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CHAPTER 3

IN VIVO IMAGING OF ENHANCED 

LEUKOCYTE ACCUMULATION 

IN ATHEROSCLEROTIC LESIONS IN HUMANS

Van der Valk FM, Kroon J, Potters WV, Thurlings RM, Bennink RJ, Verberne HJ, Nederveen AJ, 
Nieuwdorp M, Mulder WJ, Fayad ZA, van Buul JD, Stroes ESG 
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ABSTRACT

Rationale: Understanding how leukocytes contribute to atherogenesis is crucial for our 
conception of atherosclerosis development and the identification of potential therapeutic 
targets. This study evaluates an in vivo imaging approach to visualize peripheral blood 
mononuclear cell (PBMCs) accumulation in atherosclerotic lesions in cardiovascular patients 
using single-photon emission computed tomography (SPECT/CT).

Methods and Results: At baseline, cardiovascular patients and healthy controls underwent 
18fluorodeoxyglucose positron emission tomography-computed tomography (18F-FDG 
PET/CT) and magnetic resonance imaging (MRI) to assess arterial wall inflammation and 
dimensions, respectively. For in vivo trafficking, autologous PBMCs were isolated, labeled with 
technetium-99m and visualized 3, 4.5 and 6 hours post-infusion (pi) with SPECT/CT. 

Ten cardiovascular patients and 5 healthy controls were included. Patients had an increased 
arterial wall inflammation (target-to-background-ratio (TBR) right carotid 2.00±0.26 in patients 
versus 1.51±0.12 in controls, p=0.022) and atherosclerotic burden (normalized wall index (NWI) 
0.52±0.09 in patients versus 0.33±0.02 in controls, p=0.026). Elevated PBMCs accumulation in 
the arterial wall was observed in patients; for the right carotid the arterial-wall-to-blood-ratio 
(ABR) 4.5 hours pi was 2.13±0.35 in patients versus 1.49±0.40 in controls (p=0.038). In patients, 
the ABR correlated with the TBR of the corresponding vessel (for the right carotid: r=0.88, 
p<0.001). 

Conclusion: PBMCs accumulation is markedly enhanced in patients with advanced 
atherosclerotic lesions and correlates with disease severity. This study provides a noninvasive 
imaging tool to validate the development and implementation of interventions targeting 
leukocytes in atherosclerosis. 
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INTRODUCTION

Atherosclerosis is a chronic low-grade inflammatory disease, which remains subclinical over 
decades prior to the acute onset of major cardiovascular (CV) events such as myocardial 
infarction and stroke1. Leukocytes are key cellular effectors in atherosclerosis, mediating pro-
inflammatory processes throughout all stages of atherogenesis2. Following the increased 
expression of adhesion molecules by activated endothelial cells3, monocytes -among 
other leukocytes- are recruited to these early atherosclerotic lesions4, leading to initiation 
or accelerated progression of atherogenesis5. In support of a causal role of increased 
monocyte influx in experimental atherogenesis, attenuation of monocyte recruitment 
pathways by a variety of pharmacologic interventions has been shown to markedly attenuate 
atherosclerosis6-9. Although fewer in number, T cells also reside in the atherosclerotic lesions 
and contribute to the inflammatory response10. Absence of T cells in an atherosclerotic mouse 
model results in reduced atherosclerosis, indicating that T cells constitute a proatherogenic 
cell population11. In humans, a high white blood cell count correlates with the risk of a CV 
event both after a recent acute event12 as well as in stable disease13, suggesting that elevated 
levels of circulating leukocytes represent an expanded pool of inflammatory cells available 
to promote disease progression. In line, several risk factors for atherosclerosis have been 
associated with an increased activation state of circulating monocytes14-16. Nonetheless, data 
on the in vivo dynamics of leukocytes in human atherogenesis, as well as experience with 
strategies targeting leukocytes in CV prevention and treatment, are scarce. 

Several imaging methods have emerged to quantify the inflammatory activity within 
atherosclerotic lesions, including 18fluorodeoxyglucose positron emission tomography-
computed tomography (18F-FDG PET/CT) to assess arterial wall metabolic activity as an index 
of macrophage content17 and iron oxide-enhanced magnetic resonance imaging (MRI) to 
quantify plaque macrophages18. These techniques, however, lack the ability to address the in 

vivo dynamics of leukocytes.

