage were measured and are summar
ized in Supplementary Table S1. HDL and VLDL/LDL levels 
differed significantly between WT and Apoe–/– mice 
(P<0.0001 and P<0.0001, respectively). No significant differ
ences were seen for TG, NEFAs, or blood glucose levels 
between WT and Apoe–/– mice. Weight did not differ signifi
cantly between mice at 16 or 20 weeks of age. Plaque burden 
did not differ significantly between Apoe–/– mouse groups 
(Mal-HSA vs HSA); however, the differences were significant 
when comparing plaque burden within different parts of the 
aorta within each Apoe–/– mouse group: arch vs TA 
(P<0.0001) and arch vs abdominal aorta (P<0.0001) 
(Supplementary Table S1).

89Zr-Mal-HSA Accumulated in the 
Atherosclerotic Aortic Arch of Apoe–/– 

Mice
To evaluate the in vivo applicability for quantitative ima
ging and targeting of atherosclerotic aortas, the activity in 
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the aortic arch was measured by PET in vivo, and images 
were overlaid with MR images for anatomical information 
(Figure 3A). Already at 16 weeks of age, Apoe–/– mice 
injected with 89Zr-Mal-HSA showed a 26% (P<0.05) 
higher radiotracer uptake than WT mice, and Apoe–/– 

mice aged 20 weeks showed a 20% (P<0.05) higher 
uptake. The average activity from the aortic arch was 
measured 45–60 min p.i. from dynamic PET scans and is 
presented as SUVmax (Figure 3B).

We also sought to compare the activity in the aortic 
arch originating from intravenously injected 89Zr-Mal- 
HSA radiotracer with the criterion standard radiotracer, 
18F-FDG, in the same animal. The comparison was facili
tated by the short half-life of 18F-FDG injected into the 
animals on day 1 and compared with 89Zr-Mal-HSA radio
active uptake on day 2. 18F-FDG showed higher SUVmax 

values overall in the PET within the same animal in vivo, 
but atherosclerotic and WT mice at 16 and 20 weeks of 

Figure 2 In vivo PET time radioactivity curves from aortic arch, blood and aortic arch-to-blood ratio in mice injected with (A–C) 89Zr-Mal-HSA, (D–F) 89Zr-HSA, or (G–I) 
89Zr-Mal-HSA vs 89Zr-HSA. Radiotracer measurements are presented as SUVmax, TBRmax, and mean ± SEM. HSA WT (n= 10), HSA Apoe–/– (n=10), Mal-HSA WT (n=11) and 
Mal-HSA Apoe–/– (n=12).
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age showed no significant difference in radiotracer signals 
(Figure 3C).

Blocking Liver Uptake Increased Aortic 
Accumulation of 89Zr-Mal-HSA
To investigate the radiotracer distribution and clearance 
from Apoe–/– mice, we studied the biodistribution of 89Zr- 
Mal-HSA (Supplementary Figure S2A) and 89Zr-HSA 
(Supplementary Figure S2B). 89Zr-labeled Mal-HSA or 
HSA was injected into Apoe–/– mice that were fed a WD. 
The mice were euthanized at 1, 4, 24, and 48 h p.i. and the 
biodistribution was measured by gamma counting of 
radiotracer activity in each organ. Analysis of the biodis
tribution showed that both 89Zr-Mal-HSA and 89Zr-HSA 
accumulate in the liver, spleen, kidneys, iliac lymph nodes, 
and bone. Trivial to no accumulation was observed in the 

brain of mice injected with 89Zr-Mal-HSA or 89Zr-HSA. 
The blood kinetic profile showed high circulating levels of 
89Zr-HSA for at least 4 h p.i. while 89Zr-Mal-HSA was 
almost completely cleared from the circulation after 
1 h (Supplementary Figure S2). Target-to-background 
values (TBR ± SEM) were calculated for the aorta using 
either blood or heart activities as the background at 1 h p.i. 
for 89Zr-Mal-HSA, 89Zr-HSA, and for 18F-FDG, and these 
are summarized in Table 1 (ex vivo). The TBRs for 89Zr- 
Mal-HSA were higher than those for 89Zr-HSA, but the 
measured activity from 89Zr-HSA was higher than that 
from 89Zr-Mal-HSA in the heart (2.2–2.7-fold) and in the 
aorta (1.6–3.3-fold). For 89Zr-Mal-HSA in the aorta, the 
highest levels of activity observed were at 1 and 4 h p.i., 
after which the levels decreased, indicating peak uptake in 
the aorta around 1–4 h p.i. In the heart, the highest levels 

