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Preface to “Atherosclerosis and Vascular  
Imaging 2016” 

Cardiovascular disease is the main cause of death in the West, and vascular disease is the most 
common cardiovascular clinical problem. The disease results in serious morbidity and mortality, and 
carries economic cost implications. While conventional risk factors are well established, and their 
biomarkers regularly monitored, patients may continue to suffer subclinical active disease, even in the 
absence of risk factors, until they present with sudden cardiac death or stroke. Early disease detection 
using direct imaging has shown to be more accurate in identifying vulnerable patients and unstable 
plaques than conventional risk factors. This IJMS Special Issue deals with the current opinion concerning 
the state-of-the-art imaging technologies available for clinical applications, and their unique value over 
the sole use of conventional risk factor analysis, in identifying vulnerable patients, recommending 
aggressive treatments, prognosticating, and in assessing related nutritional and environmental issues. 
This Special Issue is the continuation of our 2015 Special Issue “Atherosclerosis and Vascular Imaging” 
(http://www.mdpi.com/journal/ijms/special_issues/vascular_imaging). 

Michael Henein 
Special Issue Editor 
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Olga Kruszelnicka 1,*, Jolanta Świerszcz 2, Jacek Bednarek 3, Bernadeta Chyrchel 2,

Andrzej Surdacki 2,† and Jadwiga Nessler 1,†

1 Department of Coronary Artery Disease and Heart Failure, Jagiellonian University Medical College and
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Abstract: A recent experimental study suggested that proton pump inhibitors (PPI), widely used to
prevent gastroduodenal complications of dual antiplatelet therapy, may increase the accumulation of
the endogenous nitric oxide synthesis antagonist asymmetric dimethylarginine (ADMA), an adverse
outcome predictor. Our aim was to assess the effect of PPI usage on circulating ADMA in coronary
artery disease (CAD). Plasma ADMA levels were compared according to PPI use for ě1 month prior
to admission in 128 previously described non-diabetic men with stable CAD who were free of heart
failure or other coexistent diseases. Patients on PPI tended to be older and with insignificantly lower
estimated glomerular filtration rate (GFR). PPI use was not associated with any effect on plasma
ADMA (0.51 ˘ 0.11 (SD) vs. 0.50 ˘ 0.10 μmol/L for those with PPI (n = 53) and without PPI (n = 75),
respectively; p = 0.7). Additionally, plasma ADMA did not differ between PPI users and non-users
stratified by a history of current smoking, CAD severity or extent. The adjustment for patients’
age and GFR did not substantially change the results. Thus, PPI usage does not appear to affect
circulating ADMA in non-diabetic men with stable CAD. Whether novel mechanisms of adverse PPI
effects on the vasculature can be translated into clinical conditions, requires further studies.

Keywords: asymmetric dimethylarginine; coronary artery disease; proton pump inhibitors

1. Introduction

Proton pump inhibitors (PPI)—widely used to prevent gastroduodenal complications of dual
antiplatelet therapy—have recently been demonstrated to raise intracellular levels of asymmetric
dimethylargininie (ADMA), an endogenous inhibitor of nitric oxide (NO) synthesis, which was
accompanied by a lower NO formation, depressed endothelium-mediated vasorelaxation in vitro and
increased circulating ADMA by about 20% in mice. These effects were ascribed to a PPI-dependent
direct inhibition of the activity of the major ADMA-degrading enzyme type 1 dimethylarginine
dimethylaminohydrolase (DDAH-1) [1].

Because ADMA is a recognized adverse outcome predictor in coronary artery disease (CAD)
patients [2–4], the PPI-ADMA interaction might contribute to an excessive cardiovascular risk
in patients on PPI irrespective of the use of antiplatelet agents including clopidogrel, or a prior
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history of myocardial infarction [5–11]. Importantly, an elevated risk of myocardial infarction was
associated with the usage of PPI but not H2-receptor antagonists also in the general population
subjects, mainly without aspirin or clopidogrel, which may suggest an underlying mechanism not
directly involving either platelet aggregation or changed drug absorption due to a rise in gastric
pH [11,12]. Admittedly, potential negative clinical impacts of PPI on the risk of adverse cardiovascular
events are still controversial [13] with conflicting results between randomized trials and observational
studies [10,14]. Nevertheless, the proposed mechanistic concept [1] was not confirmed in a recent
placebo-controlled, open-label, cross-over study where PPI administration for four weeks was not
associated with significant effects on plasma ADMA or flow-dependent vasodilation in adults [15].

Therefore, our aim was to estimate the effect of PPI usage on circulating ADMA in stable CAD.

2. Results

Clinical and angiographic characteristics according to PPI use are shown in Table 1. Patients
taking a PPI prior to admission (mainly omeprazole 20 mg o.i.d. or pantoprazole 20 mg o.i.d.) tended
to be older and with lower estimated glomerular filtration rate (GFR).

Table 1. Characteristics of CAD patients according to PPI use prior to admission on a background of
concomitant low-dose aspirin, ACEI and statin.

Characteristic Patients on PPI (n = 53) Patients without PPI (n = 75) p-Value

Age (years) 59 ˘ 11 56 ˘ 10 0.12
Body-mass index (kg/m2) 27.7 ˘ 3.6 27.4 ˘ 3.5 0.6

History of current smoking, n (%) 16 (30%) 20 (27%) 0.8
Multivessel CAD, n (%) 41 (77%) 54 (72%) 0.6

CAD extent score 31 (21–44) 28 (19–40) 0.5
Left ventricular ejection fraction (%) 70 ˘ 7 68 ˘ 6 0.2

Hypertension, n (%) 43 (80%) 56 (75%) 0.4
Mean blood pressure (mm Hg) 96 ˘ 11 95 ˘ 10 0.7

Estimated GFR (mL/min per 1.73 m2) 69 ˘ 9 72 ˘ 11 0.09
LDL cholesterol (mmol/L) 2.8 ˘ 0.7 2.8 ˘ 0.6 0.8
HDL cholesterol (mmol/L) 0.9 ˘ 0.3 1.0 ˘ 0.3 0.2

Triglycerides (mmol/L) 1.4 ˘ 0.6 1.5 ˘ 0.7 0.3
Glucose (mmol/L) 5.8 ˘ 0.9 5.7 ˘ 0.8 0.5

High-sensitivity C-reactive protein (mg/L) 1.9 (1.1–4.0) 1.8 (1.0–3.8) 0.8

Data are shown as mean ˘ SD, median (interquartile range) or n (%); p-values by 2-tailed Student’s t-test or
Mann-Whitney U test, and chi-squared test for proportions. CAD: coronary artery disease; ADMA: asymmetric
dimethylarginine; ACEI: angiotensin-converting enzyme inhibitors; GFR: glomerular filtration rate calculated
according to the Modification of Diet in Renal Disease study formula; HDL: high-density lipoproteins; LDL:
low-density lipoproteins; PPI: proton pump inhibitors.

The use of PPI was not associated with any effect on plasma ADMA (Table 2). In addition,
there were no interactions between PPI use and the categorized potential confounders, i.e., current
smoking, angiographic CAD severity or extent in terms of plasma ADMA (p > 0.3), so that ADMA
levels did not differ between PPI users and PPI non-users stratified by a history of current smoking, the
presence of multivessel CAD or an over-median Sullivan score of angiographic CAD extent (Table 2).
Adjustment for patients’ age and GFR by means of ANCOVA did not substantially change the results.
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Table 2. Plasma ADMA levels according to PPI use prior to admission.

ADMA before Admission (μmol/L)
p-Value

PPI Users (n = 53) PPI Non-Users (n = 75)

All CAD subjects, n = 128 0.51 ˘ 0.11 0.50 ˘ 0.10 0.7

History of current smoking
Yes, n = 36 0.51 ˘ 0.11 0.50 ˘ 0.10 0.4
No, n = 92 0.51 ˘ 0.10 0.51 ˘ 0.11 0.8

Severity of angiographic CAD
One-vessel disease, n = 33 0.48 ˘ 0.10 0.49 ˘ 0.10 0.7
Multivessel disease, n = 95 0.52 ˘ 0.11 0.51 ˘ 0.11 0.9

Extent of angiographic CAD
Sullivan extent score ď 29, n = 65 0.48 ˘ 0.09 0.49 ˘ 0.10 0.6
Sullivan extent score > 29, n = 63 0.54 ˘ 0.11 0.52 ˘ 0.10 0.3

Data are shown as mean ˘ SD; p-values by 2-tailed Student’s t-test. Abbreviations as in Table 1.

3. Discussion

Our salient finding was a similar plasma level of ADMA in PPI users and non-users.
This observation appears inconsistent with the previously reported ability of PPI to augment ADMA
accumulation in vitro and in an animal model through a direct inhibition of DDAH-1 [1], an enzyme
influencing circulating ADMA [16–19]. On the other hand, in subjects with a history of vascular
disease, Ghebremariam et al. [15] observed a more pronounced trend towards higher ADMA while on
PPI compared to placebo in an interventional cross-over study, nevertheless the differences did not
reach the statistical significance, which is in agreement with our cross-sectional retrospective analysis.
To the best of our knowledge, our study is the second clinical report on ADMA levels in relation
to PPI use.

3.1. Mechanistic Considerations

There are several potential explanations of these apparent discrepancies. First, all the patients were
receiving angiotensin-converting enzyme inhibitors (ACEI), aspirin and statins, all of which had been
previously shown to lower ADMA levels [20–22], thereby obscuring the putative influence of PPI on
ADMA. On the other hand, ADMA concentrations in our patients were only slightly lower than ADMA
levels measured by the same enzyme-linked immunosorbent assay (ELISA) in control groups of largely
untreated subjects of similar age from European populations and without evidence of atherosclerotic
vascular disease [23–25], which argues against the proposed explanation and strengthens our findings.

Second, even if the PPI-DDAH-1 interaction took place in vivo, its effects on plasma ADMA
could be attenuated or nullified by an effective counter-regulatory mechanism. This hypothetical
mechanism might involve any of the recognized determinants of circulating ADMA levels including
DDAH-mediated ADMA degradation, urinary ADMA excretion, the activity of type I protein-arginine
N-methyltransferases (PRMTs-I), proteolysis rate of proteins with dimethylated arginine residues,
and interorgan ADMA transport [26]. Of note, Becker et al. [27] described depressed nicotinamide
adenine dinucleotide phosphate (NADPH)-dependent superoxide release and augmented expression
of the antioxidant defense enzyme type 1 heme oxygenase (HO-1) in human endothelial cells exposed
for 8–24 h to lansoprazole at final concentrations as low as 30 μmol/L, i.e., similar to PPI levels
(20 μmol/L) that increased intracellular ADMA concentrations by about 30% via DDAH-1 inhibition
as shown by Ghebremariam et al. [1]. The PPI-dependent HO-1 induction occurred at the level of
transcription [27], in contrast to PPI direct effects on DDAH-1 activity [1], which can probably further
potentiate the former effect in subjects on chronic PPI therapy. Accordingly, because oxidative stress
stimulates PRMTs-I expression [28] and inhibits DDAH activity [29,30], the PPI-mediated decrease in
endothelial superoxide formation [27] could possibly indirectly downregulate ADMA formation and
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enhance ADMA degradation, thus counteracting the ADMA-increasing effect of the direct DDAH-1
inhibition by PPI [1].

Third, findings from animal experiments cannot be simply extrapolated to clinical conditions
because the presence of atherosclerotic cardiovascular disease and risk factors may interfere with
ADMA-regulating pathways. Nevertheless, in our hands, there were no significant interactions
between PPI use and angiographic CAD extent or severity in terms of plasma ADMA and the results
did not substantially change upon exclusion of current smokers from the analysis.

3.2. Study Limitations

First, a retrospective study design constrains conclusions drawn from our data. Second, our
findings would be strengthened if we also assessed characteristics previously linked to adverse
cardiovascular effects of PPI, i.e., magnesium or homocysteine (due to a putative PPI-induced vitamin
B12 deficiency), and platelet response to aspirin (attributable to reduced aspirin absorption at a higher
intragastric pH). Nevertheless, chronic PPI therapy is unlikely to induce clinically relevant changes
in serum magnesium [31], vitamin B12 or homocysteine [32]. With regard to aspirin antiplatelet
effect, contradictory results were reported in patients on a low-dose aspirin treated with concomitant
PPI [33,34] and no involvement of ADMA in this interaction [33] has been demonstrated so far. Third,
coexistent diseases could affect our results, although we applied a wide range of exclusion criteria to
limit the heterogeneity of the study population. Finally, PPI pharmacokinetics is profoundly modulated
by genetic loss-of-function polymorphisms of cytochrome P450 (CYP) 2C19 isoform. Compared to
so-called extensive metabolizers with both wild-type CYP2C19 alleles, poor mobilizers (those with both
mutated CYP2C19 alleles) exhibit elevated circulating PPI levels, e.g., after oral omeprazole its peak
plasma level was about 5-fold higher and the area under the concentration-time curve approximately
9-fold higher [35]. Admittedly, we did not perform either genetic or epigenetic testing. However,
our aim was to compare ADMA in relation to PPI use in real-world clinical practice irrespective of
genotype status. Additionally, the frequency of CYP2C19 poor metabolizers in Caucasian populations
averages only about 2%–3% [36,37].

4. Materials and Methods

4.1. Patients

We performed an additional analysis of the dataset including ADMA levels and clinical and
angiographic characteristics of stable CAD men who had previously been described [38]. The study
subjects were free of heart failure or diabetes and exhibited the presence of ě1 significant epicardial
coronary stenosis on elective coronary angiography in our tertiary-care center [38]. All the patients
were receiving a low-dose aspirin, ACEI and statin for at least 3 months prior to the hospitalization.
As described previously [38], a wide set of exclusion criteria had been applied, including significant
valvular heart disease, infections within previous 2 months, relevant coexistent diseases (e.g., severe
renal insufficiency) and chronic non-cardiovascular medication with non-selective non-steroidal
anti-inflammatory drugs or coxibs. Out of 151 CAD patients 23 were excluded from the current
analysis due to missing data with regard to PPI use for ě1 month before the index hospitalization.

In line with the Declaration of Helsinki, the study protocol was approved by the Bioethics
Committee of the Jagiellonian University (Approval numbers: KBET/63/B/2006 dated 27 April 2006
and KBET/364/B/2012 dated 20 December 2012) and informed consent was obtained from the patients,
as mentioned previously [38].

4.2. Procedure

A sample of peripheral venous blood was collected into ethylenediaminetetraacetic acid tubes in
the fasting state in the morning prior to coronary angiography and plasma was kept frozen at ´70 ˝C
for subsequent biochemical analyses.

4



Int. J. Mol. Sci. 2016, 17, 454

ADMA levels were measured by a commercially available ELISA (DLD Diagnostika GmbH.,
Hamburg, Germany)—as reported in detail [38]—and compared between 2 subgroups of the study
subjects divided on the basis of a history of PPI use for ě1 month before blood sampling on admission
for ADMA assay. In addition, we compared ADMA levels in PPI users and non-users according to
a history of current smoking, angiographic CAD severity (multivessel vs. one-vessel CAD) [39] and
CAD extent quantified by means of the Sullivan score representing a percentage of the vessels with
vascular wall irregularities on coronary angiography [40].

4.3. Statistical Analysis

Data have been presented as means ˘ SD (standard deviation) or medians (interquartile range)
for continuous characteristics with normal and non-normal distribution, respectively. The concordance
with a Gaussian distribution was checked by the Lilliefors’ test. The patients were compared according
to PPI use by 2-tailed Student’s t-test or Mann-Whitney U test, and chi-squared test for continuous and
categorical characteristics, respectively. According to a post hoc power calculation for the study group
as a whole, the study design allowed to detect a difference in plasma ADMA between PPI users (n = 53)
and non-users (n = 75) of 0.05 μmol/L (0.5 SD) with a power of 80% at a type I error rate of 0.05.

In order to test whether an effect of PPI use on circulating ADMA levels was modified by selected
categorized covariates, a two-way analysis of variance (ANOVA) was performed to assess these
potential interactions with plasma ADMA as a dependent variable and 2 independent factors: PPI use
on the one hand and—on the other hand—a history of self-reported current smoking or angiographic
CAD severity (multivessel vs. one-vessel CAD) or dichotomized CAD extent (an over-median (>29) vs.
below-median (ď29) Sullivan score) as a coexistent factor; then an interaction between these factors
was estimated. In addition, analysis of covariance (ANCOVA) was used to adjust for continuous
clinical characteristics, for which the p-value in a univariate comparison between patients with and
without PPI did not exceed 0.15. A p-value below 0.05 was inferred significant.

5. Conclusions

Thus, our preliminary cross-sectional findings suggest that PPI use does not appear to
considerably affect circulating ADMA in non-diabetic men with stable CAD. Whether novel
mechanisms of adverse PPI effects on the vasculature can be translated into clinical conditions, requires
validation in large well-designed studies.
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Abbreviations

ACEI angiotensin-converting enzyme inhibitors
ADMA asymmetric dimethylarginine
ANCOVA analysis of covariance
ANOVA analysis of variance
CAD coronary artery disease
CYP cytochrome P450
DDAH-1 type 1 dimethylarginine dimethylaminohydrolase
ELISA enzyme-linked immunosorbent assay
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GFR glomerular filtration rate
HDL high-density lipoproteins
HO-1 type 1 heme oxygenase
LDL low-density lipoproteins
NADPH nicotinamide adenine dinucleotide phosphate
NO nitric oxide
PPI proton pump inhibitors
PRMTs-I type I protein-arginine N-methyltransferases
SD standard deviation
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polymorphisms influencing the warfarin pharmacogenetics in Slovak population. Eur. J. Haematol. 2014,
93, 320–328. [CrossRef] [PubMed]

38. Kruszelnicka, O.; Surdacki, A.; Golay, A. Differential associations of angiographic extent and severity of
coronary artery disease with asymmetric dimethylarginine but not insulin resistance in non-diabetic men
with stable angina: A cross-sectional study. Cardiovasc. Diabetol. 2013, 12, 145. [CrossRef] [PubMed]

39. Kruszelnicka-Kwiatkowska, O.; Surdacki, A.; Goldsztajn, P.; Matysek, J.; Piwowarska, W.; Golay, A.
Relationship between hyperinsulinemia and angiographically defined coronary atherosclerosis in
non-diabetic men. Diabetes Metab. 2002, 28, 305–309. [PubMed]

40. Sullivan, D.R.; Marwick, T.H.; Freedman, S.B. A new method of scoring coronary angiograms to reflect extent
of coronary atherosclerosis and improve correlation with major risk factors. Am. Heart J. 1990, 119, 1262–1267.
[CrossRef]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

8



 International Journal of 

Molecular Sciences

Review

The Clinical Value of High-Intensity Signals on the
Coronary Atherosclerotic Plaques: Noncontrast
T1-Weighted Magnetic Resonance Imaging

Shoichi Ehara *, Kenji Matsumoto and Kenei Shimada

Department of Cardiovascular Medicine, Osaka City University Graduate School of Medicine,
Osaka 545-8585, Japan; matsumoto1110@hotmail.co.jp (K.M.); shimadak@med.osaka-cu.ac.jp (K.S.)
* Correspondence: ehara@med.osaka-cu.ac.jp; Tel.: +81-6-6645-3801; Fax: +81-6-6646-6808

Academic Editor: Michael Henein
Received: 7 June 2016; Accepted: 14 July 2016; Published: 21 July 2016

Abstract: Over the past several decades, significant progress has been made in the pathohistological
assessment of vulnerable plaques and in invasive intravascular imaging techniques. However,
the assessment of plaque morphology by invasive modalities is of limited value for the detection
of subclinical coronary atherosclerosis and the subsequent prediction or prevention of acute
cardiovascular events. Recently, magnetic resonance (MR) imaging technology has reached a sufficient
level of spatial resolution, which allowed the plaque visualization of large and static arteries such
as the carotids and aorta. However, coronary wall imaging by MR is still challenging due to the
small size of coronary arteries, cardiac and respiratory motion, and the low contrast-to-noise ratio
between the coronary artery wall and the surrounding structures. Following the introduction of
carotid plaque imaging with noncontrast T1-weighted imaging (T1WI), some investigators have
reported that coronary artery high-intensity signals on T1WI are associated with vulnerable plaque
morphology and an increased risk of future cardiac events. Although there are several limitations
and issues that need to be resolved, this novel MR technique for coronary plaque imaging could
influence treatment strategies for atherothrombotic disease and may be useful for understanding the
pathophysiological mechanisms of atherothrombotic plaque formation.