Understanding how leukocytes participate in the course of atherogenesis is pivotal for our 
understanding of the development of atherosclerotic lesions, and could aid in identifying 
potential therapeutic targets. In the present proof-of-concept study, we used single photon 
emission computed tomography (SPECT/CT) as a non-invasive imaging technique capable 
of visualizing the migratory behavior of technetium-99m (99m Tc) labeled immune cells in 
humans19. In patients with advanced atherosclerosis, we evaluated SPECT/CT imaging to 
assess the accumulation of circulating peripheral blood mononuclear cells (PBMCs) into 
atherosclerotic plaques in vivo. 
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METHODS

Study participants and procedures

This was a single-center imaging study in patients with atherosclerotic cardiovascular disease 
and healthy controls. CV patients, aged  ≥ 18 years of either gender, were recruited at our 
outpatient clinic and had to fulfill the following inclusion criteria: (i) documented history of 
myocardial infarction, transient ischemic attack or stroke, and (ii) stable medication for at 
least 6 weeks prior to study participation. Exclusion criteria included ongoing inflammatory 
diseases, use of systemic anti-inflammatory drugs and major renal (serum creatinine >2.0 mg/
dL) or hepatic (ALT/AST >2 upper limit of normal (ULN)) dysfunction. Healthy controls were 
matched to the patients for age, gender and BMI, and were not eligible in case of a medical 
history of CVD, ongoing inflammatory diseases or the use of systemic medication. Each 
subject provided written informed consent. The study was approved by the local institutional 
review board and conducted according to the principles of the International Conference 
on Harmonization–Good Clinical Practice guidelines. In all subjects, we performed baseline 
laboratory tests including lipid and inflammatory profile, and vascular imaging, consisting of 
18F-FDG PET/CT, MRI and SPECT/CT for visualizing peripheral blood mononuclear cell (PBMCs) 
accumulation. 

PBMCs isolation and labelling

In each subject, peripheral venous blood (120 ml) was drawn via an 18G intravenous (iv) line 
into 4 syringes (30 ml per syringe) containing 5 ml acid citrate dextrose (ACD; disodiumcitrate 
3%/glucose 2.5%) and 5 ml EloHAES 6% (Fresenius Kabi, The Netherlands). On average 
20.106 PBMCs were isolated using Ficoll-Paque Premium (d=1.077g/ml) density gradient 
centrifugation (GE Healtcare, UK). The radiolabel technetium 99m-hexamethylpropylene 
amine oxime (99mTc-HMPAO) was freshly prepared using a ready-for-labelling kit (Ceretec, GE 
Healthcare, the Netherlands). Directly after preparation, PBMCs were incubated with 99mTc-
HMPAO (1100MBq/2ml) at room temperature for 10 min. Under these conditions, uptake 
of 99mTc-HMPAO intracellular is reached before the onset of its decomposition into the 
constituents, exametazime and pertechnetate, which both are unable to cross the cellular 
membrane, resulting in the cellular trapping of the radiotracer20. Excess of extracellular 99mTc-
HMPAO was diluted and removed after centrifugation. Finally, radiolabelled autologous 
PBMCs (200 MBq) were resuspended in 3 ml EloHAES 6 prior to re-infusion into the patient. 
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Effects of PBMCs isolation and labelling 