Table 1 Target-to-Background Ratios (TBRs) Measured from in vivo PET Images and ex vivo Gamma Counter Measurements for the 
Different Radiotracers

89Zr-Mal-HSA 89Zr-HSA 18F-FDG

In vivo WT (n=11) Apoe–/– (n=12) WT (n=10) Apoe–/– (n=10)

16wTBRAorta:blood 2.99 ± 0.18 3.56 ± 0.40 2.67 ± 0.21 2.53 ± 0.19

20wTBRAorta:blood 2.74 ± 0.26 3.33 ± 0.33 2.86 ± 0.21 2.65 ± 0.23
Ex vivo Apoe–/– (n=4) Apoe–/– (n=3) Apoe–/– (n=4)

20wTBRAorta:blood 5.35 ± 0.58 0.06 ± 0.01 7.43 ± 2.57

20wTBRAorta:heart 0.56 ± 0.05 0.35 ± 0.02 0.15 ± 0.07

Notes: Data are represented as mean ± SEM from 1 h dynamic PET scans in vivo and from biodistribution study 1 h p.i. Abbreviation 16 weeks of age (16w), 20 weeks of age 
(20w).

Figure 3 (A) Representative microPET/MR images showing accumulation of 89Zr-Mal-HSA in the aortic arch of Apoe–/– mice compared with accumulation in wild-type (WT) 
mice at 20 weeks (1 h dynamic scan, 45 min p.i.). (B) The SUVmax values for 89Zr-Mal-HSA at 16 and 20 weeks were respectively 26% and 20% higher in Apoe–/– mice than in 
WT control mice. (C) No difference in SUVmax was found in the aortic arch 40 min p.i. of 18F-FDG in the same animals. Data are presented as mean ± SEM. Mal-HSA WT 
(n=11), Mal-HSA Apoe–/– (n=12), FDG WT (n=21) and FDG Apoe–/– (n=22). *P<0.05, ns = nonsignificant, as indicated.
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were observed at 1 h p.i., indicating a 1.4-fold higher 
activity than that at 48 h p.i.; for the aorta, the highest 
levels were also observed at 1 h p.i. with a 1.6-fold higher 
activity than that at 48 h p.i. However, when comparing 
aorta-to-blood ratios, the highest TBRs for 89Zr-Mal-HSA 
were observed 48 h p.i. (Supplementary Figure S3).

In an attempt to block or presaturate the off-target 
uptake by the liver and spleen, nonradiolabeled Mal-HSA 
(1 mg) was circulated for 15 min prior to injection of 89Zr- 
Mal-HSA. This reduced the radiotracer accumulation in 
the liver by a factor of 2.1 and in the spleen by a factor of 
2.2, as measured using a gamma counter. As expected, the 
blood activity increased considerably (195-fold) and inter
estingly the aortic activity increased 1.6-fold in Apoe–/– 

mice that received the precirculated nonradiolabeled 
probe, compared with mice that did not. However, no 
effect was observed for the heart (fold change 0.98).