Keywords: acute coronary syndrome; atherosclerosis; magnetic resonance imaging; plaque;
thrombosis; intraplaque hemorrhage

1. Introduction

Acute myocardial infarction or sudden cardiac death frequently occurs as the first symptom of
coronary diseases, without prodromal angina [1]. Therefore, the prediction or prevention of acute
cardiovascular events has become a crucial clinical issue.

The degree of luminal narrowing is used as a marker for high risk plaques [2], but it is widely
recognized that plaque composition is likely to be much more clinically significant than luminal
narrowing because the arterial lumen is often preserved by positive arterial remodeling [3]. Therefore,
the direct evaluation of the arterial wall is an important goal in cardiovascular imaging. From the 1990s
onward, pathohistological studies have demonstrated that plaque rupture or erosion of the endothelial
surface with subsequent thrombus formation is the most important mechanisms in acute coronary
syndromes (ACSs) [4–6]. A large lipid-pool, thin-cap fibroatheroma (TCFA), macrophage accumulation,
and intraplaque hemorrhage have been identified as the key features of rupture-prone plaques [7].
Over the past several decades, significant progress has been made in the assessment of vulnerable
plaques using invasive intravascular imaging, such as intravascular ultrasound (IVUS) [8–10],
coronary angioscopy [11,12], or optimal coherence tomography (OCT) [13–15]. Those vulnerable
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features in the coronary artery have been confirmed not only in patients who died from the disease
but also in patients who survived an ACS. However, the assessment of plaque morphology by
invasive modalities is of limited value for the detection of subclinical coronary atherosclerosis and the
subsequent prediction or prevention of acute cardiovascular events.

Hence, there is widespread interest in alternative non-invasive modalities, such as magnetic
resonance (MR) imaging or computed tomography (CT), to directly visualize the arterial wall and
characterize plaque composition. MR imaging is an attractive option because it is performed with
magnetic fields and it is a safe and completely non-invasive technique with excellent soft tissue
contrast capable of differentiating the plaque components on the basis of their biophysical and
biochemical parameters.

In this review, we focus on the accumulated data on vulnerable plaque imaging using MR
techniques, and we also introduce the results from our recent studies.

2. The Beginning of Coronary Artery Plaque Imaging Based on High-Intensity Signal on
Noncontrast T1-Weighted Imaging

With any imaging technique, its most important qualities are the spatial resolution required to
visualize the lesion components and good contrast between the various components of the lesions.
Recently, MR imaging technology has reached a sufficient level of spatial resolution, which allowed
the plaque visualization of large and static arteries such as the carotids and aorta [16–20]. The advent
of carotid plaque characterization with noncontrast T1-weighted imaging (T1WI) in MR has facilitated
plaque imaging based on the presence of a high-intensity signal (HIS) within the thrombus or
intraplaque hemorrhage caused by methemoglobin T1 shortening [6–21].

However, coronary wall imaging by MR is still challenging due to the small size of coronary
arteries, cardiac and respiratory motion, and the low contrast-to-noise ratio between the coronary
artery wall and the surrounding structures. Despite these challenges, coronary wall imaging by MR has
been successfully applied in patients using breathhold [22,23] or respiratory gating (i.e., free-breathing)
techniques [24–28]. It has been demonstrated that MR can measure coronary vessel area, wall thickness,
plaque burden, or arterial remodeling [23]. However, the use of MR to identify plaque components in
coronary arteries has been limited.

Some investigators have reported that coronary artery HISs on T1WI are associated with
a vulnerable plaque morphology [24–26,28] and an increased risk of future cardiac events [27].
These coronary plaque images have been obtained while the patients were breathing freely,
by using a three-dimensional T1WI, inversion-recovery, gradient-echo technique with fat-suppression.
Kawasaki et al. proposed the calculation “the ratio between the signal intensities of coronary plaque
and cardiac muscle (PMR)”, which was defined as the highest signal intensity of the coronary plaque
divided by the signal intensity of the left ventricular muscle near the coronary plaque [24]. Areas with
a PMR >1.0 were defined as HIS in this report. They reported that the typical coronary HIS on T1WI
was associated with a high frequency of IVUS-derived low attenuation and positive remodeling,
remarkably low CT density, and transient slow-flow phenomena during percutaneous coronary
intervention (PCI) [24]. These features seemed to represent vulnerable plaques. Jansen et al. reported
that the HIS on T1WI correctly corresponded to the intracoronary thrombus detected by invasive
coronary angiography in patients with acute myocardial infarction within 72 h after the initial onset
of symptoms [25]. In our study involving a small number of patients, we demonstrated a direct
association between coronary HISs on T1WI and the presence of intracoronary thrombus as detected
through OCT (Figure 1) [26].
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Figure 1. A representative case of a HIS lesion on T1WI associated with an intraluminal thrombus.
(A) Coronary angiography revealing an intracoronary thrombus identified by the presence of
intraluminal filling defects surrounded by contrast agents in the distal right coronary artery (RCA) and
an ulceration in the proximal RCA; (B) The OCT examination showing a plaque rupture without a
thrombus in the proximal RCA; (C) In contrast, the culprit lesion in the distal RCA with a plaque rupture
with a large intracoronary thrombus; (D) Thrombus aspiration and plain old balloon angioplasty
(POBA) performed on the culprit lesion; (E) Two days later after POBA, whole-heart coronary MR
angiography revealing no significant stenosis in the distal RCA; (F) Coronary T1WI demonstrating
intraluminal HIS on the culprit lesion (circle). However, there is no HIS at the ulceration of the proximal
RCA; (G) Fused image showing intraluminal HIS in the area corresponding to the culprit lesion (circle).
R in panels E–G indicates right side.

3. What Appears as High-intensity Signal on T1-Weighted Imaging in the Coronary Artery? What
Is the Best PMR Cutoff Value?

There are two highly controversial topics related to HIS in the coronary artery. First, what appears
as a HIS on T1WI in the coronary artery? At this stage, the precise characterization of HISs is not known,
because no comparisons with histopathological data have been performed in the coronary artery
studies; comparative studies have been done on the carotid artery. Therefore, indirect comparisons
have been performed by using a surrogate marker mostly derived from other imaging modalities,
such as IVUS or OCT. Recently, Teruo Noguchi et al. reported that coronary artery HISs on T1WI were
associated with future cardiac events in patients with mildly atherosclerotic lesions that had not yet
caused an acute coronary event or induced cardiac ischemia [27]. It seems unlikely that HISs localized
within the vessel wall are associated with thrombus in the subclinical population. We investigated
the relationship between localization of HISs on T1WI and plaque morphology detected on OCT
in patients with either stable or unstable angina [28]. Areas with a PMR ď 1.0 were classified as
non-HISs. HISs with a PMR > 1.0 were then classified into two types, according to the localization of
HIS, using cross-sectional coronary T1WI. Areas that were localized within the coronary wall when the
lumen was identified were defined as intrawall HISs, whereas areas that occupied the lumen when the
lumen was not identified were defined as intraluminal HISs. The multivariate analysis revealed that
intraluminal HISs were associated with thrombus and intimal vasculature assessed by OCT. In contrast,
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macrophage accumulation and the absence of calcification were independent factors associated with
intrawall HISs (Figure 2). The plaque morphology of the culprit lesions in ACS patients varies from
thrombosis with or without plaque rupture to sudden luminal narrowing caused by intraplaque
hemorrhage. When previous data are taken together with our findings, one can speculate that
coronary intrawall HISs on T1WI may indicate intraplaque hemorrhage associated with inflammation.
Some observations have indicated that hemorrhage components appear as signal-poor OCT regions
that must be distinguished from lipid necrotic pools. Regrettably, the current imaging techniques,
including OCT, do not allow a definitive discrimination between hemorrhage and lipid components,
and that is a major issue that will require additional validation studies using histopathological materials
from coronary, rather than carotid arteries. In addition, we found that in intrawall HIS lesions the
presence of lipid-rich plaques was more frequent than in non-HIS lesions, although these differences
were not statistically significant when analyzed by multivariate analysis [28]. Do lipid-rich plaques
generate HIS? Although this MR technique uses a fat-suppressed sequence, perivascular fat, which is
mainly composed of triglycerides, has a different appearance on MR than the lipids in atherosclerotic
plaques. The plaque lipids consist primarily of unesterified cholesterol and cholesterol esters [29].
Therefore, it is not known whether the lipids within the atherosclerotic plaques were successfully
suppressed. There is increasing evidence that multiple vulnerable plaques with lipid are present
within the whole coronary tree in patients who experience an ACS, even though it may be a single
localized culprit lesion that caused the acute cardiovascular event [30]. However, most lipid pools
do not generate HISs except at the culprit lesion (Figure 3). The proportion, age, and volume of
methemoglobin based on the presence of vulnerable complex plaques may determine the PMR values.

 

Figure 2. A representative case of an intrawall HIS lesion on T1WI compared with plaque morphology
on CT, IVUS and OCT. (A,B) Coronary angiography revealing severe coronary stenosis (circle) in the
distal right coronary artery (RCA); (C) Coronary CT angiography showing the napkin-ring sign and
positive arterial remodeling; (D) The IVUS image showing a low attenuation plaque; (E) The OCT
examination showing a signal-poor region with irregular high- or low-backscattering borders without
thrombus; (F) Whole-heart coronary MR angiography showing significant stenosis in the distal RCA
(circle); (G) Coronary T1WI demonstrating intrawall HIS (circle); (H) Fused image showing intrawall
HIS (circle) in the area corresponding to the severe stenosis.

The second controversial topic is the fact that several MR studies used different PMR cutoff
values to detect HIS, so there is no consensus on which cutoff is best for risk stratification.

12



Int. J. Mol. Sci. 2016, 17, 1187

Recently, two studies by Noguchi et al. demonstrated that the optimal PMR cutoff values for predicting
future cardiac events and myocardial injury during elective PCI, defined as an increase in serum
troponin T levels, were of 1.4 and 1.3, respectively [27,31]. At this stage, it is not known which PMR
cutoff value is best or whether there is a need to determine the cutoff values. In our unpublished data,
the PMR increased in proportion to the accumulation of the number vulnerable plaque features, such as
intraluminal thrombus, lipid-rich plaque, plaque rupture, macrophage accumulation, and intimal
vasculature. HISs with a higher PMR are likely to represent more vulnerable plaques. Future studies
are needed to clarify the significance of PMR values on T1WI.

 

Figure 3. The culprit lesion in the proximal left anterior descending coronary artery (LAD).
(A) Coronary angiography revealing severe coronary stenosis in the proximal LAD (square) and
no significant stenosis in the left main coronary artery (LMCA) (circle); (B) The OCT examination
showing intracoronary thrombus in the proximal LAD; (C) There is a lipid-rich plaque in the LMCA
(circle); (D) Coronary T1WI demonstrating HIS in the area corresponding to the culprit lesion of the
proximal LAD (square). However, no HIS in the LMCA with the lipid-rich plaque is found (circle).

4. The Clinical Implication of High-Intensity Signal in Coronary Atherosclerotic Plaques

What is the clinical implication of detecting HIS on noncontrast T1WI in MR in coronary
atherosclerotic plaques? One of the goals of researchers is to investigate whether the presence of
HIS on T1WI in subclinical coronary atherosclerosis is associated with the subsequent development
of acute cardiovascular events. Noguchi et al. demonstrated that a PMR cutoff value of 1.4 was
best for identifying vulnerable coronary plaques associated with future cardiac events, including
nonfatal ST-segment elevation myocardial infarction, high-sensitivity cardiac troponin T-positive
unstable angina pectoris or non-ST-segment elevation myocardial infarction, and ischemia-driven
PCI due to progressive angina pectoris [27]. Moreover, their stratified analysis using PMR values of
1.0 and 1.4 revealed that the incidence of cardiac events was well differentiated: 25.8% for PMR ě 1.4,
8.4% for PMR 1.0–1.4, and 1.1% for PMR < 1.0. Interestingly, of the segments with plaques with
PMRs ě 1.4, 17% were associated with coronary events, which developed in 51% of the segments in
the first 12 months.

Moreover, some studies have demonstrated that the presence of HIS on noncontrast T1WI has
the potential to predict a PCI-related myocardial injury, which is associated with worse short-term
and long-term clinical outcomes [31–33]. Although the etiology of PCI-related myocardial injury
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is a multifactorial phenomenon, the predominant mechanism involves the distal embolization of
atheromatous or thrombotic materials, and results from the mechanical fragmentation of the culprit
plaque during PCI [34]. Asaumi et al. examined the relationship between HISs on T1WI and PCI-related
myocardial injury, which is manifested by the elevation of cardiac troponin, in patients undergoing
elective PCI [31]. They reported that the optimal PMR cutoff value for predicting PCI-related
myocardial injury was 1.3, and the sensitivity and specificity were 67% and 86%, respectively.
Hoshi et al. also reported that in patients with stable angina pectoris undergoing elective PCI, the PMR
cutoff value of 1.44 predicted PCI-related myocardial injury, and the sensitivity and specificity were 78%
and 82%, respectively [32]. In our study, which employed distal protection devices, we investigated
predictors of the filter no-reflow (FNR) phenomenon during PCI by using multimodality, such as
HIS on T1WI, plaque composition by using OCT, and serum biomarkers, in patients with either
stable or unstable angina [33]. Our multivariate analysis revealed that only the presence of HISs
with PMR > 1.85 remained an independent predictor of the FNR phenomenon, and the sensitivity
and specificity were 65% and 93%, respectively. It is unclear why there are differences in PMR cutoff
values for predicting cardiac events. In our study involving patients with unstable angina pectoris,
FNR occurred at a high rate (40%) compared with the rate of PCI-related myocardial injury (26%)
reported in a previous study [31]. HISs with a higher PMR are likely to represent more vulnerable
plaques, and thus the occurrence of FNR might be more closely associated with vulnerable plaque
morphology and plaque volume with a higher PMR than that of PCI-related myocardial injury assessed
by troponin. The differences in study population or outcomes might be associated to the different PMR
cutoff values.

A noninvasive imaging technique capable of identifying not only the presence of a thrombus or
hemorrhage but also its stage of development would be invaluable. It has already been established that
cerebral hemorrhage staging can be accurately assessed by MR using multicontrast images. Despite the
existence of well-defined criteria for staging cerebral hemorrhages, few reports are available regarding
the staging of an intraluminal thrombus or intraplaque hemorrhages. Recently, Tan et al. revealed that
MR imaging was a precise and reproducible method for distinguishing an acute ipsilateral recurrent
deep vein thrombosis from an at least six-month-old chronic residual thrombus in the leg veins,
when recurrence was not suspected [35]. Moreover, Chu et al. have shown that multicontrast MR
images can detect and classify a carotid intraplaque hemorrhage into three stages: fresh (<1 week),
recent (1–6 weeks), and old (>6 weeks) [36]. If HIS on T1WI can be shown to be limited to a fixed
term, its presence could be used to accurately identify recent plaque thrombosis or hemorrhage.
This information may have several novel clinical implications in the field of PCI, including the
prediction or prevention of no-flow phenomena or the aging of a chronic total occlusion. The precise
assessment of recent plaque thrombosis or hemorrhage in the coronary occlusion site may influence
procedural success rates for chronic total occlusions. Furthermore, although ACS patients with the
high-risk should be considered for early invasive intervention, the differential diagnosis and treatment
of the remaining patients is challenging in emergency triage. A noninvasive thrombus-detection
technique would be useful for further risk stratification and for obtaining prognostic information in
patients with coronary artery disease.

Finally, the extent of intraplaque hemorrhage corresponded positively to the size of necrotic core,
and the development of hemorrhage resulted in plaque volume expansion and subsequent plaque
rupture [37]. If coronary intrawall HISs on T1WI represent intraplaque hemorrhage, early identification
of patents with hemorrhage may prove invaluable in optimizing management to minimize future
cardiovascular events. Noguchi et al. reported that statin therapy reduced the PMR values, as well
as low-density lipoprotein cholesterol and high-sensitivity C-reactive protein levels in patients with
coronary artery disease [38]. If statin therapy not only modifies plaque morphology and makes it more
stable, but also accelerates the degradation of methemoglobin, that could be invaluable for treatment
strategies for atherosclerosis.
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5. Limitations and Issues to Be Resolved in the Future

Several limitations should be mentioned in this study field. First, the major issue is that there was
no evidence based on pathohistological findings. Therefore, the previous results should be interpreted
with caution. Second, when an inversion-recovery gradient-echo sequence is used for the T1WI,
issues with spatial resolution and partial volume effect could provide artifacts that look like HIS.
This MR technique overcomes many of the difficulties associated with conventional techniques that
generate a signal based on flowing blood. With T1WI, signal generation does not rely on flowing blood
because it uses a non-slice-selective inversion recovery pulse for the black-blood method. Therefore,
the image interpretation requires only the detection of a high signal, beyond the high-resolution display
of vessel walls [21]. Although theoretically the T1WI technique is unaffected by blood flow, it is not
known whether this supposition applies to actual clinical images. There is a possibility that the HIS
might result from a gap in a null point. Future studies are needed to verify whether flow disturbance
cause artifact like a HIS. Third, contrast agents such as gadopentic acid (Gd-DTPA), attached to specific
imaging probes targeted to biochemical and cellular markers of atherosclerotic plaque vulnerability,
may be useful for plaque characterization [39]. Finally, previous coronary plaque imaging studies on
MR used only a single-contrast sequence as T1WI [24–28,31–33,38]. The multi-contrast high-resolution
protocol is ideal since they generate a wide range of contrast for the individual plaque characterization.
However, the acquisition of multi-contrast images is time-consuming, especially in conjunction with
the need for high spatial resolution.

6. Conclusions

To determine which plaque features pose a higher risk for future cardiovascular events, we need
a noninvasive imaging tool that can identify high-risk plaque features. MR imaging has the
potential to identify thrombus and distinguish intraplaque hemorrhage from other plaque components.
Because this MR technique has a very short history and no comparisons with histopathological data
or multicenter randomized trials have been carried out, many more studies will be needed before this
method could be considered to be applied in the clinical arena. Although there are several limitations
and issues that need to be resolved, this novel MR technique for coronary plaque imaging could
influence treatment strategies for atherothrombotic disease and may be useful for understanding the
pathophysiological mechanisms of atherothrombotic plaque formation.
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The following abbreviations are used in this manuscript:

ACS acute coronary syndrome
TCFA thin-cap fibroatheroma
IVUS intravascular ultrasound
OCT optical coherence tomography
MR magnetic resonance
CT computed tomography
T1WI T1-weighted imaging
HIS high-intensity signal
PMR the ratio between the signal intensities of coronary plaque and cardiac muscle
PCI percutaneous coronary intervention
FNR filter no-reflow
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Abstract: Mutations in the genes low-density lipoprotein (LDL) receptor-related protein-6 (LRP6)
and myocyte enhancer factor 2A (MEF2A) were reported in families with coronary artery disease
(CAD). We intend to determine the mutational spectrum of these genes among hyperlipidemic
and normolipidemic CAD families. Forty probands with early-onset CAD were recruited from
19 hyperlipidemic and 21 normolipidemic Chinese families. We sequenced all exons and intron-exon
boundaries of LRP6 and MEF2A, and found a novel heterozygous variant in LRP6 from a proband
with normolipidemic CAD. This variant led to a substitution of histidine to tyrosine (Y418H) in an
evolutionarily conserved domain YWTD in exon 6 and was not found in 1025 unrelated healthy
individuals. Co-segregated with CAD in the affected family, LRP6Y418H significantly debilitated
the Wnt3a-associated signaling pathway, suppressed endothelial cell proliferation and migration,
and decreased anti-apoptotic ability. However, it exhibited no influences on low-density lipoprotein
cholesterol uptake. Thus, mutation Y418H in LRP6 likely contributes to normolipidemic familial
CAD via impairing endothelial cell functions and weakening the Wnt3a signaling pathway.