PBMCs migration and accumulation is a multistep process mediated by among other 
adhesion molecules. To assure plausible in vivo behavior of autologous labelled PBMCs, 
we set out to assess PBMCs behavior in terms of migratory and adhesive capacity via flow 
cytometry and an in vitro transendothelial migration assay21 after isolation and labelling 
procedures. For flow cytometry, PBMCs were incubated with antibodies (PECy7-CD14, APC-
Cy7-CD16, PerCpCy5.5-HLA-DR, APC-CD11c, APC-CD18 1:50, all BD Biosciences, CA) for 15 
min and washed with PBS. Red blood cells were lysed with BD FACSTM-lysis solution (BD 
Biosciences, CA). Samples were analyzed by flow cytometry using a FACS Calibur (Becton 
Dickinson, NJ). For analysis, monocytes and their subsets were identified by CD14, CD16 and 
HLA-DR expression21, and the integrins CD11c and CD18 were used as markers of adhesive 
capacity23. For the transendothelial migration assay, primary human arterial endothelial cells 
(HAEC, purchased from Lonza (Baltimore, MD)) were cultured on a FN-coated glass cover to 
confluency and stimulated overnight with TNF-α (10 ng/ml). PBMCs at a concentration of 
1.106 cells/ml were added to the HAEC monolayer for 30 min at 37 °C, 5% CO2 and then fixed 
with 3.7% formaldehyde (Sigma-Aldrich, Zwijndrecht, the Netherlands). After fixation, multiple 
images were recorder with a Zeiss Axiovert 200 microscope (Plan-apochromat 10x/0.45 M27 
Zeiss-objective; Carl Zeiss Inc., Jena, Germany) and analyzed using Image-J software (http://
rsb.info.nih.gov/nih-image/).

Vascular imaging
18F-FDG PET/CT scans were performed on a Gemini time-of-flight multi-detector helical 
PET/CT scanner (Philips, Best, the Netherlands) as previously described24. In brief, subjects 
fasted for at least 6 hours prior to infusion of 200 MBq of 18F-FDG (5.5 mCi). After 90 min, 
subjects underwent PET/CT imaging initiated with a low-dose non-contrast enhanced CT for 
attenuation correction and anatomic co-registration. PET/CT images stripped of metadata 
were analyzed at the core laboratory by one blinded experienced reader (F.M.) using OsiriX 
(Geneva, Switzerland; http://www.osirix-viewer.com/). 18F-FDG uptake was assessed in the 
arterial wall of the ascending aorta, left and right carotid artery, as follows. In each artery 5 ROIs 
were drawn, delineating the arterial wall. Maximum standardized uptake values (SUV) were 
averaged for each artery. The target-to-background-ratio (TBR) was calculated from the ratio 
of maximal arterial SUV and mean venous background activity (within the superior caval vein 
(correction for aorta) and the jugular vein (correction for carotids)), according to previously 
described methods24,25. 

MR images were obtained with a 3.0 T whole-body scanner (Ingenia, Philips Medical Systems, 
Best, The Netherlands), using an 8 channel dedicated bilateral carotid artery coil (Shanghai 
Chenguang Medical Technologies, Shanghai, China). Quantitative image analysis was 
performed by one blinded experienced reader at the core laboratory using semi-automated 
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measurement software (VesselMass, Leiden, the Netherlands). Mean wall thickness (MWT), 
mean wall area (MWA) and the normalized wall index (NWI= mean wall area/outer wall area) 
were calculated26. 

PBMCs trafficking by SPECT/CT

All subjects underwent SPECT imaging (Symbia T16, Siemens, Erlangen, Germany) with a low-
dose non-contrast enhanced CT for attenuation correction and anatomic co-registration, at 3, 
4.5 and 6 hours post infusion of 200 MBq 99m Tc-HMPAO labelled autologous PBMCs. SPECT/CT 
images were analyzed using OsiriX (Geneva, Switzerland; http://www.osirix-viewer.com/) and 
MeVisLab (Bremen, Germany). Two experienced readers, who were offered data sets stripped 
of metadata on subject history and time post-infusion, analyzed the SPECT images twice 
at the core laboratory. Accumulation of labelled PBMCs in the arterial wall was quantified 
in the ascending aorta, left and right carotid artery, as follows. Anatomical landmarks were 
used to ensure that the same arterial segments were analyzed over time; i.e. for the carotids, 
one slice caudal to the bifurcation; for the ascending aorta, one slice cranial to the joining 
of the pulmonary arteries. In each artery 5 ROIs were drawn, delineating the arterial wall. 
The maximum counts in the 5 arterial wall ROIs were averaged over each artery, to derive 
an averaged maximum counts of the artery. To correct for the 99m Tc activity in the blood, 5 
venous ROIs were drawn within the superior caval vein (correction for aorta) and the jugular 
vein (correction for carotids), to obtain the averaged mean counts of the blood. The values 
provided in the present paper represent the ratio of the averaged maximum counts of the 
artery divided by the averaged mean counts in the blood.  These values are reported as the 
arterial-wall-to-blood-ratio (ABR). 