Gamma Counter Measurement of 
89Zr-Mal-HSA Accumulation in 
Atherosclerotic Aortas Corroborated 
the in vivo PET Data
We compared the activity from the aorta in Apoe–/– (%ID/ 
organ ± SEM; 8.6·10–3 ± 0.63·10–3) and WT (6.5·10–3 ± 
0.25·10–3) mice, as measured by gamma counter. A 32% 
(P<0.01) higher 89Zr-Mal-HSA activity was observed in 
Apoe–/– mice 48 h p.i. in 20-week-old mice (Figure 4A). 
To compare the differences between 89Zr-Mal-HSA and 
89Zr-HSA, the activity was divided by the activity measured 
from blood. Mice injected with 89Zr-Mal-HSA had an 
approximately 8-fold higher aorta-to-blood ratio 
(TBRAorta:Blood = 19.49 ± 3.74) than mice injected with the 
nonspecific 89Zr-HSA probe (TBRAorta:Blood = 2.48 ± 0.36) 
(Figure 4B).

PI-ARG of 89Zr-Mal-HSA Showed 
Quantitative Accumulation in 
Atherosclerotic Plaques
To verify the accumulation of radiotracer in athero
sclerotic lesions after circulation, whole aortas and the 
aortic root sections of Apoe–/– and WT mice were 
exposed on storage phosphor imager plates. The aortas 
and aortic root sections from Apoe–/– mice showed high 
atherosclerotic plaque signals compared with WT mice 
(Figures 5, 6, and 7). Quantitative ARG measurements 
(PSL/mm2) showed a 34% significant (P<0.05) increase 
in radioactive uptake of 89Zr-Mal-HSA in the whole 
aortas of Apoe–/– mice compared with the whole aortas 
of WT mice (Figure 5D).

Furthermore, we compared the signals of 89Zr-Mal- 
HSA in the total plaque area in the aortic arch with 
nonplaque areas (three averaged ROIs over the whole 
aorta) for the Apoe–/– mice. TBR ± SEM was calculated 
as the signal obtained from the aortic arch plaques, 
divided by the signal from nonplaque areas used as 
a background for comparing the plaque specificity of 
89Zr-Mal-HSA and 89Zr-HSA. The ARG measurements 
of TBR corroborated the PET measurements of TBR 
(Figure 2I), showing a significant (P<0.001) 44% 
increase for 89Zr-Mal-HSA (2.94±0.18) over that for 
nonmodified 89Zr-HSA (2.05±0.07), indicating a higher 
plaque specific uptake of 89Zr-Mal-HSA (Figure 5E). 
We developed an alternative method to determine the 
specificity of the 89Zr-Mal-HSA radiotracer that identi
fies the atherosclerotic plaque burden by applying semi
automatic calculations of the plaque signal in the whole 
aorta using MATLAB. The calculations showed an 
approximately 12-fold higher signal of 89Zr-Mal-HSA 
in the plaque areas in the whole aortas of Apoe–/– 

Figure 4 Gamma counter measurements of 89Zr-labeled probe uptake in whole aortas (WA). (A) Results showing a significant 32% increase in activity (% injected dose (ID)/ 
organ) in Apoe–/– mice compared with WT mice. (B) Results showing an approximate 8-fold increase in aorta-to-blood ratio ((%ID/g aorta)/(%ID/g blood)) 48 h p.i., 
comparing 89Zr-Mal-HSA with nonspecific 89Zr-HSA in WA of Apoe–/– mice. Data are presented as mean ± SEM. Mal-HSA WT (n=11), Mal-HSA Apoe–/– (n=12), and HSA 
Apoe–/– (n=10). **P<0.01 and ***P<0.001 as indicated.
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mice (9.4±1.4%) compared with control mice (0.8 
±0.3%, P<0.0001; Figure 6C): these values corre
sponded well to the plaque area coverage calculated as 
a percentage of the whole aorta (7.6±3.8%) as identified 
by Sudan IV staining (Supplementary Table S1).