Keywords: LDL receptor-related protein-6 (LRP6); normolipidemic; coronary artery disease; familial;
endothelial cell dysfunction

1. Introduction

Coronary artery disease (CAD), the most common cause of death, is characterized by the stenosis
or occlusions of coronary arteries that are mostly caused by the progressive deposition of lipids and
fibrous matrix (atherosclerotic plaques) in the arterial wall [1]. The key steps of atherosclerogenesis
include dysfunction of the endothelium, lipoprotein deposition, recruitment of monocytes and
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lymphocytes, and proliferation of smooth muscle cells [2]. Endothelial cell survival, proliferation,
and migration are critical to maintain the homeostasis and normal functions of endothelium [3].

The common form of CAD appears multi-factorial in etiology, involving an interaction between
genetic and environmental factors [4,5]. Over the past decades, great efforts have been made to
systematically search for genes or chromosomal loci associated with CAD at the genome level by
family or population-based association studies, leading to the identification of numbers of susceptibility
genes or loci [6–10]. In contrast, familial CAD is rare but highly penetrated, presenting a monogenic
effect and Mendelian inheritance. Mutations in genes MEF2A and LRP6 were previously identified as
pathogenic or CAD-causing variants for familial CAD [11,12]. The detections of these loci or genes
apparently increase our knowledge of understanding the molecular mechanism of CAD and may be
helpful in improving the clinical treatment and drug discovery.

In addition to genetic influences, other risk factors for CAD are well established, such as
elevated cholesterol, hypertension, obesity, and unhealthy lifestyles [13]. For example, hyperlipidemia,
particularly the elevated level of low-density lipoprotein cholesterol (LDL-C), increases the risk
for atherosclerosis which is fundamental to CAD [14–16]. In contrast, the high-density lipoprotein
cholesterol (HDL-C) is inversely related with CAD [15–17]. Although hyperlipidemia is a significant
risk factor for CAD, a considerable proportion of CAD patients are normolipidemic. It has been
reported that only a third of CAD patients exhibit elevated cholesterol levels, especially LDL-C [18].
More than 40% and 60% of male CAD patients have normal ranges of serum LDL-C (<130 mg/dL,
3.4 mmol/L) and HDL-C levels (>35 mg/dL, 0.9 mmol/L) respectively [19]. Ultimately, how
genetic determinants contribute differentially to hyperlipidemic and normolipidemic CAD remains
largely unknown.

In this study, we recruited 40 Chinese Han families with early-onset hyperlipidemic or
normolipidemic CAD, sequenced all exons and intron-exon boundaries of LRP6 and MEF2A,
two previously reported CAD genes, and characterized the functions of newly identified mutations.

2. Results

2.1. A Novel Mutation in LRP6 Was Identified in a Family with Normolipidemic CAD

DNA was extracted from the peripheral blood lymphocytes of 40 probands, including
19 hyperlipidemic and 21 normolipidemic CAD patients from northern China (Table S1).
After amplifying the genomic DNA with primers, as shown in Tables S2 and S3, all exons and
intron-exon boundaries of LRP6 and MEF2A were sequenced. As a result, a novel heterozygous
variant in exon 6 of LRP6 was identified in a proband, belonging to a patient who was 41 years old
and diagnosed with myocardial infarction without hyperlipidemia. This proband (subject II7) was
from a family with three generations, involving 20 patients and non-affected first-order relatives
(Figure 1A). Two of his three major coronary arteries showed at least 80% stenosis (Figure 1B),
leading to percutaneous coronary intervention. The variant was located in a domain named
YWTD (Tyr–Trp–Thr–Asp), causing a substitution of histidine to tyrosine (Y418H) (Figure 1C).
The multiple alignments using a basic local alignment search tool (BLAST) in the NCBI database
showed that this region was highly conserved from Denio rerio to Homo sapiens (Figure 1D).
Y418H was predicted to be a probable damaging change with a score of 0.994 in Polyphen-2
(available online: http://genetics.bwh.harvard.edu/pph2/, Table S4). We sequenced exon 6 of LRP6
in another 1025 unrelated healthy individuals and found no variants.

In the Y418H family, another four members were previously diagnosed with CAD or suffered
from sudden cardiac death before age 50 (men) or 55 (women), and two of them have been deceased.
In addition to CAD, the proband (subject II7) and his sister (subject II5) were diagnosed with
hypertension and diabetes. The third generation is too young and has no clinical symptoms, and is
thus not subjected to clinical diagnosis. We genotyped 17 individuals from this family and found that
the Y418H variant was co-segregated with CAD phenotypes (Figure 1A). It was speculated that this
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mutation came from subject I2. Eleven family members were available for measurement of fasting
glucose, total cholesterol (TC), triglycerides, LDL-C, and HDL-C (Table 1). For subject II3 (unaffected)
and subject II5 (CAD), who had not taken lipid-lowering drugs during the past six months, blood lipid
levels were similar. Additionally, despite the similar ages, the blood lipid levels of Y418H-carriers
III7 and III8 were significantly different. These suggested that Y418H is not co-segregated with
dyslipidemia and that this familial CAD is not linked to hyperlipidemia.

Figure 1. Novel mutation of LRP6 identified in a CAD pedigree. (A) Pedigree of the family with the
LRP6 Y418H mutation. Numbered individuals correspond to those in Table 1. Circles represent females;
Squares represent males; Proband is indicated by the arrow; Individuals with CAD are indicated by
black symbols; Individuals without CAD are shown as unfilled symbols; Presymptomatic carriers are
shown by symbols by gray symbols; Symbols with a slash through them indicate deceased subjects;
Genotypes of the LRP6 mutation were shown below the symbols who were willing to participate in
the study; Filled stars indicates that the genotype of subject I2 was speculated; Individuals who were
not available for studied are indicated with question mark; (B) Coronary angiogram of the proband.
The red arrows indicates the stenosis; (C) DNA sequence analysis for a segment of LRP6 exon 6 from
a healthy control (top) and the proband (below). A red arrow points out a single base mutation in
the proband, and it results in the substitution of histidine for tyrosine at codon 418; (D) Conservatism
analysis by interspecies alignments. The mutation position is indicated with a red frame.

Although no other mutations in LRP6 or MEF2A were found in the other 39 probands,
we noticed several known single nucleotide polymorphisms (SNPs) included in the single nucleotide
polymorphism database (dbSNP) during screening (data not shown). Nevertheless, we did not
calculate their minor allele frequencies because of the limited number of samples.
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2.2. LRP6Y418H Weakened the Wnt Signaling Pathway

As a receptor, LRP6 activates the canonical Wnt-mediated signal pathway. To determine whether
the mutation Y418H impaired Wnt signaling transduction, a comparative study was carried out
among wild-type (LRP6WT), mutant LRP6 with Y418H (LRP6Y418H) and mutant LRP6 with a previously
reported mutation R611C (LRP6R611C) [12]. We transfected human umbilical vein endothelial cells
(HUVEC) with the same amount of plasmids encoding LRP6WT, LRP6R611C or LRP6Y418H, which were
supported by RT-PCR (Figure 2A). Western blot showed that when an equal amount of protein was
loaded, the distribution of mutant LRP6 protein in the cellular membrane faction was similar to wild
type (Figure 2B–D). The luciferase reporter activity indicating the extent of Wnt signal activation was
then measured. We found that the Wnt3a-induced signaling was decreased 20% and 30% for LRP6R611C
and LRP6Y418H compared with LRP6wt, respectively (p < 0.05) (Figure 2E). A more severe reduction
was observed in the LRP6Y418H- than in the LRP6R611C-treated group (p < 0.05).

Figure 2. Effect of LRP6Y418H and LRP6R611C on Wnt signal transduction. (A) RT-PCR showed that there
was no significant difference between the over-expression levels of LRP6WT/LRP6R611C/LRP6Y418H;
(B) Western blot showed no significant difference between total expression levels or membrane location
of wild-type and mutant LRP6. Results were replicated three times and a representative figure was
shown; (C,D) Statistical result of (B); (E) Luciferase assay was performed with different amount of
Wnt3a. RLU: relative light units. Results were obtained with four independent transfections. Error
bars, standard deviation. * indicate p-value for one-way ANOVA plus post-hoc test <0.05. NS, not
significant in one-way ANOVA plus post-hoc test.
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2.3. LRP6Y418H Impaired Endothelial Cell Functions

Endothelial cell dysfunction contributes to atherosclerogenesis. To investigate the possible
mechanisms of atherosclerosis associated with LRP6Y418H, we first screened the effect of this mutation
on endothelial cell functions, including proliferation, migration, and anti-apoptosis, which were
critical to maintaining the integrity of the endothelium. A significantly decreased proliferation and
migration was observed in HUVEC over-expressing LRP6R611C and LRP6Y418H (all p < 0.05), and the
effect of LRP6Y418H was more profound than that of LRP6R611C (Figure 3A,B as well as Supplementary
Figure S1). The over-expression of LRP6 (wild type and mutant) protected endothelial cells from
the serum withdrawal-induced apoptosis, as shown by apoptotic DNA ladders (Figure 3C) and flow
cytometric analyses (Figure 3D,E); the anti-apoptotic ability, however, was decreased in the cells
infected by the mutant LRP6 (LRP6R611C and LRP6Y418H). No significant difference was observed
between the two mutations.

Figure 3. Effect of LRP6Y418H and LRP6R611C on endothelial cell functions; (A) Comparison of
endothelial cells’ proliferation. The same amount of cells was over-expressed with wild-type LRP6
or mutant. After 48 h, cell number was counted for each group. Results were calculated using
eight random fields from four independent biological replications; (B) Comparison of endothelial cell
migration. Results were calculated using six views from three independent replications of Boyden
chamber assay; (C) Electrophorogram for DNA ladder assay. SD, serum depletion; (D) Scatter diagram
from flow cytometry assay. Data were presented in 2D diagrams plotting PI against Annexin-APC.
Compensation for background fluorescence was performed by measuring target signals of single color
controls and negative controls. Two quadrants in the right-side diagram represent apoptotic cells;
(E) Statistical result for proportion of apoptotic cells in each group. Three biological repeats were
taken into calculation; (F–J) Relative mRNA level of markers for endothelial cell activation (IL6, SELE,
and ICAM) and senescence (P21 and P16). Three biological repeats were taken into calculation. Error
bars, standard deviation. * indicate p-value for one-way ANOVA plus post-hoc test <0.05. NS,
not significant.
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We then assessed how the mutations influenced the inflammatory responses of endothelial cells
and found no differences among the wild-type and two mutations in the mRNA expression of IL6
(Figure 3F), SELE (Figure 3G), and ICAM-1 (Figure 3H).

Finally, no differences were found in the mRNA expression of P21 and P16, two markers for cell
senescence, among all groups, suggesting senescence was not involved (Figure 3I,J).

2.4. The Influence of LRP6Y418H on Cellular LDL-C Clearance

Compared with LRP6wt, LRP6R611C has been shown to decrease cellular LDL-C clearance.
We examined whether LRP6Y418H had a similar effect. After being incubated with LDL-C labeled by Dil
(a red dye), cells transfected with LRP6R611C presented a reduced LDL uptake compared to the LRP6wt

cells (p < 0.05) (Figure 4A,B), but no differences existed between LRP6wt and LRP6Y418H.

Figure 4. Effect of LRP6Y418H and LRP6R611C on LDL uptake in HUVEC. (A) An overview of the
Dil-LDL uptake in HUVEC; Left, bright field; Right, Fluorescent field; (B) Quantitative results were
calculated using six random views from three independent replications. Error bars, standard deviation.
* indicate p-value for one-way ANOVA plus post-hoc test <0.05. NS, not significant; (C) Enlarged views
for single cells. Top, GFP translated by IRES following LRP6; Middle, Dil-LDL; Bottom, merged data.

3. Discussion

Here we report a novel heterozygous mutation of LRP6 in a Chinese normolipidemic CAD family,
which leads to a substitution of histidine to tyrosine (Y418H) in an evolutionarily conserved domain,
YWTD. LRP6Y418H does not alter the lipid transportation; however, it weakens the Wnt signaling
pathway and exhibits deleterious effects on the proliferation, migration, and survival of endothelial
cells. Our study suggests that impaired endothelial functions caused by genetic mutation are critical in
the pathogenesis of normolipidemic CAD.

Over the past decades, a large number of genetic studies have been performed to search for
the genes or loci associated with CAD mostly with hyperlipidemia, but genetic knowledge on
normolipidemic CAD remains limited [20]. Here, we identified a genetic variant (Y418H) of LRP6 in a
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Chinese normolipidemic CAD family and provided several lines of evidence to show that this genetic
variant was a possible defect for familial normolipidemic CAD. Genetically, Y418H occurred in an
evolutionarily conserved YWTD domain, was co-segregated with CAD phenotypes in the family, and
was not detected in 1025 healthy individuals in this study. In addition, we inspected this mutation
in three other databases. Y418H was not found in the NHLBI GO Exome Sequencing Project (ESP)
(6503 samples) and in the in-house control test (221 samples); however, there were two carriers in
1000GP (2504 samples), yielding an allele frequency of 0.0004 (Table S4). Due to the lack of diagnosis,
we cannot rule out whether or not those carries are potential CAD patients occurring in Han Chinese
South (CHS). It is very interesting to note that we have observed LRP6 mutations in sporadic Chinese
CAD patients [21]. With the notion from the present study that LRP6 can be a candidate gene for
normolipidemic CAD, we checked the blood lipid levels and found that they were not elevated in their
first clinic visits (Table S5). Differently, mutations in LRP6 were screened out in American kindreds
with early-onset hyperlipidemic CAD [22]. With the limited numbers of mutations found by far, it is
difficult to make solid correlations between race, genotypes (positions of the mutations in LRP6 gene)
and phenotypes (normolipidemic or hyperlipidemic CAD). It appears clear that LRP6 is a plausible
candidate gene for both normolipidemic and hyperlipidemic CAD.

Functionally, Y418H is predicted to be a damaging allele with a Polyphen2 score of 0.994 that is
higher than that of R611C. We demonstrated that LRP6Y418H weakened the ability in proliferation,
migration, and survival of endothelial cells when exposed to stress. It is known that homeostasis
or prompt renewal of endothelial cells is critical to maintain the integrity of the endothelium.
Denuded by mechanical injuries, the endothelium can be amended by adjacent endothelial cells
and endothelial progenitor cells as well [3,23–31]. This suggests that, in addition to endothelial
progenitor cells, the survival, proliferation, and migration of endothelial cells localized in the zone
adjacent to the injured region are important to maintain the homeostasis. The impaired or dysfunctional
endothelium associated with LRP6Y418H should increase the susceptibility, together with other risk
factors, such as hypertension and diabetes in the affected individuals, to develop atherosclerosis in
coronary arteries. Finally, we showed that LRP6Y418H weakened the Wnt signaling pathway that had
been reported to contribute to familial CAD [12]. The extracellular structure of the LRP6 protein is
mainly composed of four beta propellers (BP) that contain six YWTD repeats which are separated by
four EGF-like domains. It was reported that the four BPs have different functions, for example BP1
and BP2 are mainly responsible for the binding of Wnt and Wise [32,33]. Strikingly, most mutations in
Supplementary Table S4 that were predicted to be seriously functionally damaged reside in the second
propeller and EGF-like domain, suggesting the importance of the second YWTD-EGF structure and
Wnt signal for CAD. This genetic and functional evidence supports that LRP6 is a reasonable candidate
gene for normolipidemic familial CAD.

Since R611C and Y418H were found in two CAD families, we compared clinical phenotypes
and functions of the two mutant LRP6s. In clinical phenotypes, two families had some overlapping
phenotypes: (1) some individuals in the families suffered from sudden cardiac death; and (2) the
affected subjects (after age 40) had multiple CAD risk factors such as hypertension and diabetes.
However, the blood lipid was dramatically different between the CAD patients in the two families:
the Y418H family was normolipidemic while the R611C family was hyperlipidemic; high levels of
LDL-C and triglycerides were co-segregated with CAD in the R611C family. Functionally distinct from
Y418H, the R611C mutation was in the EGF-like domain and impaired the cellular LDL-C uptake.
This was in agreement with a recent finding that the R611C mutation resulted in decreased LDL-C
clearance [34] and reduced LRP6 activity in LRP6R611C mice that had elevated plasma LDL-C and TG
levels and fatty liver [35]. Nonetheless, two mutations (Y418H and R611C) at the different positions of
the LRP6 gene can be linked to normolipidemic and hyperlipidemic CAD, two subtypes of familial
CAD, suggestive of the importance of LRP6.

LRP6, a trans-membrane protein of the low-density lipoprotein receptor (LDLR) family,
was identified based on its homology with the LDLR gene [36]. As a receptor of the canonical
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Wnt signaling pathway, LRP6, together with LRP5 and Frizzled, activates β-catenin-TCF/LEF, and
regulates downstream signaling which is important in the development and maintenance of the
cardiovascular system [37]. For example, activation of this pathway induces the proliferation,
migration, and survival of endothelial cells [38–40]. We in this study demonstrated that LRP6Y418H
attenuated the Wnt3a-activated signaling pathway, decreased proliferation and mobility, and weakened
the anti-apoptotic response of endothelial cells. Similarly, it has been shown that mutations of
LRP6 found in sporadic CAD patients attenuated proliferation and migration of HUVEC as well
as the Wnt signal [21]. LRP6R611C also attenuated the Wnt3a-activated signaling pathway [12].
These suggest that mutant LRP6 impairs endothelial cell functions, possibly through the attenuation
of the Wnt-signaling pathway. However, how other risk factors, such as hypertension and diabetes,
interact with the genetic defect in atherosclerogenesis needs to be further investigated.

Several limitations exist in this study: (1) the third generation of the studied pedigree is still
young, and we cannot claim whether or not the mutation carriers in this generation are CAD patients;
(2) LRP6 has a broad range of functions, and whether other signal pathways are involved in the
pathogenic mechanism of this family cannot be excluded. For example, LRP6 is a co-receptor for
multiple fibrogenic signaling pathways in pericytes and myofibroblasts [41]. It is not clear whether
or not these pathways contribute to CAD associated with the LRP6 mutations; and (3) although
Wang et al. identified MEF2A as a causal gene for CAD, we did not find any mutation in this gene
during our first screening. Similar to our finding, Lieb et al. suggested the lack of association between
the MEF2A gene and myocardial infarction [42]. However, limited by the modest sample number,
we cannot rule out the role of MEF2A in CAD.

In conclusion, we identified a mutation (Y418H) in the YWTD domain of LRP6 that co-segregated
with normolipidemic CAD in a Han Chinese family that impaired endothelial cell functions,
implying that endothelial dysfunctions associated with a genetic mutation play an important role in
normolipidemic CAD.