Statistical analysis

Baseline values and distributional characteristics are shown as mean (SD), number (frequency) 
or median (min-max). Independent samples t-tests, Mann-Whitney U tests and Chi-square 
tests were used to assess differences between patients and controls. To assess the differences 
over time in PBMCs accumulation a paired t-test or Wilcoxon signed-ranks test was applied. 
The following correlations were assessed using Pearson’s or Spearman’s correlation 
coefficient; (i) ABR at 4.5 and 6 hours for every artery, with the TBR of the corresponding artery, 
(ii) carotid ABR at 4.5 and 6 hours with carotid NWI, MWT, MWA, and (iii) ABR of the index 
vessel (highest ABR of either the left/right carotid or aorta) at 4.5 and 6 hours to non-imaging 
parameters. To assess interobserver variability, two readers analyzed the SPECT/CT images 
and intraclass correlation coefficients (ICC) with 95% confidence intervals were calculated. A 
two-sided P-value below 0.05 was considered statistically significant. All data were analyzed 
using Prism version 5.0 (GraphPad software, La Jolla, California) and SPSS version 19.0 (SPSS 
Inc., Chicago, Illinois). 
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RESULTS

Clinical characteristics

In total, 10 CV patients and 5 healthy control subjects were included (Table 1). The groups 
were balanced for age and gender. CV patients had a history of myocardial infarction (n=5), 
transient ischemic attack (n=2) or ischemic stroke (n=3). At baseline, traditional CV risk factors, 
including blood pressure, smoking and diabetes, did not significantly differ between groups 
(Table 1). Almost all CV patients (90%) were on stable statin therapy. Baseline laboratory 
analysis revealed no differences in lipid profiles between CV patients and controls (Table 1). 
Moreover, as a marker of systemic inflammation, there were no significant differences in white 
blood cell count or C-reactive protein (CRP), although CV patients did exhibit a higher level of 
circulating monocytes compared to control subjects (0.52 ± 0.16.109/L in patients versus 0.35 
± 0.06 109/L in controls, p= 0.013). 

TABLE 1. Clinical characteristics of subjects

Characteristic CV patients (n=10) Control subjects (n=5) P value

Age, y 56 ± 7 50 ± 3 ns

Gender, m (%) 7 (70) 4 (80) ns

BMI, kg/m2 28 ± 5 28 ± 6 ns

SBP, mmHg 132 ± 12 133 ± 10 ns

DBP, mmHg 82 ± 8 82 ± 2 ns

Active smoking, yes (%) 3 (30) 0 (0) ns

Statin use, yes (%) 9 (90%) 0 (0) 0.03

Tchol, mmol/L 5.26 ± 2.26 5.04 ± 0.19 ns

LDL-c, mmol/L 3.30 ± 2.24 3.08 ± 0.21 ns

HDL-c, mmol/L 1.37 ± 0.47 1.47 ± 0.41 ns

WBC, 10E9/L 6.93 ± 2.00 5.42 ± 0.95 ns

Monocytes, 10E9/L 0.52 ± 0.16 0.35 ± 0.06 0.01

CRP, mg/L 0.65 (0.30-10.70) 1.90 (0.30-3.60) ns

Continuous data are shown as mean ± SD, or median [min-max], and categorical data as number (percentage). BMI 
indicates body mass index; CRP, C-reactive protein; CV, cardiovascular; DBP, diastolic blood pressure; HDL-c, high density 
lipoprotein cholesterol; LDL-c, low density lipoprotein cholesterol; ns, not significant; SBP, systolic blood pressure; Tchol, total 
cholesterol; WBC, white blood cell count. 