Presence of Macrophages in 89Zr-Mal- 
HSA-Positive Aortic Root Sections
To verify the macrophage content in atherosclerotic pla
ques with a 89Zr-Mal-HSA activity, we stained aortic 
root sections immunohistochemically. The presence of 

Figure 5 Autoradiography analysis of the 89Zr-tracer uptake in mouse aortas. Representative PI-ARG image of (A) a control aorta from WT mouse compared with (B) 
Apoe–/– mouse, showing a detectable PI signal from plaque areas verified by Sudan IV staining of plaques (A and B, left panels respectively). (C) Illustrative example of 
quantitative analysis of gray-scale images in ImageQuant; ROIs (dark green) are placed to outline the whole aorta (WA) and in plaque regions in the thoracic and abdominal 
aorta, as well as in nonplaque regions (yellow). The highlighted green shows ROIs in the plaque area within the arch area, and the background ROI is shown in red. (D) 
Quantification of PI images of WA of WT and Apoe–/– mice 48 h p.i. of 89Zr-Mal-HSA. Data are presented as fold changes between radiotracer signals from the WA compared 
with the WA of the control animal. (E) Quantification of PI images of aortas in Apoe–/– mice 48 h p.i. of 89Zr-Mal-HSA or 89Zr-HSA. Data in (E) are presented as the ratio of 
mean intensity signals (PSL/mm2) from aortic arch plaque areas and nonplaque areas within each animal. All data are presented as mean ± SEM. Mal-HSA WT (n=5), Mal-HSA 
Apoe–/– (n=11), and HSA Apoe–/– (n=9). *P<0.05 and ***P<0.001 as indicated.
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macrophages in aortic root sections in Apoe–/– mice was 
verified by anti-CD68 staining and overlapped with sca
venger receptor A staining by anti-SR-A1. Aortic root 
sections from WT mice lacked a 89Zr-Mal-HSA activity 
and were also negative for CD68 and SR-A1. In both 
Apoe–/– and WT mice smooth muscle alpha-actin (SMA) 
positive staining was found in the media, and von 
Willebrand Factor (vWF) stainings were positive on 
endothelial cells lining vessels or covering both sides 
of aortic valve leaflets. We found that the expression of 
classic vSMC and endothelial cell markers was low in 
the cap area of the atherosclerotic plaques in Apoe–/– 

mice and did not substantially overlap with the SR-A1 
staining in our Apoe–/– animal model (Figure 7). The 
negative controls for the immunohistochemistry are 
shown in Supplementary Figure S4.

Discussion
Based on our previous findings that 89Zr-Mal-HSA speci
fically binds to SR-A1 receptor on macrophages in vitro,25 

we hypothesized that its target specificity and affinity were 
sufficiently high to be used for specific targeting of 
inflamed atherosclerotic lesions in vivo.

Our tracer was cleared from the blood circulation 
rapidly; hence, we expected low levels of interfering 
noise for use in vascular imaging. Other beneficial advan
tages of HSA-based probes are their low toxicity profile18 

and stability in vivo by radiolabeling with DFO.32

We found uptake of 89Zr-Mal-HSA in atherosclerotic 
aortas, shown in vivo by qualitative and quantitative PET 
imaging, and corroborated by ex vivo gamma counting and 
PI-ARG measurements. We confirmed a high plaque speci
ficity of 89Zr-Mal-HSA with PI-ARG measurements using 
two different methods for quantification. In the manual 
method, the difference between Mal-HSA and HSA for 
distinguishing plaque vs nonplaque areas in the same 
mouse was calculated and the superiority of 89Zr-Mal-HSA 
over the nontargeted 89Zr-HSA was demonstrated. When 
using the semiautomated method, the 89Zr-Mal-HSA signal 
coming only from plaque areas in the same aorta could be 

Figure 6 Semiautomatic calculation of plaque signals from PI-ARG. (A) Illustrations of aortas from Apoe–/– mice, showing the step-by-step calculations (I–V) in MATLAB. The 
white box outlines the nonplaque area used to set a threshold. The remaining significant plaques above the threshold are illustrated in (V). Sudan IV staining (VI) of plaque 
burden corresponded well to the plaque signal identified by 89Zr-Mal-HSA. (B) 3D intensity plot illustrating the threshold level (blue slice). (C) Semiautomated 
measurements from (A) and (B) were used to calculate further the number of pixels, with significant intensities divided by the total number of pixels in the aorta. The 
plaque signal of 89Zr-Mal-HSA differed significantly when comparing Apoe–/– (n=8) and WT (n=6) mice. Data are presented as mean ± SEM. ***P<0.001 as indicated.
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distinguished by setting a cutoff threshold to define the 
plaque signal. Thus, both methods verified the specificity of 
89Zr-Mal-HSA for plaques. However, overall radioactivity 

measured using a gamma counter was higher from 89Zr-HSA 
than from 89Zr-Mal-HSA, in both the heart (2.2–2.7-fold) 
and in the whole aorta (1.6–3.3-fold). This is possibly due to 