4. Materials and Methods

4.1. Study Subjects

We recruited 40 Chinese Han families with CAD that were ascertained through probands and
included more than two early-onset CAD/ myocardial infarction (MI) patients (less than 50 years old
for males or 55 years old for females). Blood pressure, glucose, hypertension, and diabetes mellitus
were measured or defined [43]. Hyperlipidemia or normolipidemia were defined based on clinical
diagnosis. 1025 unrelated Han Chinese controls were general healthy donors [44]. Written informed
consent was obtained from all participants. The study was conducted in agreement with the principles
outlined in the Declaration of Helsinki and approved by the Institutional Review Board, Institute of
Molecular Medicine at Peking University.

4.2. Cell Culture

Primary human umbilical vein endothelial cells (HUVECs) were isolated from fresh human
umbilical veins, cultured in complete Endothelial Cell Medium (ECM, ScienCell), and maintained
at 37 ˝C in 5% CO2. The informed consents were signed by babies’ fathers. The study was conducted in
agreement with the principles outlined in the Declaration of Helsinki and approved by the Institutional
Review Board, Institute of Molecular Medicine at Peking University.

4.3. Mutational Screening

Human genomic DNA was isolated as described previously [44]. The exons of the target genes
and their flanking exon-intron boundaries were amplified by PCR using specific primers listed in
Tables S2 and S3. The amplified DNA fragments were purified and subjected to direct sequencing on
ABI 3130XL according to the manual description of BigDye v3.1 kit.
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4.4. Wnt Signaling Analysis

cDNA clone of LRP6 (pCR-XL-TOPO-LRP6) was purchased from FulenGen. cDNA sequence was
validated by sequencing and inserted into pShuttle-IRES-hrGFP-1 vector. Mutations (Y418H and R611C,
a previously reported mutation [12]) were introduced by PCR-based mutagenesis, respectively. The
mutations were verified by DNA sequencing. HUVEC was electric transfected with equal amount of
plasmids expressing wild-type (LRP6wt) and mutant LRP6 (LRP6R611C or LRP6Y418H), respectively.
A Wnt pathway reporter system was utilized as previously described [12]. Briefly, plasmids encoding
wild-type LRP6 or mutants, LEF-1, firefly luciferase, and renilla luciferase were introduced into cells
by transfection. After 24 h, cells were lysed and luciferase reporter activity indicating the extent
of Wnt signal activation was measured in accordance with the dual luciferase assay specifications
(Promega, Hollow Road Madison, WI, USA).

4.5. Quantitative Real-Time PCR

Total RNA was extracted using Trizol reagent (Invitrogen, Waltham, MA, USA). Reverse
transcription and quantitative real-time PCR were performed as previously described [45]. Information
of specific primers is listed in Table S6. Results were normalized to 18S rRNA.

4.6. Western Blot Analysis of LRP6

Total and membrane protein were extracted using kit from Beyotime Biotechnology. Western blot
was performed to detect the wild type and mutant LRP6 protein (primary antibody for LRP6: sc-25317,
Santa Cruz, Dallas, TX, USA) based on the protocol previously reported [46]. GAPDH was used as a
loading control.

4.7. HUVEC Proliferation, Migration, and Apoptosis Analysis

For overexpression wild-type LRP6 or mutants in HUVECs, infection was performed with
adenovirus that constructed following manufacturer’s protocol for AdEasy system (Stratagene,
Santa Clara, CA, USA) [47]. We controlled the same over-expressional level among different groups by
adjusting the amount of virus added. Proliferation was evaluated using MTT (Sigma, St. Louis, MO,
USA) assay and actual cell number count, and migration was evaluated Boyden Chamber assay [48].
To avoiding the effect of proliferation, we controlled the migration time within 12 h. Apoptosis was
presented by both DNA ladder gel electrophoresis [49] and FACS analysis (BD Biosciences Clontech
Kit, San Jose, CA, USA).

4.8. Dil-LDL Uptake

HUVECs were placed in a six-well plate containing 20 μg/dL cholesterol and 2 μg/mL
25-hydroxycholesterol to down-regulate the endogenous LDLR (Supplementary Figure S2). After 24 h,
10 μg/mL Dil-LDL was added and incubated at 37 ˝C for six hours. Cells were washed three times
with PBS containing 1% FBS and were fixed in 4% paraformaldehyde. Specimens were then examined
by confocal microscope.

4.9. Statistic Analysis

Results are expressed as mean ˘ SD as indicated in the legends for measurement data.
Comparisons were performed using one-way ANOVA with post-hoc in SPSS software. p < 0.05
was considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/7/
1173/s1.
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Abstract: The purpose of the present study was to determine whether cerebral hyperperfusion
after revascularization inhibits development of cerebral ischemic lesions due to artery-to-artery
emboli during exposure of the carotid arteries in carotid endarterectomy (CEA). In patients
undergoing CEA for internal carotid artery stenosis (ě70%), cerebral blood flow (CBF) was measured
using single-photon emission computed tomography (SPECT) before and immediately after CEA.
Microembolic signals (MES) were identified using transcranial Doppler during carotid exposure.
Diffusion-weighted magnetic resonance imaging (DWI) was performed within 24 h after surgery.
Of 32 patients with a combination of reduced cerebrovascular reactivity to acetazolamide on
preoperative brain perfusion SPECT and MES during carotid exposure, 14 (44%) showed cerebral
hyperperfusion (defined as postoperative CBF increase ě100% compared with preoperative values),
and 16 (50%) developed DWI-characterized postoperative cerebral ischemic lesions. Postoperative
cerebral hyperperfusion was significantly associated with the absence of DWI-characterized
postoperative cerebral ischemic lesions (95% confidence interval, 0.001–0.179; p = 0.0009). These data
suggest that cerebral hyperperfusion after revascularization inhibits development of cerebral ischemic
lesions due to artery-to-artery emboli during carotid exposure in CEA, supporting the “impaired
clearance of emboli” concept. Blood pressure elevation following carotid declamping would be
effective when embolism not accompanied by cerebral hyperperfusion occurs during CEA.

Keywords: artery-to-artery embolism; carotid endarterectomy; cerebral hemodynamic insufficiency;
cerebral hyperperfusion; ischemic lesion
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1. Introduction

It has been previously reported that hemodynamic and embolic mechanisms are closely linked,
and they may act together to cause cerebral ischemia [1,2]. The authors suggested that clearance
of emboli from a proximal lesion may be decreased by low blood flow velocity in a cerebral artery,
which may lead to ischemia from emboli in poorly perfused areas of the brain. In support of this,
several previous studies showed that there was a relationship between embolic and hemodynamic
mechanisms, particularly in border zone regions having impaired wash-out due to artery-to-artery
embolism in cases of middle cerebral artery stenosis [3,4] or in new postoperative neurological deficits
caused by emboli developing during carotid artery stenting associated with intraprocedural lower
middle cerebral artery blood flow velocity [5].

More than 70% of the intraoperative procedure-related strokes that occur during carotid
endarterectomy (CEA) are due to surgical site embolisms [6]. When intraoperative transcranial Doppler
(TCD) is used to monitor the middle cerebral artery (MCA), more than 90% of patients undergoing
CEA are found to have microembolic signals (MES) [6–8]. However, the stage of CEA determines the
quality and quantity of MES that are detected [6,8,9]. When the carotid arteries are being exposed,
plaque that has not been removed is exposed to blood flow and can be a source of emboli. In such
cases, emboli can be dislodged from the surgical site into the intracranial arteries during manipulation
of the carotid arteries [8]. In addition, the MES that are detected are considered to represent solid
masses, because the target vessel is closed while the vessel is being exposed [10]. However, once the
carotid artery walls are incised for the endarterectomy, many harmless gaseous MES may be seen
during carotid declamping as air enters the arterial lumina [8,11]. MES detection while the artery is
being exposed has been shown to be correlated with the development of post-CEA cerebral ischemic
lesions on diffusion-weighted imaging (DWI) [7–9,11–13]. Furthermore, these ischemic lesions that
are related to the emboli generated during carotid artery exposure have been shown to be related to
preoperative hemodynamic cerebral compromise, such as reduced cerebrovascular reactivity (CVR) to
acetazolamide [14], providing support for the concept of “impaired clearance of emboli”.

Cerebral hyperperfusion is defined as a major increase in ipsilateral cerebral blood flow (CBF)
after surgical repair of carotid stenosis that is well above the metabolic demands of the brain tissue;
it is another adverse event following CEA [15]. It occasionally evolves into cerebral hyperperfusion
syndrome, whose characteristic manifestations include face and eye pain, unilateral headache, seizure,
focal neurological symptoms, and disturbance of consciousness secondary to intracerebral hemorrhage
or cerebral edema [15–18]. Impairment of the cerebral hemodynamic reserve before surgery may be
related to post-CEA hyperperfusion, and quick normalization of perfusion pressure after CEA may
produce hyperperfusion in brain regions with diminished autoregulation from chronic ischemia [17,18].
This hypothesis is consistent with the observation that reduced CVR to acetazolamide prior to surgery
is a significant predictor of hyperperfusion after CEA [19–21].

Thus, both cerebral ischemic lesions due to artery-to-artery embolism and cerebral hyperperfusion
may develop simultaneously during CEA in patients with preoperative cerebral hemodynamic
impairment. When broadening the interpretation of the “impaired clearance of emboli” concept,
blood flow greater than the normal level can inhibit development of ischemic lesions due to emboli
in the brain, and research regarding the influence of cerebral hyperperfusion on the development of
cerebral ischemic lesions due to artery-to-artery embolism seems interesting from the standpoint of
this concept.

The aim of the present study was to determine whether broadening the interpretation of the
“impaired clearance of emboli” concept is correct, namely cerebral hyperperfusion after revascularization
inhibits development of cerebral ischemic lesions due to intraoperative artery-to-artery emboli. In order
to do this, the relationship between development of DWI-characterized postoperative cerebral ischemic
lesions and cerebral hyperperfusion was investigated in patients with a combination of preoperatively
reduced CVR to acetazolamide on brain perfusion single-photon emission computed tomography
(SPECT) and MES on TCD during carotid artery exposure in CEA.
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2. Results

2.1. Trial Profile

Figure 1 shows the patient flow chart for this study. Six hundred and thirty patients with ipsilateral
internal carotid artery (ICA) stenosis ě70% and useful residual function were scheduled for CEA
and consented to participate in the present study. Of these 630 patients, 190 were defined as having
reduced CVR to acetazolamide. Of these 190 patients, five did not undergo CEA and were excluded
from the analysis. Of the 185 patients who underwent CEA, 23 did not show reliable TCD monitoring
during carotid exposure because of failure to obtain an adequate bone window, and 26 showed
electroencephalography (EEG)-defined hemispheric ischemia during ICA clamping; these 47 patients
(two had both conditions) were excluded from the analysis. Of the remaining 138 patients, 32 had
MES during exposure of the carotid arteries and were finally analyzed. Data acquisition with brain
perfusion SPECT was completed within 3 h after declamping of the ICA in all these 32 patients. They all
underwent DWI 24 h after surgery.

Figure 1. Trial profile showing the flow chart of patient numbers from initial screening to final
analysis. Patients who did not have preoperative reduced cerebrovascular reactivity (CVR), did not
undergo carotid endarterectomy (CEA), did not have reliable intraoperative transcranial Doppler (TCD)
monitoring, had hemispheric ischemia during carotid clamping, and did not have microembolic signals
(MES) during carotid exposure were excluded from the study.

2.2. Clinical Characteristics

The mean age of the 32 patients (29 men, three women) was 71.7 ˘ 4.5 (mean ˘ standard deviation
(SD)) years (range of 63–85 years). Twenty-six patients had preoperative hypertension, and 23 patients
received antihypertensive drugs (calcium antagonist alone for five, angiotensin receptor blocker alone
for 13 and both for five). Thirteen patients had preoperative diabetes mellitus, and all these patients
received antidiabetic drugs. Fifteen patients had preoperative dyslipidemia, and 12 patients received
a statin (strong statin for six). Seven patients had ischemic heart or valvular disease that did not
satisfy the criteria for high-risk factors for CEA in the Stenting and Angioplasty with Protection in
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Patients at High Risk for Endarterectomy (SAPPHIRE) study (congestive heart failure, abnormal
stress test, or need for open-heart surgery) [22]. None of the 32 patients had atrial fibrillation.
Twenty-five patients had ipsilateral carotid territory symptoms, and seven patients had asymptomatic
ICA stenosis. The overall average degree of ICA stenosis was 85.4% ˘ 8.8% (range, 70%–99%), with nine
patients showing >70% stenosis or occlusion in the contralateral ICA. Preoperative CBF and CVR to
acetazolamide were 33.1 ˘ 6.1 mL/100 g/min (range of 22.6–44.5 mL/100 g/min) and 8.6% ˘ 6.9%
(range of ´8.3%–18.0%), respectively. Preoperative systolic blood pressure was 133.6 ˘ 11.7 mmHg
(range of 111–156 mmHg). The number of MES ranged from one to 14 (4.3 ˘ 3.9). The interval from the
first MES to ICA declamping ranged from 34 to 59 min (45.3 ˘ 6.4 min). The interval from the last MES
to ICA declamping ranged from 35 to 65 min (46.8 ˘ 6.6 min). Mean systolic blood pressure during
carotid exposure was 113.8 ˘ 10.7 mmHg (range of 95–138 mmHg). Mean duration of ICA clamping
was 36.0 ˘ 5.7 min (range of 28–47 min). Mean systolic blood pressure in the post-carotid declamping
period in surgery was 121.4 ˘ 11.9 mmHg (range of 105–141 mmHg). Mean systolic blood pressure in
the postoperative period (within 24 h after surgery) was 127.8 ˘ 12.6 mmHg (range of 109–147 mmHg).
The mean rate of blood pressure–measured points with successfully controlled blood pressure to
all measured points in the post-carotid declamping period in surgery was 85.9% ˘ 3.9% (range of
72%–93%). The mean rate of blood pressure–measured points with successfully controlled blood
pressure to all the measured points in the postoperative period was 76.1% ˘ 4.9% (range of 67%–92%).

2.3. Postoperative Events

In the 32 patients studied, postoperative CBF was 52.9 ˘ 17.5 mL/100 g/min (range of
35.8–90.5 mL/100 g/min); 14 patients (44%) met CBF criteria for cerebral hyperperfusion.
Sixteen patients (50%) developed new postoperative ischemic lesions on DWI 24 h after surgery in the
cortex and/or white matter in the cerebral hemisphere ipsilateral to CEA. All new ischemic lesions
were spotty, and their diameters were 1 cm or less. Five (16%) of 32 patients studied developed new
neurological deficits after recovery from general anesthesia. All deficits included slight hemiparesis
contralateral to the CEA. These deficits resolved completely within 12 h in these five patients, and they
underwent additional DWI between 6 and 8 h after surgery and had new postoperative ischemic lesions
on both the first (6 to 8 h after surgery) and second (24 h after surgery) postoperative DWI examinations.

2.4. Postoperative Cerebral Hyperperfusion vs. Diffusion-Weighted Imaging (DWI)-Characterized
Postoperative Cerebral Ischemic Lesions

Results of univariate analyses of factors related to the development of DWI-characterized
postoperative cerebral ischemic lesions are shown in Table 1. The postoperative CBF and the
incidence of postoperative cerebral hyperperfusion were significantly higher in patients without
than in those with DWI-characterized postoperative cerebral ischemic lesions. Other variables
were not significantly associated with DWI-characterized postoperative cerebral ischemic lesions.
After eliminating variables that were closely related, the following items with values of p < 0.2 in
univariate analyses were adopted as confounders in the logistic regression model for multivariate
analysis: degree of ICA stenosis and postoperative CBF or postoperative cerebral hyperperfusion
(since the latter two interacted, each item was adopted individually). This analysis showed that
greater postoperative CBF (95% confidence interval, 0.616–0.938; p = 0.0104) or postoperative cerebral
hyperperfusion (95% confidence interval, 0.001–0.179; p = 0.0009) was significantly associated with the
absence of DWI-characterized postoperative cerebral ischemic lesions.

Figure 2 shows the relationships between the number of MES, postoperative CBF, cerebral
hyperperfusion, and the development of DWI-characterized postoperative cerebral ischemic lesions.
Postoperative CBF in patients with cerebral hyperperfusion ranged from mean + 3.9 SD to
mean + 11.8 SD of the control value. Whereas 15 (83%) of 18 patients without postoperative cerebral
hyperperfusion showed DWI-characterized postoperative cerebral ischemic lesions, only one (7%) of
14 patients with hyperperfusion had these ischemic lesions.
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Table 1. Univariate analysis of factors related to development of diffusion-weighted imaging
(DWI)-characterized postoperative cerebral ischemic lesions.

Variable

DWI-Characterized
Ischemic Lesions

p
Yes No

(n = 16) (n = 16)

Age (years, mean ˘ SD) 72.8 ˘ 5.4 70.7 ˘ 3.2 0.2557
Male sex 15 (94%) 14 (88%) >0.9999
Hypertension 12 (75%) 14 (88%) 0.6539

Preoperative antihypertensive drugs 10 (63%) 13 (81%) 0.4331
Preoperative calcium antagonist 5 (31%) 5 (31%) >0.9999
Preoperative angiotensin receptor blocker 8 (50%) 10 (63%) 0.7224

Diabetes mellitus 6 (38%) 7 (44%) >0.9999
Preoperative antidiabetic drugs 6 (38%) 7 (44%) >0.9999

Dyslipidemia 7 (44%) 8 (50%) >0.9999
Preoperative statins 5 (31%) 7 (44%) 0.7160
Preoperative strong statins * 2 (12%) 4 (25%) 0.6539

Preoperative aspirin 6 (38%) 4 (25%) 0.7043
Preoperative clopidogrel 10 (63%) 12 (75%) 0.7043
Ischemic heart or valvular disease 3 (19%) 4 (25%) >0.9999
Symptomatic lesion 14 (88%) 11 (69%) 0.3944
Degree of ICA stenosis (%, mean ˘ SD) 83.1 ˘ 9.0 87.7 ˘ 8.2 0.1258
Bilateral lesions 4 (25%) 5 (31%) >0.9999
Preoperative CBF (mL/100 g/min, mean ˘ SD) 31.9 ˘ 5.8 34.4 ˘ 6.4 0.2581
Preoperative CVR to acetazolamide (%, mean ˘ SD) 8.7 ˘ 5.9 8.6 ˘ 8.0 0.6783
Preoperative systolic blood pressure (mmHg, mean ˘ SD) 134.5 ˘ 15.8 132.5 ˘ 14.2 0.9254
Number of MES (mean ˘ SD) 4.6 ˘ 4.3 4.0 ˘ 3.6 0.8932
Interval from first MES to ICA declamping (min, mean ˘ SD) 46.1 ˘ 6.8 44.4 ˘ 6.1 0.4848
Interval from last MES to ICA declamping (min, mean ˘ SD) 47.2 ˘ 7.9 46.3 ˘ 5.2 0.8353
Mean systolic blood pressure during carotid exposure
(mmHg, mean ˘ SD) 114.2 ˘ 14.8 113.4 ˘ 13.0 0.9849

Duration of ICA clamping (min, mean ˘ SD) 37.2 ˘ 5.6 34.8 ˘ 5.6 0.2191
Mean systolic blood pressure after carotid declamping
(mmHg, mean ˘ SD) 122.2 ˘ 15.1 120.7 ˘ 13.1 0.9049

Successfully controlled blood pressure after carotid declamping **
(%, mean ˘ SD) 84.6 ˘ 5.3 87.2 ˘ 6.8 0.8954

Mean systolic blood pressure in postoperative period
(mmHg, mean ˘ SD) 128.8 ˘ 16.8 127.1 ˘ 17.0 0.9241

Successfully controlled blood pressure in postoperative period ***
(%, mean ˘ SD) 74.5 ˘ 6.8 78.3 ˘ 7.8 0.8037

Postoperative CBF (mL/100 g/min, mean ˘ SD) 39.6 ˘ 4.8 66.3 ˘ 15.0 <0.0001
Cerebral hyperperfusion 1 (6%) 13 (81%) <0.0001

SD, Standard deviation; ICA, Internal carotid artery; CBF, Cerebral blood flow; CVR, Cerebrovascular
reactivity; MES, Microembolic signal; *, Including atorvastatin, pitavastatin, and rosuvastatin; **, Rate of
blood pressure–measured points with systolic blood pressure <90% of the preoperative value in the post-carotid
declamping period in surgery; ***, Rate of blood pressure–measured points with systolic blood pressure <90%
of the preoperative value in the postoperative period (within 24 h after surgery).
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Figure 2. Relationships between the number of microembolic signals (MES), postoperative CBF
(cerebral blood flow), cerebral hyperperfusion, and the development of diffusion-weighted imaging
(DWI)-characterized postoperative cerebral ischemic lesions. Closed and open circles indicate patients
with and without DWI-characterized postoperative cerebral ischemic lesions, respectively. Red and
black circles indicate patients with and without postoperative cerebral hyperperfusion (defined as
postoperative CBF increase ě100% compared with preoperative values), respectively. Whereas 15 (83%)
of 18 patients without postoperative cerebral hyperperfusion showed DWI-characterized postoperative
cerebral ischemic lesions, only one (7%) of 14 patients with hyperperfusion had these ischemic lesions.