Baseline vascular imaging confirmed that the CV patients included in the study were 
characterized by advanced atherosclerotic lesions (Table 2). First, MR imaging showed an 
increased atherosclerotic burden in the CV patients compared to healthy controls; (i) mean 
wall thickness (MWT) was increased (1.54 ± 0.54 in patients versus 0.64 ± 0.03, p=0.046), (ii) 
mean wall area (MWA) was enlarged (40.38 ± 18.15 in patients versus 14.32 ± 1.62 in controls, 
p=0.029) and in line, (iii) normalized wall index (NWI) was higher in patients compared with 
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Imaging PBMCs accumulation in atherosclerotic lesions with SPECT/CT

In all subjects, we performed SPECT/CT imaging 3, 4.5 and 6 hours post-infusion (pi) 
of radiolabeled autologous PBMCs. Prior to assessing the differences between groups, 
interobserver agreement for the SPECT/CT images reading demonstrated proper ICC of 0.87 
with a narrow 95% confidence interval (0.75-0.96). 

At the first time point - 3 hours pi - the arterial-wall-to-blood-ratio (ABR), representing PBMCs 
accumulation, although higher in patients, was not significantly different between CV patients 
and controls (ABR for aorta 3.68 ± 1.23 in patients versus 2.93 ± 1.37 in controls, p = ns; Figure 
3A). In contrast, 4.5 and 6 hours pi, there was a significantly higher ABR in the arterial wall in 
patients compared to controls. For the ascending aorta, the ABR 4.5 hours pi was 5.41 ± 2.29 
in patients versus 2.59 ± 0.90 in controls (p= 0.013), and 6 hours pi 8.19 ± 4.49 in patients 
versus 2.80 ± 1.19 in controls (p= 0.012; Figure 3A). Figure 4 depicts illustrative cross-sectional 
SPECT/CT images of the ascending aorta at three anatomic levels at 4.5 hours pi, showing 
an enhanced PBMCs accumulation in a CV patient versus a control subject. Corresponding 
results were found when analyzing the left and right carotid artery (Figure 3B). See Table 3 for 
an overview of the PBMCs accumulation at the three time points for every artery in patients 
versus controls.

TABLE 3. ABR and delta ABR in patients and controls

Time pi (h) CV patients (n = 10) Controls (n = 5) P value

Left carotid 3 1.44 ± 0.65 1.44 ± 0.24 0.981

4.5 2.18 ± 1.01 1.47 ± 0.23 0.050

6 2.57 ± 1.21 1.50 ± 0.45 0.044

ΔABR 1.13 ± 0.72 0.07 ± 0.27 0.004

Right carotid 3 1.70 ± 0.41 1.45 ± 0.41 0.359

4.5 2.13 ± 0.35 1.49 ± 0.40 0.038

6 2.69 ± 0.61 1.45 ± 0.43 0.003

ΔABR 1.00 ± 0.53 0.00 ± 0.05 0.001

Aorta 3 3.68 ± 1.23 2.93 ± 1.37 0.390

4.5 5.41 ± 2.29 2.59 ± 0.90 0.013

6 8.19 ± 4.49 2.80 ± 1.19 0.012

ΔABR 4.50 ± 3.63 -0.13 ± 0.25 0.009

Data shown as mean ± SD. ∆ indicates delta; ABR, arterial wall to blood pool ratio; CV, cardiovascular; pi, post infusion.
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Correlation between PBMCs accumulation and disease severity

In patients, the ABR (PBMCs accumulation) as measured with SPECT/CT correlated with the 
TBR (arterial wall inflammation) of the corresponding vessel assessed via PET/CT. For the right 
carotid, both the ABR at 4.5 and at 6 hours pi correlated with the right carotid artery TBR 
(r=0.76, p=0.007 and r=0.88, p=0.014, respectively). Figure 3E shows the correlation of ABR at 
4.5 hours pi with the TBR of the right carotid. Moreover, the change in ABR from 3 to 6 hours 
pi in the right carotid artery also correlated with TBR (r=0.79, p=0.011). In line, in the left carotid 
artery and ascending aorta the ABR also correlated with TBR, as shown in Table 4. Figure 4 
shows cross-sectional SPECT/CT images at 4.5 hours pi with corresponding PET/CT images of 
the ascending aorta at three anatomic levels, indicating (i) the significant differences between 
a CV patient and a control subject, and (ii) the correlation between ABR and TBR. No significant 
correlations were found between ABR and arterial wall dimensions as assessed with MRI 
(Table 4). Besides, no correlation between circulating immune cells and PBMCs accumulation 
was observed (for circulating monocytes r=0.15, p=ns), whereas, the level of CRP did correlate 
with PBMCs accumulation in the arterial wall (r=0.76, p=0.030). For the classical CV risk factors, 
total cholesterol and LDL-c also correlated to the change in ABR over time (r=0.72, p=0.044 
and r=0.77, p=0.027, respectively). 