Figure 7 Representative aortic root sections from (A) WT mouse and (B), Apoe–/– mouse including zoomed areas. Upper panel showing 89Zr-Mal-HSA signal in 
macrophage-rich plaque areas in aortic root sections from an Apoe–/– mouse, measured by PI-ARG. Lower panels showing adjacent sections stained for macrophages 
with anti-mouse CD68 (red), for scavenger receptor A1 with anti-mouse SR-A1 (red WT, black Apoe–/–), for vascular smooth muscle cells with anti-mouse smooth muscle 
alpha-actin (SMA) (red), and for endothelial cells with anti-mouse von Willebrand Factor (vWF) (red), indicated by the black arrowheads.
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longer blood circulation time for 89Zr-HSA that in turn might 
give rise to an unspecific vascular wall activity through 
interstitial leakage.

A significant difference in radioactive signal was measured 
by PET imaging in the aortic arch of Apoe–/– mice, as early as 
16 weeks old and fed a WD for 8 weeks, compared with control 
animals, indicating utility in early diagnostic imaging of ather
osclerosis. Nakashima et al reported monocyte adhesion and 
the development of foam cell lesions in the aortas of Apoe–/– 

mice fed a WD for 8–10 weeks and the formation of inter
mediate lesions beginning from 10 weeks on a WD.33 After 15 
weeks of a WD, the same study found the development of 
increasingly fibrotic plaques. This would appear to indicate 
that 8–12 weeks of a WD is a suitable time for targeting 
inflammatory markers in experimental atherosclerotic plaques 
in Apoe–/– mice. Other studies using older mice with greater 
disease, or larger animal models, showed a 25–100% increase 
in the aortic uptake of various preclinical radiotracers ex vivo 
or in vivo.11,20,34 In a study by Davies et al, a significant uptake 
of 18F-FDG differences in aorta in 9-month-old atherosclerotic 
rabbits was shown by ex vivo gamma counting and PET 
imaging, whereas no significant difference could be found by 
PET imaging in vivo.35 This research field has been hampered 
by difficulties encountered in PET imaging of small animals 
in vivo. Using our broad approach with multiple methodolo
gies, we have—to some extent—successfully bypassed these 
difficulties.

SR-A1 is a widely studied key receptor in atherogenesis 
and is expressed mainly by macrophages, monocytes and foam 
cells in atherosclerotic plaques, but could also be expressed by 
endothelial cells and vSMCs during oxidative stress.36 We 
found that SR-A1 staining co-localizes with CD68 expressing 
cells. When comparing immunohistochemistry results with PI- 
ARG analysis, cells expressing SMA and vWF do not seem to 
primarily take up our radiotracer as indicated by a very low 
ARG signal in WT mice. SR-A1 could also be found on mature 
macrophages in the liver sinusoid, such as Kupffer cells and on 
sinusoidal endothelial cells, as well as on alveolar and splenic 
macrophages, and on postcapillary venules in the lymph 
nodes.37,38 A high activity is expected in the reticuloendothe
lial system, where most of the scavenger receptor-expressing 
cells reside,39 indeed, the highest activities from 89Zr-Mal- 
HSA accumulation were observed in the liver and spleen, 
which could possibly impair radiotracer concentrations at tar
get sites. By partial saturation of the uptake capacity in the liver 
and spleen by the administration of non-radiolabeled probe 
(Mal-HSA) 15 min prior to injection of 89Zr-Mal-HSA, an 

increased aortic activity, as measured by gamma counting 
and PI-ARG, was calculated.