2.5. Case Presentation

Figure 3 shows images of brain perfusion SPECT, TCD, and DWI in a 74-year-old man with
symptomatic ICA stenosis (90%) showing DWI-characterized postoperative cerebral ischemic lesions
due to MES during exposure of the carotid arteries despite development of cerebral hyperperfusion
after left CEA.

 
(A) 

 
(B) 

 

 

Figure 3. Cont.
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Figure 3. (A) Preoperative brain perfusion single-photon emission computed tomography in
a 74-year-old man with symptomatic left internal carotid artery stenosis (90%) shows reduced cerebral
blood flow (left) and reduced cerebrovascular reactivity to acetazolamide (center) in the left cerebral
hemisphere where hyperperfusion develops immediately after surgery (right); (B) Transcranial Doppler
recording during exposure of the carotid arteries in the patient of Figure 3A shows three microembolic
signals (arrows) in the power spectrum display of left middle cerebral artery blood flow. This patient
had a total of 10 microembolic signals during exposure of the carotid arteries; (C) A diffusion-weighted
image 6 h after surgery in the patient of Figure 3A,B shows development of new postoperative multiple
high-intensity lesions in the left cerebral hemisphere (right) when compared with a preoperative image
(left). These lesions did not change on diffusion-weighted imaging 24 h after surgery. This patient
suffered slight motor weakness in the right upper extremity after recovery from general anesthesia,
and this deficit resolved completely within 12 h.

3. Discussion

3.1. Findings

The present study demonstrated that cerebral hyperperfusion after revascularization inhibits the
development of cerebral ischemic lesions due to artery-to-artery emboli during carotid exposure in
CEA for patients with preoperatively impaired cerebral hemodynamics, supporting the “impaired
clearance of emboli” concept when broadening its interpretation.

3.2. Reason of Patient Exclusion

Hemodynamic cerebral ischemia due to hemispheric cerebral hypoperfusion during ICA
clamping, as well as emboli from the surgical site, plays a significant role in the development of
new ischemic lesions after CEA [11,23]. Intraoperative EEG monitoring is the most widely used and
best documented method for the detection of hemispheric cerebral hypoperfusion due to carotid
clamping [24]. To investigate the development of cerebral ischemic lesions caused by MES rather than
by hemispheric cerebral hypoperfusion during ICA clamping, patients with EEG-defined hemispheric
ischemia during ICA clamping were excluded from the present study.

3.3. Data Interpretation

In the present study, 44% of patients with preoperatively reduced CVR to acetazolamide showed
cerebral hyperperfusion immediately after surgery. This incidence was comparable to a previous
study [19–21]. All postoperative ischemic lesions on DWI that were newly developed in the cortex
and/or white matter in the cerebral hemisphere ipsilateral to CEA were spotty, and their diameters
were 1 cm or less. Furthermore, the duration of ICA clamping did not differ between patients
with and without DWI-characterized postoperative cerebral ischemic lesions. Thus, these ischemic
lesions were possibly due to artery-to-artery embolism rather than cerebral hemispheric ischemia
during ICA clamping. More than 80% of patients with a combination of preoperatively reduced
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CVR to acetazolamide and MES during carotid exposure, when they did not exhibit postoperative
cerebral hyperperfusion, developed DWI-characterized postoperative cerebral ischemic lesions, which
corresponded with previous findings [14].

In the present study, preoperative CBF, preoperative CVR to acetazolamide, mean systolic blood
pressure during carotid exposure, and interval from the first or last MES to ICA declamping did not
differ between patients with and without DWI-characterized postoperative cerebral ischemic lesions.
Thus, perfusion in the cerebral hemisphere ipsilateral to surgery during carotid exposure and the
duration of cerebral ischemia caused by emboli until ICA declamping might be equivalent between
these two subgroups of patients. The duration of ICA clamping also did not differ between them.
Nevertheless, greater postoperative CBF or postoperative cerebral hyperperfusion (postoperative
CBF ě mean + 3.9 SD of the control value) was associated with the absence of DWI-characterized
postoperative cerebral ischemic lesions, and only 7% of patients with a combination of MES during
carotid exposure and postoperative cerebral hyperperfusion developed these lesions. These findings
suggested that blood flow that increased far beyond the normal level might clear cerebral emboli
generated from the surgical site, inhibiting the development of ischemic lesions. These support the
“impaired clearance of emboli” concept if the interpretation of this concept is broadened.

We have another hypothesis regarding the correlation between postoperative cerebral
hyperperfusion and the development of ischemic lesions by emboli in patients with reduced CVR
to acetazolamide. Reduced CVR to acetazolamide implies a chronic reduction in cerebral perfusion
pressure and poor collateral blood flow [25–27]. When emboli generated from a lesion in the ICA
acutely disturb blood flow in the cerebral artery, cerebral blood flow may be further decreased
in the affected vascular territory with the pre-existing chronic reduction in cerebral perfusion
pressure. However, if cerebral ischemic lesions have not yet formed between the onset of emboli and
ICA declamping (the interval ranged from approximately 30 min to 60 min in the present study),
hyperperfusion after ICA declamping may lead to an extreme increase in collateral blood flow to the
affected vascular territory, inhibiting the postoperative development of new cerebral ischemic lesions.

3.4. Future Directions

The present study suggests that CBF greater than the normal level after declamping of the ICA can
inhibit development of cerebral ischemic lesions due to emboli from the surgical site during exposure
of the carotid arteries. On the other hand, postoperative cerebral hyperperfusion, which is defined
as a postoperative CBF increase of ě100% when compared to preoperative values, occasionally
evolves into cerebral hyperperfusion syndrome, leading to intracerebral hemorrhage [15–18].
Strict postoperative control of blood pressure (systolic blood pressure < 90 mmHg) reportedly prevents
the development of intracerebral hemorrhage [16,20]. Further, intraoperative monitoring of MCA
flow velocity using TCD or regional cerebral oxygen saturation using near-infrared spectroscopy are
reliable methods of identifying patients with cerebral hyperperfusion following declamping of the ICA
during CEA [28,29]. On the basis of these findings, we propose a practical clinical algorithm to prevent
development of embolic ischemic events and hyperperfusion-related hemorrhage in CEA: when the
intraoperative monitoring suggests development of cerebral hyperperfusion following declamping of
the ICA, the blood pressure should then be reduced; when the intraoperative monitoring suggests
development of embolism from the surgical site during carotid exposure that is not accompanied by
cerebral hyperperfusion, the blood pressure should be elevated above the preoperative value following
declamping of the ICA. Further investigation to determine whether the latter procedure prevents
development of cerebral ischemic lesions would be of benefit, although, in the present study, blood
pressure was reduced for all patients regardless of the presence or absence of cerebral hyperperfusion
after declamping of the ICA.

3.5. Study Limitations

Although TCD detects emboli generated from the surgical site of the carotid arteries as MES,
it cannot provide information about the size and characteristics of each embolus, which may affect the
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development of postoperative cerebral ischemic lesions. The present results did not take into account
these two factors.

4. Materials and Methods

4.1. Subjects

The present study was designed as a prospective, observational study. This study was approved
by the Regional Ethical Board in Iwate Medical University (H22-3) and was in compliance with the
Helsinki Declaration, and written, informed consent was obtained from all patients or their next of kin
prior to participation.

Of symptomatic or asymptomatic patients with ipsilateral ICA stenosis ě70%, as per the North
American Symptomatic Carotid Endarterectomy Trial [30], on angiography/arterial catheterization,
and useful residual function (modified Rankin scale score 0, 1, or 2) who were scheduled for CEA
of the carotid bifurcation, those who satisfied the following inclusion criteria were prospectively
selected for the present study: having preoperatively reduced CVR to acetazolamide according to
the methods described below (see “4.2. CBF Measurements” section); undergoing CEA; and having
MES during exposure of the carotid arteries under reliable TCD monitoring according to the methods
described below (see “4.3. TCD Monitoring” section). Patients who showed electroencephalography
(EEG)-defined cerebral hemispheric ischemia during ICA clamping according to the methods described
below (see “4.5. Preoperative, Intraoperative, and Postoperative Management” section) were excluded from
the present study.

4.2. CBF Measurements

CBF was assessed using [123I]N-isopropyl-p-iodoamphetamine (IMP) and SPECT with a ring-type
scanner (Headtome-SET 080; Shimadzu, Kyoto, Japan) within 14 days before and immediately after
CEA. CBF measurement with acetazolamide challenge was also performed before CEA. The [123I]IMP
SPECT study with and without acetazolamide challenge was performed as described previously [31,32].
After a 1 min intravenous infusion of 222 MBq of [123I]IMP (5 mL volume) at a constant rate of
5 mL/min and a 1 min infusion of physiologic saline at the same rate, data acquisition was performed
at a midscan time of 30 min after the [123I]IMP administration for a scan duration of 20 min. At 10 min
after the beginning of the [123I]IMP infusion, arterial blood (1 mL) was taken from the brachial artery.
The whole-blood radioactivity of each blood sample obtained was measured using a well counter that
was cross-calibrated to the SPECT scanner. All reconstructed SPECT images were corrected for the
radioactive decay of 123I back to the [123I]IMP injection start time, normalized by the data collection
time and cross-calibrated to the well counter system. The CBF images were calculated according to the
[123I]IMP-autoradiography method [31,32]. The whole-blood radioactivity counts of the single blood
sample were referred to the standard input function.

All SPECT images were transformed into standard brain size and shape by linear and nonlinear
transformations using statistical parametric mapping 2 software for anatomical standardization [33].
A three-dimensional stereotactic region-of-interest (ROI) template was used to automatically place
318 constant ROIs in both cerebral and cerebellar hemispheres [34]. ROIs were grouped into
10 segments (callosomarginal, pericallosal, precentral, central, parietal, angular, temporal, posterior,
hippocampal, and cerebellar) in each hemisphere according to the arterial supply. Five (precentral,
central, parietal, angular, and temporal) of these 10 segments were combined and defined as an ROI
perfused by the middle cerebral artery (MCA) (Figure 4).

The mean value of all pixels in the MCA ROI in the cerebral hemisphere ipsilateral to CEA was
calculated. Preoperative CVR to acetazolamide in the cerebral hemisphere ipsilateral to CEA was
calculated as follows: CVR (%) = [(CBF with acetazolamide challenge ´ CBF at the resting state)/CBF
at the resting state] ˆ 100. For CBF in the resting state and CVR to acetazolamide, data described
previously ((mean ˘ SD), 35.9 ˘ 4.4 mL/100 g/min and 36.8% ˘ 9.2%, respectively) were used as
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control values, and decreased CVR to acetazolamide was defined as less than mean ´ 2 SD of the
control value (18.4%) [31]. In each patient, cerebral hyperperfusion was defined as a postoperative CBF
increase of ě100% (i.e., a doubling) when compared to preoperative values in the MCA ROI ipsilateral
to the side of surgery [20].

 

Figure 4. Diagrams show the regions of interests (ROIs) for a three-dimensional, stereotactic ROI
template to automatically place constant ROIs on brain perfusion single-photon emission computed
tomography images. White ROIs indicate middle cerebral artery territories (precentral, central, parietal,
angular, and temporal).

4.3. Transcranial Doppler (TCD) Monitoring

TCD was performed using a PIONEER TC2020 system (EME, Uberlingen, Germany; software
version 2.50, 2 MHz probe; diameter, 1.5 cm; insonation depth, 40–66 mm; scale, ´100 and +150 cm/s;
sample volume, 2 mm; 64 point fast Fourier transform; fast Fourier transform length, 2 mm; fast Fourier
transform overlap, 60%; high-pass filter, 100 Hz; detection threshold, 9 dB; minimum increase time,
10 ms) for insonation of the MCA ipsilateral to the carotid artery undergoing CEA. TCD data were
stored on a hard disk using a coding system and later analyzed manually by a clinical neurophysiologist
who was blinded to patient information. MES were identified during exposure of the carotid arteries
(from skin incision to ICA clamping) according to the recommended guidelines [35].
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4.4. Magnetic Resonance Imaging

DWI was performed using a 1.5 T whole-body imaging system (Signa MR/I; GE Healthcare,
Milwaukee, WI, USA) within three days before and 24 h after surgery.

A neuroradiologist who was blinded to patient clinical information analyzed the images and
determined whether new ischemic lesions had developed postoperatively.

4.5. Preoperative, Intraoperative, and Postoperative Management

Blood pressure was measured at the upper arm using an automatic sphygmomanometer with the
oscillometric method, and mean systolic blood pressure in the morning for the three days before
surgery was defined as the preoperative value for each patient. Patients received medications
including antihypertensive and antidiabetic drugs and statins until the evening of the day before
CEA was performed. All patients received a single antiplatelet drug until the morning of the day
on which CEA was performed. For all patients, surgery was conducted under general anesthesia,
which was induced with etomidate/fentanyl and maintained with O2/propofol. A bolus of heparin
(5000 international units) was given prior to ICA clamping. Blood pressure was measured in the same
fashion as preoperatively every 5 min throughout surgery. The EEG was recorded, and a clinical
neurophysiologist monitored the recordings continuously during the surgical procedure. The presence
of unilateral or bilateral decreases of alpha and beta activity during ICA clamping, with or without
simultaneous increases of theta or delta activity, was defined as development of cerebral hemispheric
ischemia by the clinical neurophysiologist [24]. In this situation, an intraluminal shunt was introduced.
From declamping of the ICA to the third postoperative day, attempts were made to reduce systolic
blood pressure to below 90% of the preoperative value using intravenous injection of the calcium
antagonist nicardipine. Blood pressure was measured in the same fashion as preoperatively every 1 h
until 24 h after surgery. When systolic blood pressure was <90% of the preoperative value at a blood
pressure-measured point, the point was defined as having successfully controlled blood pressure.
Patients received the same drugs as preoperative medications from the second postoperative day.

4.6. Statistical Analysis

Data are expressed as means ˘ SD. The relationship between each variable and DWI-characterized
postoperative cerebral ischemic lesions was evaluated by univariate analysis using the Mann-Whitney
U test or the χ2 test. Hypertension was defined as preoperative systolic blood pressure ě140 mmHg,
preoperative diastolic blood pressure ě90 mmHg or preoperatively receiving antihypertensive drugs;
diabetes mellitus was defined as preoperative hemoglobin A1c ě6.5% or preoperatively receiving
antidiabetic drugs; dyslipidemia was defined as preoperative plasma low density lipoprotein (LDL)
cholesterol ě140 mg/dL, preoperative plasma high density lipoprotein (HDL) cholesterol <40 mg/dL,
preoperative plasma triglyceride ě150 mg/dL, or preoperatively receiving statins. Multivariate
statistical analysis of factors related to DWI-characterized postoperative cerebral ischemic lesions was
also performed using a logistic regression model. Variables with p < 0.2 on univariate analyses were
selected for analysis in the final model. Differences were deemed significant for values of p < 0.05.

5. Conclusions

The present study demonstrated that cerebral hyperperfusion after revascularization inhibits the
development of cerebral ischemic lesions due to artery-to-artery emboli during carotid exposure in
CEA for patients with preoperatively impaired cerebral hemodynamics, supporting the “impaired
clearance of emboli” concept when its interpretation is broadened.
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CEA Carotid endarterectomy
TCD Transcranial Doppler
MCA Middle cerebral artery
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CBF Cerebral blood flow
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EEG Electroencephalography
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Abstract: Background: The relationship of conventional cardiovascular risk factors (age, gender,
ethnicity, diabetes, dyslipidaemia, hypertension, obesity, exercise, and the number of risk factors) to
coronary artery calcification (CAC) presence and extent has never before been assessed in a systematic
review and meta-analysis. Methods: We included only English language studies that assessed at
least three conventional risk factors apart from age, gender, and ethnicity, but excluded studies in
which all patients had another confirmed condition such as renal disease. Results: In total, 10 studies,
comprising 15,769 patients, were investigated in the systematic review and seven studies, comprising
12,682 patients, were included in the meta-analysis, which demonstrated the importance of diabetes
and hypertension as predictors of CAC presence and extent, with age also predicting CAC presence.
Male gender, dyslipidaemia, family history of coronary artery disease, obesity, and smoking were
overall not predictive of either CAC presence or extent, despite dyslipidaemia being a key risk factor
for coronary artery disease (CAD). Conclusion: Diabetes and hypertension consistently predict the
presence and extent of CAC in symptomatic patients.

Keywords: meta-analysis; systematic review; coronary calcification; risk factors

1. Introduction

The presence of conventional cardiovascular (CV) risk factors (hypertension, diabetes,
dyslipidaemia, smoking, obesity, and family history of coronary artery disease) have been shown
to predict the 10-year coronary event risk [1–3]. In patients at intermediate risk, coronary artery
calcification (CAC) is described as a subclinical form of atherosclerosis, often occurring as calcified
atheroma or spotty calcification within a lipid core. Its measurement is commonly used clinically to
avoid an invasive angiogram or as a marker for atherosclerosis in studies [4]. Similarly, the conventional
CV risk factors may be used clinically to assess the likelihood of coronary calcification. Since both
the CV risk factors and the presence and extent of CAC are predictive of coronary event risk [5,6],
we investigated for the first time, in a systematic review and meta-analysis, whether conventional risk
factors were also predictive of CAC presence, extent or progression in symptomatic patients. We hoped
this would also throw more light on the phenomenon of coronary calcification, which in severe form
could represent a clinical challenge as patients tend not to respond to conventional anti-anginal
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therapy [7]. Furthermore, as there is currently no specific treatment for arterial calcification, with
atherosclerosis therapy such as statins and vasodilators having little effect [8], we hope that identifying
specific predictive risk factors may point the way towards a remedy which could help prevent or even
slow the process of coronary calcification.

2. Methods

The methodology for this systematic review and meta-analysis conforms to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses statement [9].

2.1. Information Search and Data Collection

We systematically searched electronic databases (PubMed, MEDLINE, EMBASE, and Cochrane
Centre Register) for observational human studies, assessing CAC and conventional CV risk
factors. Articles were selected if the title or abstract indicated that the paper analysed original
associations between CAC and CV risk factors using different combinations of the Medical Subject
Headings (MeSH): “coronary calcification” or “coronary calcium” and “risk factors”, “hypertension”,
“dyslipidaemia”, “hyperlipidaemia obesity”, “diabetes”, “smoking”, “family history”, “exercise” or
“physical activity”. No date limit was applied to article selection. Since computed tomographic
scanning for CAC was first introduced in the early 1990s, the study dates range from then to the
present date. Two researchers performed the literature search, study selection and data extraction
independently of each other, with the results placed in a spreadsheet; disagreements were resolved by
discussion between the two researchers and a third adjudicated in case of disagreement. The selected
reports were manually searched and other relevant articles, obtained from the reference lists, were
retrieved. We also performed a quality assessment of each study included in the meta-analysis.