TABLE 4. Correlation between PBMCs accumulation and arterial wall dimensions (MRI) or inflammation (PET/CT)

ABR 4.5h pi p-value ABR 6h pi p-value ΔABR 3-6h pi p-value

PET/CT

TBR left carotid 0.67 0.049 0.69 0.042 0.78 0.012

TBR right carotid 0.76 0.007 0.881 <0.001 0.79 0.011

TBR aorta 0.72 0.028 0.52 0.150 0.53 0.142

MRI

NWI 0.70 0.125 0.74 0.09 0.52 0.292

MWT 0.67 0.145 0.72 0.107 0.51 0.303

MWA 0.68 0.140 0.72 0.106 0.51 0.299

Data show correlation coefficients. ∆ indicates delta; ABR, arterial wall to blood pool ratio; MWA, mean wall area; MWT, 
mean wall thickness; MRI, magnetic resonance imaging; NWI, normalized wall index; PET/CT, positron emission tomography 
with computed tomography; pi, post infusion; TBR, target to background ratio.
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T=3 T=4.5
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FIGURE 6. PBMCs accumulation over time portrayed with SPECT/CT 

SPECT/CT images to guide the eye, in which the ascending aorta was segmented out (shown in red) to visualize 
the significant increase in PBMCs accumulation from 3 to 4.5 and 6 hours post-infusion in (A) the CV patient versus 
(B) no increase in the control subject. CT indicates computed tomography; CV, cardiovascular; PBMCs, peripheral blood 
mononuclear cells; SPECT, single photon emission computed tomography. 
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DISCUSSION

In the present proof-of-concept study we demonstrate that in vivo SPECT/CT imaging is 
able to detect PBMCs accumulation in the arterial wall, showing a marked increase in PBMCs 
accumulation over time in patients with overt atherosclerotic disease in absence of such a 
signal in control subjects. The degree of PBMCs accumulation in the arterial wall correlated 
to the degree of arterial wall inflammation as assessed with PET/CT. Moreover, PBMCs 
accumulation was correlated with established CV risk factors comprising LDL-c and CRP. 
These preliminary data lend further support to strategies aimed at attenuating leukocyte 
recruitment as a therapeutic target in CV patients.

Dissecting how leukocytes participate in atherogenesis is challenging due to their dynamics 
and functional heterogeneity4. In the present study, we observed marked and rapid PBMCs 
accumulation in atherosclerotic lesions in humans. In support, several experimental models 
corroborated active monocyte accumulation in the course of atherogenesis27,28, which was 
proportional to the atherosclerotic burden29. Notwithstanding the presence of active leukocyte 
recruitment in atherogenesis30, the biological fate of extravasated leukocytes remains less 
defined31. In early lesions, leukocytes are recruited via activated endothelium and infiltrate 
the arterial wall, giving rise to the initial pool of tissue descendants including macrophages 
and T cells32. However in advanced lesions, the contribution of freshly infiltrated monocytes 
to the macrophage content has been suggested to be less significant33, following the 
observation that local proliferation may in fact be the major source of lesional macrophages 
in experimental atherosclerosis34. The latter, however, does not indemnify the importance 
of leukocyte recruitment in advanced atherosclerosis35. Integrating the data suggests that 
in early lesions freshly recruited cells contribute to the subintimal inflammatory cell burden, 
whereas in more advanced lesions continuous leukocyte influx propagates inflammation, 
eventually promoting plaque vulnerability5,36 and the risk of a (recurrent) CV event38. In 
fact, circulating leukocytes of CV patients already exhibit a distinct functional phenotype, 
which is proportional to the CV event rate12,13 and potentially mediated via alterations of the 
epigenome14-16. 