We consider 89Zr-Mal-HSA targeting SR-A1 on macro
phages to be more specific than the currently utilized 18F-FDG 
for macrophage targeting in early atherosclerotic lesions. 
Studies utilizing 18F-FDG have shown small nonsignificant 
differences in uptake between WD-fed (8 weeks) and chow 
diet-fed Apoe–/– mice, as measured by microPET 180 min p.i. 
However, larger and significant differences with increasing 
time on a WD were shown.40 Another study found that 
a high brown adipose tissue uptake of 18F-FDG, especially 
when given to awake animals, constitutes a major confounding 
factor in the imaging of atherosclerosis in Apoe–/– mice.41 

A high prescan glucose level may constitute another confound
ing factor, which may also be important for our study, and was 
previously reported in humans.42 In our relatively early disease 
model of atherosclerosis, no differences were observed when 
comparing the 18F-FDG PET signal in the aortic arch of Apoe–/ 

– mice with control mice at the chosen imaging time of 40–90 
min p.i. This indicates an advantage for Mal-HSA as an early 
diagnostic molecular imaging probe for targeting inflammation 
in atherosclerotic lesions. Rudd et al suggest that, apart from 
the early stages of atherosclerosis, a potential reason for this 
could be the chosen time point; an optimal time point would 
instead be 90–180 min p.i.43,44 Additionally, Blomberg et al 
show that TBR quantification was improved at 180 min as 
opposed to 90 min p.i.45

89Zr has been applied in many imaging applications includ
ing humans,32,46–51 and its inherited characteristics with a long 
half-life of 78.4 h allow for repeated and longitudinal studies of 
metabolic or molecular changes. Since, in the current study, we 
could show aortic accumulation within 1 h, as demonstrated by 
PET and verified by gamma counter measurements ex vivo 
with a possible peak around 4 h, one might argue that it could 
be possible to use an isotope with a shorter half-life. However, 
the TBRs (aorta-to-blood) from biodistribution data showed an 
increasing trend over time, with a peak at the 48 h, supporting 
imaging with radioisotopes with longer half-life when imaging 
atherosclerotic plaques to optimize the image contrast. 89Zr has 
a lower e+ energy than, for example, 68Ga, and is comparable 
with 18F or 64Cu in this sense, which makes the radiotracer 
attractive for imaging applications of smaller structures. 
Interestingly, our probe design makes it possible to couple 
various radio- or paramagnetic metals for specific areas of 
use. PET/MRI also offers lower radiation exposure compared 
to coregistration with CT. Combining conventional anatomical 
imaging with noninvasive imaging that incorporates molecular 
information about the disease burden, plaque composition, and 
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metabolic activity would help predict cardiovascular risk, 
direct therapeutic interventions and improve patient 
management.

Limitations
In the present study, we used a separate 9.4 T MR-scanner 
with a favorable high spatial resolution for structural posi
tioning and applied fusion software. PET/MRI offers 
lower radiation exposure compared to coregistration with 
CT. However, the nonsimultaneous imaging of PET and 
MRI is a limitation when it comes to partial volume 
effects. In addition, cardiac and respiratory motions, 
although gated for, will still impact quantification nega
tively in small structures such as the atherosclerotic pla
ques in mice.44,52 The liver might be the dose-limiting 
organ for this particular radiotracer, as evidenced in other 
human dosimetry studies on immuno-PET tracers in the 
field of oncology.53,54 Human radiation dosimetry studies 
as well as improvements in imaging acquisition, coregis
tration, and off-target activity reduction, would be desir
able to overcome barriers for clinical translation.

Conclusion
89Zr-Mal-HSA appears to be a feasible radiotracer in 
experimental PET imaging, and it allowed for extensive 
ex vivo evaluation that identified inflamed plaques, even at 
relatively early stages of atherosclerosis. Its blood kinetic 
profile may be advantageous for vascular imaging, pro
vided that the initial concentration is sufficient for 
a relevant uptake, which seems to be the case. Our study 
provides a scientific foundation for the development of 
new diagnostic tools that target macrophage-rich areas of 
inflammation in atherosclerosis.
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