2.2. Study Eligibility Criteria

Any clinical studies that reported the presence, extent, new development or progression of CAC,
assessed by electron beam computed tomography (EBCT), multi-detector computed tomography
(MDCT), or coronary angiography, were eligible, regardless of whether or not the study objective was
an assessment of the association of risk factors with CAC.

Study inclusion criteria were:

(a) English language articles published in peer-reviewed journals;
(b) In addition to age, gender, and ethnicity (where applicable), the study must include assessment

of at least three risk factors out of dyslipidaemia, hypertension, obesity, diabetes, smoking,
family history of premature CVD, or exercise. In some cases surrogate markers were used to
indicate the presence of a risk factor, such as elevated low density lipoprotein (LDL) cholesterol to
indicate hyperlipidaemia or elevated systolic blood pressure (SBP) consistent with hypertension.
Any differences in risk factor criteria between studies are discussed in the narrative;

(c) The ability of risk factors to predict CAC presence, extent, new development, or progression must
be displayed in a table rather than as a narrative. This criterion was included because narrative
results in some studies did not adequately reflect the tabular results, for example, where a risk
factor shown as significant in a table was not mentioned in the narrative. Studies also varied in
their treatment of a p-value of 0.05, with some taking it as borderline and others as significant
but the exact p-value may not be shown in the narrative; for our purposes only p < 0.05 is taken
as significant,

(d) The patients must be symptomatic (complaining of chest pain or any other typical or atypical
angina symptoms); and

(e) For the systematic review only, the study results must show risk factors as multivariate predictors
of CAC presence, extent, or progression.
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Study exclusion criteria were:

Those involving patients with a specific diagnosis, such as Type 1 diabetes or renal disease, which
had no healthy control group.
There were no specified requirements for the control groups, where applicable.

2.3. Statistical Analysis

The data was extracted from each study and analysed using the Revman software 5.3 (Copenhagen,
Denmark: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). The publication bias
was tested using Egger’s regression interception test and funnel plot by comprehensive meta-analysis
software. The unadjusted odds ratios (ORs) of each risk factors were estimated from the exposure
distributions for CAC presence or absence. The ORs and 95% confidence intervals (CIs) were converted
into Log OR and standard error (SE) using the calculator and the Revman software in order to obtain
the forest plots for each risk factor. The statistical heterogeneity was evaluated using the I2 statistical
test. When the I2 was greater than 50%, the analysis was considered significantly heterogeneous and
the random effect model was applied. When the I2 was less than 50%, the analysis was considered not
heterogeneous and the fixed effect meta-analysis model was applied. A p-value of <0.05 was regarded
as significant.

3. Results

3.1. Data Extraction

A total of 884 studies were identified. After exclusion of duplicates and review of the
retrieved papers for the above criteria (the selection process is shown in Figure 1), 10 studies
comprising 15,769 symptomatic patients [10–19] were eligible for inclusion in the systematic review,
while seven studies comprising 12,682 patients [10–12,14,16–18] were eligible for inclusion in the
meta-analysis. All are listed in Table 1. A risk factor was included in the meta-analysis when at
least three papers had provided data on that risk factor. The papers were then divided according to
CAC assessment type (i.e., CAC presence, extent or progression). One study, Lai et al. [10], assessed
both CAC presence and extent and is, consequently, shown twice in both the systematic review and
meta-analysis, while studies by Mayer et al. [11] and Mitsutake et al. [12] could be used for both CAC
presence and extent in the meta-analysis but were used only for CAC extent in the systematic review.

Figure 1. Flowchart showing selection of eligible studies.
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CAC presence was defined as any CAC score >0. CAC extent was defined as the amount of the
CAC score in studies which did not use a CAC score threshold or, in studies which did use a CAC
score threshold, CAC extent was defined as any CAC score >100 compared to CAC = 0; any study with
a CAC score threshold ≤100 was taken as a study of CAC presence. Similarly in angiographic studies,
where moderate/severe calcification was compared with mild/no calcification, this was also taken as
a study of CAC presence. CAC progression was defined as an increase in the CAC score over time.

Ten studies fitted our inclusion criteria [10–19], comprising 15,769 symptomatic patients, as
outlined in Table 1. The number of patients ranged from 114 in Maragiannis et al. [17], to 1560 in
Greif et al. [15], with one study of CAC presence by Kovacic et al. [16] comprising 9993 patients; due to
the large numbers in this study, it will be separately mentioned in the analysis unless its results conform
to those of all other studies. Three studies had a solely Japanese population [12,13,19], two studies were
Chinese [10,18], while one was Turkish [14]. All studies were mixed gender, except for Lai et al. [10] and
Mayer et al. [11], which investigated exclusively male patients. One study, Greif et al. [15], separately
investigated males and females and, consequently, this was treated as two separate studies [15] in the
analysis. All studies investigated a wide age range except Lai et al. [10], whose patients were aged ≥65.
All patients in the study by Kovacic et al. [16] had coronary stenosis ≥60%, while those in the study by
Mayer et al. [11] had CAD and a close relative who had suffered a myocardial infarction before the
age of 60 years. Eight of the 10 studies had CAC assessed by CT scanner, either 16- or 64-slice, but the
remaining two were investigated angiographically. Kovacic et al. [16] assessed the extent of CAC on
the stenotic lesion undergoing percutaneous coronary intervention (PCI), with CAC being graded as
none, mild, moderate or severe, while Mayer et al. [11] assessed the CAC observed in the coronary
vessels as none, mild-moderate, or severe. Kovacic et al. [16] assessed predictors for calcification as
moderate-severe calcification compared to no calcification; we have included this in the analysis as
a study of CAC presence rather than CAC extent.

3.1.1. Systematic Review

We analysed the following numbers of studies in each category:

CAC presence cross-sectional six studies 12,830 patients
CAC extent cross-sectional four studies 2986 patients
CAC progression one study 164 patients
Total symptomatic patients 15,980 patients

However, Lai et al. [10], with 211 patients, was included in both CAC presence and extent.

3.1.2. Meta-Analyses

We analysed the following numbers of studies in each category, with three studies providing data
for both CAC presence and extent:

CAC presence cross-sectional seven studies 12,682 patients
CAC extent cross-sectional three studies 1623 patients

The unadjusted ORs of each risk factors were estimated from the exposure distributions for CAC
presence or absence [20,21], with the exception of the ORs from the study by Kovacic et al. [16], which
directly showed the univariate ORs in the results. Since age was a continuous parameter, the OR for
age was pooled from multivariate results. For the remaining risk factors, few papers provided the
multivariate ORs, so consequently the pooled ORs from multivariate results were not analysed. In the
three papers which provided the ORs for both CAC presence and extent [10–12], we extracted the
exposure distributions for moderate and severe CAC and combined them as CAC presence. In these
three papers, the ORs for the comparison between mild to moderate CAC and zero CAC and the
comparison between severe CAC and zero CAC were pooled from the exposure distribution separately
to assess the risk factors which predicted CAC extent.
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3.2. Systematic Review

The papers were then analysed by age, gender, ethnicity, diabetes, dyslipidaemia, family history,
hypertension, obesity, and smoking (Table 2). In none of the studies was physical activity assessed.
In several studies the definition of the risk factor comprised multiple components for example,
dyslipidaemia could include any of elevated total, LDL cholesterol or the total/HDL cholesterol
ratio, or decreased HDL cholesterol. For the purposes of analysis for the systematic review, a risk
factor was assessed if any one of its components was present (so dyslipidaemia was predictive if only
LDL cholesterol was elevated and all other components were in normal range). Analysis of the precise
risk factor components is also provided in each relevant section, where any modifying effect of age is
also considered.

Table 2. Systematic Review: analysis of the number and type of studies investigating risk factors
for CAC.

Risk Factors
CAC Presence CAC Extent CAC Progression

Predictive Not Predictive Predictive Not Predictive Predictive Not Predictive

Age 5 1 3 1 0 1
Gender 2 2 2 0 0 0

Ethnicity 1 0 0 0 0 0
Diabetes 3 4 1 3 1 0

Dyslipidaemia 3 4 1 3 0 1
Hypertension 2 5 3 1 1 0
Family history 0 1 1 1 0 0

Obesity 1 5 0 3 0 1
Smoking 1 5 0 4 0 0

Age: There are five studies showing that age is predictive of CAC presence [14–18], compared to
one which is not predictive [10], although in this study all patients were as ≥65. Three studies showed
that age was predictive of CAC extent [11–13] and the same study of patients aged ≥65 found age not
to be predictive [10]. The only study of CAC progression found that age was not predictive [19].

Male gender: two studies of CAC presence showed that gender was not predictive [14,16],
including the angiographic study of 9993 patients [16], although in two studies of CAC presence [17,18]
and two studies of CAC extent it was predictive [12,13].

Ethnicity: The study of 9993 patients was the only one to consider ethnicity and this found that
being white was predictive of CAC presence [16].

Diabetes mellitus: The two Greif et al. studies [15] and the angiographic study of 9993 patients [16]
found diabetes to be predictive of CAC presence, although four smaller studies showed that it
is not [10,14,17,18]. Although one study of 1363 patients found diabetes to be predictive of CAC
extent [13], three studies with a total of 1623 patients showed that it was not predictive [10–12].
The only study of CAC progression showed that diabetes was predictive [19].

When the studies are analysed by markers for diabetes:

• Blood glucose was not predictive of CAC presence [14] or extent [12].
• Insulin was not predictive in one study of CAC presence and extent [10].
• HbA1c was not predictive of CAC presence [15,18] or extent [11,12], although it did show

predictive ability for CAC progression [19].
• Oral hypoglycaemic medication was not predictive in one study of CAC presence and extent [10].
• Homeostatic Model Assessment-Insulin Resistance (HOMA-IR) was not predictive of CAC

presence [15].

Dyslipidaemia: Thee studies showed that dyslipidaemia was predictive of CAC presence [15,18],
while four studies, including the study of 9333 patients, shows that it is not predictive [10,14,16,17].
For CAC extent, however, one study showed that dyslipidaemia was predictive [11] but three studies,
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with more than twice as many patients, found it not to be predictive [10,12,13]. The one study of CAC
progression [19] showed that it was not predictive.

When the studies are analysed by markers and biomarkers for dyslipidaemia:

• Elevated LDL cholesterol was not predictive in all four studies of CAC presence [14–16] and in
two studies of CAC extent [11,12].

• Elevated total cholesterol was not predictive in two studies of CAC presence [14,18], two studies
of CAC extent [11,12], and one study of CAC progression [19].

• Decreased HDL was not predictive in three studies of CAC presence [14,15] and one study of
CAC extent [12], but was predictive of severe CAC extent in one study [11].

• Lipid-lowering medication was predictive in three studies of CAC presence [15,18], but was not
predictive in one study of CAC presence [10] and two studies of CAC extent [10,12].

Hypertension: Although two studies, including the study of 9993 patients, [16,17] found that
hypertension was predictive of CAC presence, the remaining studies showed that it had no predictive
ability for CAC presence [10,13,15,18]. Three studies of CAC extent found that it was predictive [11–13],
but one study found it not to be predictive [10]; the one study of CAC progression was also predictive [19].

When the studies are analysed by markers for hypertension:

• Systolic blood pressure (SBP) was not predictive in three studies of CAC presence [10,15] and
two studies of CAC extent [10,12] but one angiographic study showed it was predictive of severe
CAC extent [11]. SBP was also predictive of CAC progression [19].

• Diastolic blood pressure (DBP) was not predictive in three studies of CAC presence [10,15] and
three studies of CAC extent [10–12].

• Antihypertensive medications were not predictive in four studies of CAC presence [10,15,18] and
one of CAC extent [10].

• Pulse pressure was not predictive in one study of CAC extent [11] and the study of CAC
progression [19].

Family history of premature CHD: The only study to assess predictive ability for CAC presence
was the study of 9993 patients [16], which found it was not predictive. Among those investigating
CAC extent, one was predictive, with 877 patients, [11] but another was not, with 535 patients [12].
The one predictive study of CAC extent was angiographic and investigated a family history of CAC
since the population was preselected to comprise males with a family history of CAD [11].

Obesity: Five studies found no ability for obesity to predict CAC presence [10,15,17,18], although
the large study by Kovacic et al. found that there was an inverse predictive ability between obesity
and CAC presence, making obesity protective against CAC [16]. No study of CAC extent, found
that obesity was predictive [10–12]. The only study of CAC progression did not find obesity to be
predictive [19].

When the studies are analysed by markers for obesity:

• Body mass index (BMI) was inversely predictive in the angiographic study of CAC presence
involving 9993 patients [16], but not in a further three studies of CAC presence [10,17,18] and
one of CAC extent [10]. BMI was not predictive in one study of CAC progression [19].

• Weight was not predictive in one study of CAC extent [16].

Smoking: With respect to CAC presence, only one small study found it to be predictive [14], while
the remainder, including the study of 9993 patients, found that smoking was not predictive of CAC
presence [10,15,16,18]. None of the four studies of CAC extent [10–13] found smoking to be predictive.

When the studies are analysed by markers for smoking, current smoking was not predictive in
two studies of CAC presence [15].
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3.3. Meta-Analysis

Out of the ten papers that were eligible for the systematic review [10–19], seven were also
suitable for the meta-analysis: Lai et al. [10], Mayer et al. [11], Mitsutake et al. [12], Atar et al. [14],
Kovacic et al. [16], Maragiannis et al. [17], and Qing et al. [18].

The meta-analysis investigated the predictive ability of age, male gender, diabetes, dyslipidaemia,
hypertension, and smoking for CAC presence and extent (Supplementary Materials, Figure S1). It was
not possible to include ethnicity, obesity, exercise, or number of risk factors, although family history
of CAD was not predictive; since no other study assessed these two risk factors, they have not been
entered in the meta-analysis. As mentioned above, data from three studies investigating CAC extent in
the systematic review (Lai et al. [10], Mayer et al. [11], and Mitsutake et al. [12]) have been re-analysed
to identify potential risk factor predictors of CAC presence in the meta-analysis.

3.3.1. Predictors of CAC Presence

Table 3 gives the pooled results from the meta-analysis. The predictors of CAC presence in order
of importance were hypertension (OR = 1.71, p < 0.00001), male gender (OR = 1.47, p = 0.02), diabetes
(OR = 1.34, p = 0.03), and age (OR = 1.07, p = 0.04). Smoking and dyslipidaemia were not predictive of
CAC presence. The Egger’s regression interception test was not significant suggesting no significant
publication bias (Table 3). Age, being a continuous variable, could not be entered into the Egger test.
The funnel plots for each risk factor are provided in the supplementary Figure S2 and, similarly, show
no publication bias.

Table 3. Meta-analysis: pooled risk factors and their ORs predicting CAC presence.

Risk Factors
Pooled or
(95% CI)

p for Overall
Effect

Studies
Patient

Numbers

Egger’s Test

Intercept t-Value p-Value

Age (years) 1.07 (1.00–1.04) 0.04 [10,14,18] 1163
Male gender 1.47 (1.05–2.06) 0.02 [12,14,16–18] 11,594 2.29 2.42 0.09

Hypertension 1.71 (1.51–1.94) <0.00001 [10–12,14,16–18] 12,682 0.94 0.78 0.47
Diabetes mellitus 1.34 (1.02–1.75) 0.03 [10–12,14,16–18] 12,682 0.81 0.83 0.44

Smoking 1.42 (0.90–2.22) 0.13 [10–12,14,16–18] 12,682 3.39 1.84 0.12
Dyslipidaemia 1.25 (0.81–1.94) 0.31 [10,12,16,17] 10,853 1.09 0.64 0.59

Due to the disproportionately large number of patients in the study by Kovavic et al. [16], we
repeated the meta-analysis after excluding this paper (shown in the supplementary data, Table S1).
This slightly increased the ORs for hypertension to 1.89 (p < 0.00001), male gender to 1.74 (p < 0.00001),
diabetes to 1.45 (p < 0.00001). Smoking and dyslipidaemia were still not significant.

3.3.2. Predictors of CAC Extent

Only three studies (Lai et al. [10], Mayer et al. [11], and Mitsutake et al. [12]) analysed the
predictors of CAC extent, among which Mayer et al. was an angiographic study classifying CAC as
either “no calcification”, “mild to moderate calcification”, or “severe calcification”. Mitsutake et al. [12]
used CAC scoring and classified the lowest group (taken to be CAC = 0) as a CAC score of 0–12, the
mild-moderate group as a CAC score of 13–445, and the severe calcification group as a CAC score
of >445, while Lai et al. [10] used a threshold CAC score of ≥400 The results are shown in Table 4.
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Table 4. Meta-analysis: pooled risk factors and their ORs predicting CAC extent.

Risk Factors

Mild to Moderate CAC or CACS 13-445
vs. CACS = 0

Severe CAC or CACS > 445
vs. CACS = 0

Patient Numbers

OR p-Value OR p-Value

Hypertension 1.61 (1.28–2.03) <0.0001 2.09 (1.09–4.03) 0.0100 1623
Diabetes mellitus 1.22 (0.93–1.60) 0.1600 1.55 (1.14–2.10) 0.0050 1623

Dyslipidaemia 0.75 (0.52–1.00) 0.1300 1.03 (0.65–1.63) 0.9000 746
Smoking 0.93 (0.72–1.20) 0.6000 1.07 (0.68–1.67) 0.7700 1623

CACS = Coronary artery calcification score; Studies used in CAC extent meta-analysis: Lai et al. [10],
Mayer et al. [11], and Mitsutake et al. [12]. Lai et al. [10], a study using a threshold of >400, was included as
severe CAC.

The presence of mild-moderate CAC, compared with zero CAC, was independently predicted
only by hypertension (OR 1.61, p < 0.0001), with diabetes, dyslipidaemia, and smoking proving not
to be predictive of mild-moderate CAC. The presence of severe CAC, compared with zero CAC, was
predicted by hypertension (OR 2.09, p = 0.01) and diabetes (OR 1.55, p = 0.005); dyslipidaemia and
smoking were not independently predictive of severe CAC. It was not possible to analyse age or male
gender as predictors of CAC extent.

A summary of the studies showing the predictive ability of the risk factors from the systematic
review and meta-analysis are shown at Table 5.

Table 5. Summary of studies showing risk factor predictive ability for CAC presence, extent,
or progression.

Risk Factors
SYSTEMATIC REVIEW References Meta-Analysis References

CAC Presence CAC Extent CAC Progression CAC Presence CAC Extent

Age [10,14–18] 10, 11–13 19 [10,14,18] Not assessed
Male gender [14,16–18] 12, 13 Not assessed [12,14,16–18] Not assessed

Ethnicity [16] Not assessed Not assessed Not assessed Not assessed
Diabetes [10,14–18] 13–10 19 [10–12,14,16–18] 10; 11

Dyslipidaemia [10,14–18] 13–10 19 [10,12,16,17] 10; 11
Hypertension [10,13,15–18] 13–10 19 [10–12,14,16–18] 10; 11
Family history [16] 11,12 Not assessed Not assessed Not assessed

Obesity [10,15–18] 12–10 19 Not assessed Not assessed
Smoking [10,14–16,18] 13–10 Not assessed [10–12,14,16–18] 10; 11

Reference key: [10]: Lai et al., 221 Chinese males aged ≥65; [11]: Mayer et al., 877 males with CAD, angiographic
study; [12]: Mitsutake et al., 535 patients, Japanese ethnicity; [13]: Tanaka et al., 1363 patients, Japanese
ethnicity; [14]: Atar et al., 442 patients, Turkish ethnicity; [15]: Greif et al., 1123 males, European ethnicity; [15]:
Greif et al., 437 females, European ethnicity; [16]: Kovacic et al., 9993 patients, angiographic study; [17]:
Maragiannis et al., 114 patients, US study; [18]: Qing et al., 510 patients, Chinese ethnicity; [19]: Okada et al.,
164 patients with CAC, Japanese ethnicity.