In the present study, we observed several correlations between CV risk factors and PBMCs 
accumulation. First, PBMCs accumulation correlated with 18F-FDG uptake in the corresponding 
vessel as assessed with PET/CT. In turn, arterial wall 18F-FDG uptake has been correlated 
to plaque macrophage content24,37 and the risk of a recurrent CV event38. Second, PBMCs 
accumulation also correlated to the level of plasma CRP, a marker of systemic inflammation 
which is also correlated to CV risk39. Another correlation was observed between PBMCs 
accumulation and LDL-c, which may have several explanations. First, patients with higher LDL-c 
may have a higher atherosclerotic disease burden and hence higher PBMCs influx. However, 
we did not observe a correlation between PBMCs accumulation and arterial wall dimensions 
(i.e. NWI, MWA, MWT) as assessed with MRI. Alternatively, higher levels of circulating LDL-c 
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may lead to the activation of leukocytes and increased arterial wall PBMCs influx. In support, 
monocytes in hyperlipidemic conditions have an increased expression of adhesion makers40 

and are more avidly recruited to the atherosclerotic lesion29,30. Overall, these data imply that 
increased PBMCs recruitment is involved in disease progression in patients with advanced 
atherosclerotic lesions. 

The present approach of PBMCs imaging with SPECT/CT merits some considerations. A 
confounding variable in our findings is the potential in vitro PBMCs activation by the labelling 
procedures. However, in vitro flow cytometry and transendothelial migration assays did not 
show marked PBMCs activation regarding adhesive capacity by the labelling procedures. In 
support, the infusion of labelled PBMCs was not associated with an increased ABR in healthy 
controls. Second, the current technique could be refined by applying more sophisticated 
isolation procedures allowing to specifically study subpopulations of leukocytes. Extensive 
ex vivo procedures, however, could change the in vivo behaviour of the leukocytes prior to 
re-infusion. Third, our current approach is not capable of quantifying leukokinetics in terms of 
continuous recruitment, influx, differentiation and efflux or apoptosis. If recruited cells rapidly 
undergo apoptosis, this may lead to loss of radiotracer and an underestimation of the SPECT 
signal. Fourth, since we performed three SPECT scans in series we chose a low-dose non-
contrast CT for attenuation correction and co-registration. Increasing the CT dose or infusing 
a contrast agent prior to scanning could provide greater anatomic and radiotracer signal 
detail. However, this will invariably increase the radiation burden. Moreover, we used 99m Tc 
as a radiotracer, which has a half-life for gamma emission of 6 hours, thereby allowing rapid 
data collection and limiting radiation exposure. Applying a radiotracer with a longer half-life, 
such as 111Indium (half-life 2.8 days) for SPECT or a positron emitter like 89Zirconium (half-life 
3.3 days) for PET, would enable to study the trafficking of leukocytes for longer periods of 
time. However, both a higher radiation exposure for the patient, as extension of the time of 
scanning would compromise the utility of the current imaging approach for future clinical 
studies. 

In an attempt to silence the inflammatory activity of the plaque, therapeutic interventions 
targeting leukocytes could act at multiple levels, i.e. modulation of circulating leukocytes, 
reduction of recruitment and adhesion, and changes in differentiation, survival or emigration 
of leukocytes. Regarding recruitment and adhesion, alteration in the expression of the 
adhesion molecule VCAM-141 and chemotactic factors amongst which CCR26,7 and its ligand 
MCP-18,9, or combined inhibition of MCP-1, CX3CR1, and CCR542 favorably affects plaque size 
and progression in experimental models. To date, however, interventions in these pathways 
in patients have not been shown to contribute to a clinical benefit43,33. Notwithstanding, 
our current observation of active and rapid PBMCs accumulation in patients with advanced 
atherosclerotic disease lends further support to the targeting of leukocytes as a promising 
strategy against atherogenesis45. Our presented approach of in vivo leukocyte trafficking with 
SPECT/CT imaging could be applied to study mechanistic hypotheses in humans, as well as 
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provide early insights in the efficacy of interventions targeting leukocytes in CV patients. 

In conclusion, we present an imaging approach to visualize leukocyte migration to 
atherosclerosis in humans and demonstrate an increased PBMCs accumulation in patients 
with advanced atherosclerosis. Current proof-of-concept data supports efforts to develop 
and implement intervention strategies targeting leukocytes to modulate the inflammatory 
processes in atherosclerosis. 
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