3.3.3. Quality Assessment

We carried out a MINORS evaluation of the studies included in the meta-analysis, as shown
at Table 6. The items are scored 0 (not reported), 1 (reported but inadequate), or 2 (reported and
adequate), with the global ideal score being 16 for non-comparative studies. Most studies scored 2 for
all parameters, except follow-up data and prospectivity, which were obviously not in the design for
our case-control studies. These results were considered quite satisfactory.
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4. Discussion

4.1. Findings

In the Systematic Review, age was strongly predictive of both CAC presence and extent, but not
of CAC progression. The results for other risk factors for CAC presence are not as clear cut, largely
due to the Kovacic et al. [16] study of 9993 patients, which overwhelmed the analysis. This study
found that white ethnicity, diabetes, hypertension, and obesity were predictive of CAC presence, but
not male gender, dyslipidaemia, family history, or smoking. These results do not necessarily accord
with the totality of the studies, in which a broadly equal number showed that male gender, diabetes,
and dyslipidaemia were predictive of CAC presence as not predictive. Only two studies (including
Kovacic et al. [16]) found that hypertension was predictive of CAC presence, compared to five studies
finding that it was not predictive, while only Kovacic et al. [16] found that obesity was predictive
(albeit inversely), whereas five studies found that it was not predictive of CAC presence. Smoking was,
overall, not predictive. No study of CAC presence, other than Kovacic et al. [16], assessed ethnicity
(predictive) or family history of CAD (not predictive). With respect to CAC extent, male gender,
hypertension, and possibly a family history of CAC were predictive, but diabetes, dyslipidaemia,
obesity, and smoking were, overall, not predictive. For diabetes there were an almost equal amount of
patient numbers in the three studies which found diabetes to be predictive as not predictive of CAC
extent. In the one study of CAC progression, diabetes and hypertension were predictive, but not age,
dyslipidaemia, or obesity.

Among the risk factor markers, only use of lipid-lowering medication and higher BMI were
broadly predictive of CAC presence, with possibly decreased HDL and increased SBP being predictive
of CAC extent, although these results were found in only one study. In the single study of CAC
progression, HbA1c and SBP were predictive.

The meta-analysis included seven studies, rather than the ten in the systematic review, although
two studies of CAC extent also provided sufficient statistical data to be used to assess CAC presence,
while another study provided data for both CAC presence and extent. This analysis shows that
hypertension followed by male gender, diabetes, and age were predictive of CAC presence, while
smoking and dyslipidaemia were not predictive. For CAC extent, however, mild-moderate CAC
was predicted by hypertension alone, whereas severe CAC was predicted by hypertension followed
by diabetes. The MINORS scores were quite satisfactory for all included studies which adds to the
strength of the data analysis.

4.2. Areas of Difference between Results from the Systematic Review and Meta-Analysis

The most striking difference between the results from the systematic review and the meta-analysis
is the minimal importance of age as a predictor of CAC in the meta-analysis, whereas it is a consistent
predictor of both CAC presence and extent in the systematic review. However, this may largely be
accounted for, firstly, by the fact that age is a continuous variable and, secondly, that a different mix of
studies of CAC presence were used for the systematic review and meta-analysis. We have previously
shown the important predictive value of age in a large cohort of symptomatic patients [23].

With respect to CAC presence, there were no other clear predictive risk factors based on the
numbers of studies but when considering numbers of patients then the Kovacic et al. [16] study of
9993 patients, which found that diabetes and hypertension were predictive, was broadly in agreement
with the meta-analysis. In the systematic review, CAC extent was predicted by male gender and
hypertension, whereas in the meta-analysis CAC extent was predicted by hypertension and diabetes;
this can be explained by the different mix of studies between the two methods. The main limitation of
the systematic review is its qualitative analysis with many contributory factors, such as the power of
the study, the number of studies, and the number of patients. These limitations are overcome by the
quantitative pooling of the meta-analysis.
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4.3. Comparison with Other Studies

Although we have found that in symptomatic patients the predictive risk factors for CAC presence,
extent, and progression are hypertension and diabetes, this is not the case in asymptomatic subjects
where dyslipidaemia, smoking, obesity, and family history of CAD have also been shown to be
predictive of CAC presence and progression in large population studies, such as the Multi-Ethnic
Study of Atherosclerosis and Heinz Nixdorf Recall [24,25]. No systematic review or meta-analysis
of risk factor predictors for CAC in asymptomatic subjects has been carried out. Although the
two conditions, hypertension and diabetes, are different in their clinical presentation and means of
treatment, their effect on the arterial wall seems to be phenotypically similar, suggesting a shared
mechanism such as oxidative stress [26,27]. Arterial calcification represents segmental ossification
which is known to be progressive even after controlling risk factors, thus suggesting a perpetual effect,
through a biochemical and/or histopathological mechanism, of those risk factors rather than just
a triggering effect that subsides with their optimum control. Nevertheless, there is no inherent reason
why the conventional CV risk factors, which were identified as predictors of 10-year coronary event
risk [28,29], should predict CAC presence or extent, merely because CAC can also predict the 10-year
event risk [3].

Curiously, the expected predictive risk of dyslipidaemia did not feature strongly in either the
systematic review or the meta-analysis. While some studies have shown that dyslipidaemia can
be predictive of arterial calcification presence or extent in asymptomatic subjects, this is not always
the case, previously seen in a systematic review and meta-analysis of predictors of breast arterial
calcification which found no relationship with dyslipidaemia [30]. In addition, dyslipidaemia is
a particularly Caucasian problem [31] and it may be that the high number of studies with a Chinese or
Japanese population included in the meta-analysis has impacted the results. Nevertheless, we have
previously found that lipid-lowering medication has no effect on reducing coronary or aortic valve
calcification [32,33], while other studies have found that rather than the treatment group, it is the
placebo group that has less calcium progression [22,34]. It may, however, be the case that by the time
calcification is established, the association with dyslipidaemia has been lost.

4.4. Limitations

A number of limitations deserve mention. Firstly, although we attempted to identify and include
all relevant studies, there will inevitably be some that we have overlooked. Secondly, our search was
restricted to studies in English, so it may be possible that some studies in other languages have been
missed. Thirdly, the studies included in this systematic review and meta-analysis varied in design,
population (e.g., eligibility by age), definition and duration of risk factor, and year of publication.
As expected, we observed considerable heterogeneity between studies, so it is arguable whether
a summary estimate should be presented. However, our objective was not to provide this but rather
to present a general approximation of the prevalence of these risk factors to facilitate the message.
In particular, two studies assessed CAC angiographically, which is not sensitive to CAC detection,
while the remainder used 16- or 64-slice CT scanning. Fourthly, analysis of studies of CAC presence
was overwhelmed by the study of 9333 patients, while the next largest study had only 1560. Fifthly,
the lack of standardisation of definitions of risk factors limits our ability to provide summary estimates
and we had no information on the duration of risk factors, which might have impacted the analysis.
Sixthly, we were confined to those risk factors commonly measured in a clinical setting and, inevitably,
there are others which might have been relevant.

5. Conclusions

Our meta-analysis showed that hypertension followed by diabetes were the most important
risk factors for prediction of CAC presence and extent, with age and male gender also showing
predictive ability for CAC presence. The results from the systematic review were more equivocal,
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but the two forms of analysis were in general agreement that dyslipidaemia, obesity, and smoking
were not predictive of CAC presence or extent. Irrespective of the mechanism for arterial endothelial
damage, hypertension and diabetes seem to result in a common phenotypic arterial wall damage in the
form of calcification. Finally, despite CAC and the conventional CV risk factors both being predictive
of 10-year coronary event risk, only a few of the CV risk factors appear predictive of CAC.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/9/1481/s1.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Atherosclerosis is characterized by intimal plaques of the arterial vessels that develop
slowly and, in some cases, may undergo spontaneous rupture with subsequent heart attack or stroke.
Currently, noninvasive diagnostic tools are inadequate to screen atherosclerotic lesions at high risk of
acute complications. Therefore, the attention of the scientific community has been focused on the use
of molecular imaging for identifying vulnerable plaques. Genetically engineered murine models such
as ApoE−/− and ApoE−/−Fbn1C1039G+/− mice have been shown to be useful for testing new probes
targeting biomarkers of relevant molecular processes for the characterization of vulnerable plaques,
such as vascular endothelial growth factor receptor (VEGFR)-1, VEGFR-2, intercellular adhesion
molecule (ICAM)-1, P-selectin, and integrins, and for the potential development of translational tools
to identify high-risk patients who could benefit from early therapeutic interventions. This review
summarizes the main animal models of vulnerable plaques, with an emphasis on genetically altered
mice, and the state-of-the-art preclinical molecular imaging strategies.

Keywords: atherosclerosis; vulnerable plaques; animal models; genetically modified mice;
molecular imaging

1. Introduction

Atherosclerosis is the primary cause of myocardial ischemia, stroke and lower limb amputation.
It is a chronic disease that occurs predominantly at sites of disturbed laminar flow (arterial branches
and bifurcations), which are characterized by the focal subendothelial accumulation of apolipoprotein
B–containing lipoproteins and inflammatory cells (monocytes, macrophages, T cells, and mast cells) on
injured intima, leading to the thickening of the arterial wall and formation of atherosclerotic plaques.
The majority of atherosclerotic plaques remain clinically silent [1], but, in some cases, a plaque can
become symptomatic via two mechanisms: (a) a gradual reduction of the vessel lumen leading to
reduced blood flow, with the appearance of ischemic symptoms in conditions of high oxygen demand
(stable angina pectoris, intermittent claudication); (b) erosion and rupture of the fibrous cap of the
plaque with complete thrombosis of the lumen and/or embolization of the distal territory (heart
attack or stroke) [2]. The broadest definition of a vulnerable plaque was proposed from a consensus
document of the American Heart Association (AHA) in 2003: “The term ‘vulnerable plaque’ defines
plaques susceptible to complications, and identifies all thrombosis-prone plaques and ones with a high
probability of undergoing rapid progression, thus becoming culprit plaques” [3]. The term “vulnerable
plaque” refers to often modestly stenotic lesions with a specific morphological presentation [4]: a large
core of lipid deposits, necrotic cell debris and macrophages producing matrix-degrading enzymes
such as metalloproteinases, with thinning of the fibrous cap.

These lesions are prone to rupture and may cause the above clinical complications [5].
The mechanisms underlying the transition of stable plaques to clinically significant lesions are
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currently not fully clear, but they involve a complex interplay of several biological processes, including
inflammation, matrix remodeling, angiogenesis and apoptosis.

The present clinical and diagnostic tools are inadequate for the early identification of atherosclerosis
and lesions that have a high probability to determine an acute event. Using a predictive model of risk
assessment such as the Framingham risk score, it is impossible to accurately identify patients who will
develop events and who would require immediate and aggressive therapeutic intervention. Therefore,
the attention of the scientific community has focused on the development of new tools that provide
higher sensitivity and specificity for the detection of vulnerable plaques. Molecular imaging can reveal
specific biological pathways or cellular processes for a better understanding of the molecular events
responsible for plaque destabilization. Moreover, the identification of novel imaging biomarkers may
aid in risk stratification, with the potential to optimize preventive interventions that would reduce
disease progression and cardiovascular events.

In vivo studies with experimental systems are essential to gain detailed insight into the molecular
mechanisms of atherosclerotic plaque vulnerability and to develop better diagnostic and therapeutic
tools. Animal models may enable us to study noninvasive imaging strategies to improve the ability to
predict future risks of plaque rupture and to reduce the incidence of acute events. Although a variety
of small and large animal models have been used for research on atherosclerosis, no model is currently
considered ideal, and each has its own advantages and limitations with respect to the study of
atherogenesis and modeling of the vulnerable plaque [6].

Until recently, useful large animal models have included nonhuman primates, pigs, and rabbits.
Lesions in primates [7–11] and pigs [12–14] most closely resemble human lesions morphologically at all
stages of the disease, and therefore they would be ideal models. In particular, the pig has a human-like
lipoprotein profile and develops lesions in the coronary arteries [15,16], and porcine models of familial
hypercholesterolemia have been shown to develop complex atherosclerotic lesions [17].

Rabbits have also been extensively used in atherosclerosis research, and some strains that exhibit
familial hypercholesterolemia [18,19], such as the well-established Watanabe rabbit [20], develop
coronary atherosclerosis. These models have certainly provided invaluable insight for defining the
primary cellular events in the initiation and development of atherosclerotic lesions. Nevertheless,
larger animals are more expensive to purchase, feed, handle and house in conditions appropriate
to modern animal husbandry. Moreover, overall, large animals do not lend themselves to the ease
and types of genetic manipulation that are possible in other species, such as mice [21]. At present,
spontaneous plaque rupture in these models occurs only sporadically, after a long period of time, or
depends on an additional trigger such as mechanical injury [22–24] or pharmacological treatment [25].
Additionally, the slow progression of complex atherosclerotic lesions, the long generation time, and
ethical issues hinder the use of these species in preclinical molecular imaging research [26–31].

Although not all aspects are comparable to humans, the laboratory mouse (Mus musculus) is
currently the most favored species to better understand the biology and pathology of atherosclerosis.
The main advantages of this model include a well-known genetic background, a proportion of
approximately 80% of genes in homology with humans [32], ease of breeding and low cost of
maintenance. Moreover, the small size of mice facilitates the use of representative samples, which is
a relevant issue for studying atherosclerotic lesions characterized by a large inherent variability.

In particular, murine models are recommended due to the relatively short time frame in which they
develop atherosclerosis and due to their relative ease of genetic manipulation. Among these animal
models, the genetically altered apolipoprotein-E–knockout (ApoE−/−) mice have been used extensively
for the following reasons: they develop spontaneous atherosclerosis; the rate of atherogenesis can
be notably accelerated by feeding the mice a high-fat, western-type diet (WTD); they exhibit various
phases of the disease, including the early stage of fatty streaks, the accumulation of foam cells, and the
development of a fibrous cap [33,34]; and they exhibit advanced stages of the disease characterized by
relevant complications such as fissures, hemorrhage, plaque rupture and thrombosis [35].
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Furthermore, depending on the experimental design, atherosclerotic lesions in this model may
resemble the stable or unstable atherosclerotic lesions of humans [36–38]. Finally, ApoE−/− mice
have also been used to generate other relevant mouse models of atherosclerosis through breeding
strategies [39–41]. Recently, a new genetically altered murine model of vulnerable plaques was
established by crossbreeding ApoE−/− mice with mice carrying a heterozygous mutation (C1039+/−) in
the fibrillin-1 (Fbn1) gene [42]. Fbn1 is the major structural component of the extracellular microfibrils
in the vessel wall, and the heterozygous C1039+/− mutation led to fragmentation of the elastic fibers.
Furthermore, it has been reported that ApoE−/−Fbn1C1039G+/− mice seem to be associated with a more
unstable plaque phenotype compared to ApoE−/− mice because they develop acute plaque rupture,
with subsequent myocardial infarction, neurological symptoms (head tilt, disorientation and motor
disturbances), and sudden death. For these features, at the moment, transgenic ApoE−/− mice are
successfully being used as a model of stable atherosclerotic plaques, whereas ApoE−/−Fbn1C1039G+/−

mice could be considered to be a model for the study of the mechanisms of plaque rupture and for
investigating theranostic tools.

Although the small size of the mouse could complicate the analysis of atherosclerotic vessels,
recent technological advances in the field of high-resolution preclinical imaging such as magnetic
resonance imaging (MRI) and contrast-enhanced ultrasound (CEUS) allow for the quantification of
parameters of interest with high accuracy to monitor disease progression and may reduce the number
of animals needed for research.

Both ApoE−/− and ApoE−/−Fbn1C1039G+/− mice have been shown to be useful tools for testing
new imaging probes targeted for molecular markers of relevant biological processes such as VEGFR-1,
VEGFR-2, ICAM-1, P-selectin and integrins. In this way, it is possible to noninvasively monitor the
molecular pathways involved in the development of atherosclerotic plaques in vivo in these mice
for comparison with those molecular pathways currently highlighted in humans, in a manner that is
complementary to the use of molecular and cellular biology.

Very recently, the ApoE−/−Fbn1C1039G+/− mouse model has been studied in vivo using gold
nanoparticle–enhanced micro-computed tomography (microCT) to evaluate macrophage infiltration
in atherosclerotic plaques at the level of the carotid bifurcation, with ex-vivo validation [43].
Genetically modified murine models such as ApoE−/− and ApoE−/−Fbn1C1039G+/− could offer
promising avenues for testing innovative molecular imaging strategies as potential translational tools
able to identify high-risk patients who could benefit from early therapeutic interventions.

2. Murine Models of Atherosclerosis and Molecular Imaging Targets

2.1. Murine Models of Atherosclerosis and Vulnerable Plaques

The study of atherosclerosis progression in humans is hindered by the complexity and chronicity
of the disease process, by the difficulty to longitudinally monitor the changes of the plaques in
an individual patient and by deficiency of the noninvasive detection modalities that provide limited
information on the composition of the lesions.

The investigation of pathological changes in the arteries of humans is restricted to studies in
the cross-sections of autoptic or surgical samples. Therefore, there has been a reliance on animal
models, and, since 1992, the mouse has become an excellent system for the study of atherosclerosis,
progressively replacing the use of large animals [44,45], in particular due to the ability to easily over-
or under-express specific genes in this species. A number of recent reviews have extensively discussed
the various mouse models of atherosclerosis available [46–49].

This review summarizes the relevant characteristics of the above experimental systems, with
an emphasis on the currently available mouse models of vulnerable atherosclerotic plaques, comparing
the pattern of their lesions to those in humans.
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2.1.1. Murine Models of Atherosclerosis: General Considerations

Unlike humans, in general, mice have high levels of antiatherosclerotic high-density lipoprotein
(HDL) and low levels of proatherogenic low-density lipoprotein (LDL) and very low-density
lipoprotein (VLDL) [46–49]. However, mice with specific genetic backgrounds can develop
atherosclerosis on particular diets that promote an increase in the VLDL fraction, and the inbred
strain C57BL/6 has been shown to be the most susceptible [46–50]. The earliest mouse model of
atherosclerosis was induced in C57BL/6 mice with a special diet containing 30% fat, 5% cholesterol, and
2% cholic acid. However, this diet induced weight loss and often led to respiratory infections [46–49].
Therefore, subsequent studies have predominantly used C57BL/6 mice fed a diet supplemented with
15% fat, 1.25% cholesterol, and 0.5% cholic acid, commonly referred to as the “Paigen diet” [50].

Although this last model has been widely used in the study of atherosclerosis, unfortunately, the
type of lesions did not resemble those in humans. In fact, the atherosclerotic plaques, which developed
in these mice at four to five months of age, were very small (on the order of 200 to 1000 square microns)
and were limited to the aortic root when the mice were fed the “Paigen diet” for periods of 14 weeks to
nine months. Moreover, atherosclerotic lesions in this model were largely limited to the fatty streak
stage, usually consisting mainly of macrophage foam cells and few smooth muscle cells (SMCs), and
they did not progress to intermediate stages as in humans. Finally, the “Paigen diet” appeared to be
unphysiological with regard to its extremely high cholesterol content and the presence of cholic acid,
and it exhibited inflammatory properties [51].

To overcome these limitations, wild-type C57BL/6 mice are no longer used, and the current
murine models for atherosclerosis have been primarily developed by genetic manipulations of and
backcrossing onto C57BL/6, resulting in perturbations of the lipoprotein metabolism through adequate
dietary modification or endogenous hyperlipidemia.

These genetically modified strains have the advantage of exhibiting extensive lesions at various
stages of the disease, phenotypes of stable and vulnerable plaques and relevant complications such
as plaque rupture and thrombosis. Although the current mouse models more closely represent
human atherosclerosis, the choice should be based on the investigator’s specific needs as each model
has distinctive features and some limitations. Several studies have demonstrated the feasibility
of these models. In contemporary research on atherosclerosis, the most extensively characterized
strains are those deficient in apolipoprotein E (ApoE−/−) and low-density lipoprotein (LDL−/−)
receptors [52–54]. The introduction of these gene-targeted mice has revolutionized the study of
atherogenic processes and has ensured that the mouse quickly became the most popular mammalian
model of atherosclerosis to date. A specific allele is deleted, permitting the precise definition of
a protein’s activities. These two murine models have several advantages as follows: they are readily
commercially available, they breed well, and their lesions have been documented in detail within
a well-defined time frame and appear morphologically comparable to those found in humans [33,34,55].

In ApoE−/− mice, the normal gene coding for apolipoprotein E is replaced by a mutated gene that
does not produce this molecule, leading to elevation of cholesterol-enriched chylomicrons and very
low-density lipoprotein (VLDL)-sized particles. The first mouse model with a switched-off gene for
apolipoprotein E was generated almost contemporaneously in two laboratories in the United States [56,57],
and shortly thereafter this model was described as “the best animal model of atherosclerosis” available
at that time [58]. In contrast to previous animal models, this mouse is able to develop atherosclerosis
spontaneously [59], and it is possible to accelerate the development of the disease using a high-fat diet
similar in composition to an average American diet (21% fat, 0.15% cholesterol), called a “western-type”
diet [55]. Gender- and age-related differences in cardiovascular aging have been demonstrated in this
genetically modified mouse, since hypercholesterolemia and male gender additively aggravate the
entity of lipid deposition and vascular senescence in ApoE−/− mice of advanced age [60].

In LDL−/− mice, the deletion of the LDL receptor mimics the homozygous form of genetic
hypercholesterolemia found in humans; however, these mice exhibit only modest hyperlipidemia
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when fed a normal diet, whereas they are susceptible to the formation of atherosclerotic lesions when
fed a high-fat diet.

Because this review is intended to highlight the use of murine models to study the process of
atherogenesis and, in particular, vulnerable plaques, a brief description of the morphological features
of the six stages of atherosclerotic lesions in ApoE−/− and LDL−/− mice, based on the human scale of
AHA, is provided (as shown in Figure 1) [48,61].

 

Figure 1. Pathogenesis of atherosclerosis and the mechanisms of plaque rupture. Unstable plaque has
a thin fibrous cap, may be thrombotic, and is characterized by many inflammatory cells and a large
lipid core. Accumulation of macrophages and T lymphocytes in plaques leads to the release of matrix
metalloproteinases (MMPs), which digest collagen and cause thinning of the fibrous cap. The necrotic
lipid core grows as a result of the accumulation of lipids in the extracellular matrix, the death of
lipid-laden macrophages, and perhaps the accumulation of erythrocyte membranes after intraplaque
hemorrhage from the vasa vasorum. Oxygen radicals, generated mainly from NADPH oxidase and
inflammatory cells, oxidize low-density lipoproteins (LDL) and cause necrosis of cells. (Reprinted from
Reference [61]. Copyright with permission from © 2003, Massachusetts Medical Society.)

Stage I lesions consist of the focal accumulation of lipids with slight intimal thickening.
The progression to stage II involves the infiltration of lymphocytes and macrophages, with the latter
referred to as “foam cells”, due to the intracytoplasmic lipidic inclusions. This type of lesion, defined
as a “fatty streak”, appears as a yellowish stripe on the intimal surface and is a common feature in
the aortas of both ApoE−/− and LDL−/− mice. The accumulation of extracellular lipids is detected
in lesions that undergo progression to stage III. The first lesion considered advanced by histological
criteria is stage IV, presenting a further increase and convergence of extracellular lipids to form a “lipid
core” covered with foam cells. Afterwards, a “cap” of fibrous tissue progressively develops, and thus
the stage V lesions are defined as “fibrous plaques”. Macrophage-derived foam cells and lymphocytes
are generally found densely concentrated along the periphery of the lipid core of both stage IV and
V lesions [62,63]. Stage IV and V lesions are capable of developing fissures, hematomas, and/or
thrombi and, for this reason, are clinically relevant in terms of morbidity and mortality in humans.
Finally, plaques called “complicated” correspond to stage VI, because these lesions are characterized
by ulcerations, hematomas, hemorrhages or thrombi, and may generate acute events.

Although both mouse models develop atherosclerotic plaques at the level of the aorta after being
fed a high-fat diet which closely resemble the morphological features of human atherosclerotic plaques,
ApoE−/− mice develop more extended lesions in a shorter time frame [55,57,64].

Moreover, the atherosclerotic plaques have been described in ApoE−/− mice not only in the
aortic root but throughout the entire aorta (descending thoracic and lower abdominal aorta, aortic
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bifurcation and common iliac vascular tracts) and its principal branches (brachiocephalic and right
common carotid arteries). With a standard diet, fatty streaks were first observed in the proximal
aortas of three-month-old ApoE−/− mice, and foam cell lesions were seen at 10 weeks of age [55].
Intermediate lesions containing foam cells and SMCs appeared at 15 weeks, and fibrous plaques at
20 weeks of age. The western diet markedly increases plasmatic VLDL and chylomicrons [56,57] and
accelerates the atherogenic process, resulting in the detection of fatty streaks by eight weeks of age and
the appearance of complications such as intralesional calcifications [55,65]. In comparison, LDL−/−

mice fed a regular chow diet display high individual variability in lesion development, whereas those
subjected to a high-fat diet develop atherosclerotic lesions specifically in the aortic root and innominate
artery at approximately three months of age. Lesions extended to the thoracic aorta at six months and
the abdominal aorta at nine months [66]. Moreover, plaques formed in LDL−/− mice are representative
only of the I–III phases, consisting predominantly of macrophage foam cells, while advanced lesions
develop solely after prolonged exposure to a fat-enriched diet and do not progress beyond stage IV
of the AHA-defined scale of human atherosclerosis [33,34,64]. Conversely, at 45–54 weeks of age in
ApoE−/− mice that are fed an atherogenic diet for a prolonged period of time (14 to 20 weeks), lesions
classified as stage VI are observed, but only in the innominate artery [35,67], while they have never
been documented in the aortic root or along the aortic tree [55,68].

In particular, lesions in the innominate artery may provide valuable insight because they more
frequently exhibit complex features comparable to vulnerable plaques in humans, including an acellular
necrotic core, erosion of the necrotic mass through to the lumen or intraplaque hemorrhage [35], and,
although its small size provides some technical challenges, this site will likely become more popular
with time. LDL−/− mice have been found to be most suitable for studying the genetics of primary or
secondary dyslipidemias, while ApoE−/− mice have been established as the best murine model for
characterizing the cytological and molecular aspects of stable and vulnerable plaques. Atherosclerotic
plaques with visible defects of the fibrous cap and hemorrhage have been described in the innominate
arteries of 37- to 59-week-old ApoE−/− mice fed a high-fat diet for approximately two months [69]
or in younger mice at eight to 16 weeks of age [70], but acute events have occurred rarely [71,72], or
without sufficiently reliability, after prolonged feeding of a western diet (10 months) [70].

Some groups use the transgenic ApoE*Leiden mice, which are knock-in mice expressing the
human apolipoprotein E3 isoform with low affinity for the LDL receptor. These mice are less
hyperlipidemic than ApoE−/− mice, spontaneously develop atherosclerosis when fed the atherogenic
diet, and are suitable for exploring the mechanisms by which apolipoprotein E isoforms influence
hepatic VLDL metabolism in atherogenesis [73].

2.1.2. Murine Models of Vulnerable Atherosclerotic Plaques

The study of destabilized lesions appeared to be difficult and to require a long observation time in
these murine models, thus stimulating the improvement of their efficiency and reproducibility regarding
the salient features of spontaneous rupture of plaques in humans. Therefore, in the last decade, several
strategies have been proposed in ApoE−/− mice to generate models in which plaque rupture occurs
in a reasonably short period of time that allows for the observation of the rupture of plaques and
for testing diagnostic and therapeutic interventions. While a stable atheromatous plaque is most
commonly covered with a fairly thick fibrous layer, protecting the lipid nucleus from contact with
the blood, vulnerable plaques are characterized by a large lipid-rich core covered by a thin fibrous
cap, with extensive macrophage infiltration, but very few SMCs [3,74]. These unstable plaques may
undergo erosions, which is a loss of endothelium leading to thrombus formation [75] or rupture,
defined as disruption of the fibrous cap accompanied by intrusion of erythrocytes into the lesion itself [67].

The first mouse models of destabilized plaques were mainly generated from the ApoE−/−

strain using microsurgical procedures, such as compressive injury using blunt forceps applied to
atheromatous lesions in the abdominal aorta [76] or disruption of the fibrous cap in advanced plaques
using a needle [77]. These experimental systems have primarily been a valuable model for studying
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post-rupture thrombosis, but they have not provided a tool for investigating the spontaneous rupture
of atherosclerotic plaques.

Further invasive approaches to develop unstable plaques were aimed at generating hemodynamic
changes both in ApoE−/− mice fed a high-fat diet, for example by placing a perivascular device [36,78]
or introducing a tandem stenosis in the carotid arteries [38], and in ApoE−/− mice fed a standard diet,
using two different interventions (ligation plus cuff positioning) on common carotid arteries [79,80]
or using ligation of external and internal carotid arteries and part of the renal artery to induce
hypertension [81]. A model of cuff-induced thrombosis, produced by placing a silastic collar
around the left common carotid artery in ApoE−/− mice fed a normal chow, was used to evaluate
the efficacy of intravenous administration of mononuclear cells, demonstrating the attenuation
of the progression of atherosclerosis, reducing endothelial dysfunction, formation of thrombi,
oxidative stress and apoptosis [82]. However, the induced biomechanical alterations might not
reflect the pathogenesis of spontaneous plaque rupture in humans and could call into question the
interpretations of the experimental results in these models [83,84]; additionally, the invasive nature of
the procedures could represent a limitation for both ethical and practical reasons. The incidence
of plaque rupture in ApoE−/− mice with collar-induced lesions in carotid arteries was also
increased by adenovirus-mediated over-expression of p53, a pro-apoptotic stimulus for intralesional
SMCs producing a cap thinning, combined with phenylephrine injection, a defined hemodynamic
stimulus [85]. Nevertheless, the requirements for both survival surgery and carotid viral transfection
may not be readily available for high-throughput experimental protocols in all laboratories.

Different biological approaches have also been described in the literature on the ApoE−/− strain to
generate mouse models reminiscent of human vulnerable plaques. Such interventions have included:
alterations of transforming growth factor-β signaling, which produced thinning of fibrous caps,
large lipid cores, intraplaque hemorrhage and disruption of the endothelium [86,87]; deletion or
inhibition of Gas6, a platelet-response amplifier, which induced large intraplaque hemorrhages
in the absence of fibrous cap fissuring [88,89]; and a null mutation for high-density lipoprotein
receptor SR-BI, resulting in severe occlusive coronary atherosclerotic lesions leading to myocardial
infarctions [90]. Gough et al. [91] induced molecular weakening of the fibrous cap by transfection of
ApoE−/− mice with hematopoietic stem cells over-expressing matrix metalloproteinase (MMP) 9.
Fundamentally, degradation of collagen reduces the strength of the fibrous cap and, therefore,
enhances the risk of its rupture. Another study combined collar placement on the carotid artery
and short-term lipopolysaccharide (LPS) administration together with phenylephrine treatment and
cold [92]. LPS leads to an increase in Th17 cells, which, through IL17, induces apoptosis of SMCs,
potentially decreasing collagen content in the plaque, while phenylephrine, a vasoconstrictor, leads to
increased blood pressure. Also, in these models, the complex experimental methods and specialized
expertise required to induce plaque rupture may represent a limitation for their extensive use.

Recent evidence both in humans and mouse models [93] has indicated that angiotensin II (Ang II)
plays a pivotal role in atherogenesis. The pro-atherosclerotic actions of Ang II are mediated by the
AT1 receptor, which is expressed in a variety of organs, blood vessels, and bone marrow–derived
cells, such as macrophages and T cells [94,95]. Therefore, subcutaneous and chronic infusion of
Ang II has recently emerged as a practical and reproducible stimulus to spontaneously induce
the development of vulnerable plaques in ApoE−/− mice, both in the aorta and in its branches,
especially the innominate artery [96–99], even after discontinuation [37]. Ang II likely promotes the
destabilization of plaques through multifactorial mechanisms, including hypertension, chemotaxis of
monocytes, activation of macrophages, altered sympathetic regulation of vasal tone, altered secretion
of aldosterone and prostaglandin, generation of reactive oxygen species and over-expression of
monocyte chemoattractant protein-1 (MCP-1) in vascular SMCs. Overall, these events are responsible
for intralesional neovascularization, hemorrhages, inflammation and remodeling of plaque [100,101].
Occlusive vascular events are not described in this model, most likely due to differences in clotting
mechanisms between mice and humans, but, in reality, not all thrombotic events lead to clinically
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relevant occlusive events, and thus the model lends itself easily to the study of the process of plaque
destabilization in various stages of evolution. Ang II infusion may be implemented in mice through the
use of different models of osmotic pumps, subcutaneously implanted, which provide a constant release
of Ang II over time and differ in dosage and duration of treatment. Several protocols are described in
the literature, and the most accredited involves the administration of Ang II at a dose of 0.7 mg/kg/day
for four to eight weeks, four weeks from the start of the high-fat diet at eight weeks of age [97].

Diabetes is well recognized as a prevalent risk factor for atherosclerosis, and cardiovascular
incidents as a consequence of plaque rupture are significantly increased in diabetic patients [102,103].
Diabetes triggers endothelial cell dysfunction and lipid abnormalities, promoting the expression of
adhesion molecules, chemokines and other proinflammatory mediators. Moreover, atherosclerotic
plaques in diabetics exhibit reduced collagen synthesis and increased breakdown of collagen, which
predispose these patients to plaque rupture and a higher risk of thrombus formation [104]. In fact,
hyperglycemia leads to the formation of oxidized glycated LDLs, which in turn induce vascular SMC
apoptosis and reduced collagen content within plaques and may enhance thrombogenesis by activating
platelets and reducing the production of endogenous platelet inhibitors [105].

This evidence has highlighted the importance of studying the mechanistic link between diabetes
and atherosclerosis. In the past decade, several diabetic atherosclerosis mouse models have been
established, and, despite their limitations, they currently have a leading role for these purposes.
Convenient models are nontransgenic or transgenic mice. One of the first mouse models of diabetic
atherosclerosis was the diet-induced obese (DIO) C57Bl/6J mouse, but only 40% of these mice
developed small lipid deposits in the aortic sinus after 14 weeks of a diabetogenic diet (DD, 35.5%
energy from fat); therefore, this appeared to be a poor model for the study of atherosclerotic
complications in diabetes [106]. The genetically modified mouse models ApoE−/− (King 2010;
Canizzo 2012) [107,108] and LDL−/− [109,110] also failed as pure diet-induced diabetic atherosclerosis
models, because they have exhibited inconsistent effects on blood glucose or insulin levels or on the
development of insulin resistance, and the variable increment of plaques would mainly be related to
hyperlipidemia rather than to alterations in glucose metabolism.

The most common mouse models that closely resemble human diabetic atherosclerosis have
been produced using two different approaches, alternative or complementary to the manipulation
of diet: chemical toxins or additional genetic manipulation in dyslipidemic atherosclerosis-prone
strains. Streptozotocin (STZ) is a toxic glucose analogue that accumulates in pancreatic β-cells and
causes cell death leading to type 1 diabetes (T1D) with hyperglycemia. Induction of diabetes with
STZ has been performed in different atherosclerosis models, and especially in ApoE−/− mice [111].
Diabetic ApoE−/− mice exhibited a significant increase in plaque area at the level of the aortic arch
and the proximal aorta compared to controls [112–114], but it is difficult to discriminate whether the
accelerated atherosclerosis is due to hyperglycemia or dyslipidemia. However, deranged carbohydrate
and lipid metabolism is a common feature in human diabetic patients, thus highlighting the relevance
of such available murine models.

Interestingly, Veerman et al. [115] found that STZ-induced hyperglycemia in ApoE−/− mice
was associated with low density of the vasa vasorum and under-expression of VEGF-R2. The use
of STZ has the advantage of a standardized protocol, onset and development of diabetes, but does
not fully replicate T1D as it usually does not induce ketosis and does not necessitate insulin therapy.
Moreover, although it has been reported that diabetes accelerates atherosclerosis in these mouse
models, a potential problem with STZ treatment is the toxic effect in many organs. The issue of high
plasmatic levels of lipids in the widely used models of atherosclerosis has been overcome by crossing
mice expressing human aldose reductase (hAR) with LDLR−/−. In fact, hAR-LDLR mice are a model
of accelerated atherosclerosis that does not exhibit hyperlipidemia [116]. This mouse model has
confirmed that AR expression influences atherosclerosis development and that hyperglycemia alone,
in conjunction with a particular genetic background, may accelerate the progression of this disease.
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Recently, genetically modified models of diabetic atherosclerosis have been developed using
Ins2AKITA (or Akita) mice on ApoE−/− or LDLR−/− backgrounds. Akita mice have a mutation in
the insulin 2 gene (Cys96Tyr), leading to a misfolding of the proinsulin 2 protein, beta cell apoptosis,
and T1D. Akita mice crossbred to ApoE−/− [117] and LDLR−/− [118,119] have a three-fold increase in
non-HDL cholesterol and triglyceride levels and an accumulation of inflammatory cells in plaques.
Wang et al. [120] induced T1D with STZ in ApoE−/−/LDL−/− mice fed a WTD and found that
they displayed a more unstable phenotype of atherosclerotic plaques than nondiabetic controls fed
a normal diet. They also found that the amelioration of insulin resistance through the silencing of
Tribbles homolog 3 (TRIB3), an inhibitor of the Akt phosphorylation proatherogenic pathway, was
able to improve plaque stability. Wu et al. [121] crossed ApoE−/− mice with db/db mice to generate
a type 2 diabetic (T2D) atherosclerosis model. ApoE−/−db/db mice exhibited significantly accelerated
atherosclerosis in the aorta, and Wendt et al. [122] found that ApoE−/−db/db mice display enhanced
expression of VCAM-1 and MMP-9 in the aorta.

Arterial calcification has emerged as a significant marker of advanced atherosclerosis, and
calcium score is a well-established clinical predictor of cardiovascular risk [123,124]. However, the
link between intimal calcification and plaque vulnerability is still controversial, and several factors
such as morphology, size and location, in relation to the amount of calcium deposits, may affect
lesion stability [125]. It is reported that large calcifications, easily detected with coronary computed
tomography, do not appear to increase plaque vulnerability [126], whereas small calcifications
within the fibrous cap can lead to biomechanical stress that can cause plaque rupture. Therefore,
microcalcifications are recognized to play a role in destabilizing atherosclerotic plaques [127,128],
and murine models of atherosclerotic calcification have been developed to better understand its
pathological role and to test the effects of new therapies on this prognostic factor.

Several inbred mouse strains, including C57BL/6, Balb/C, C3H/HeJ, DBA/2J, and SM/J,
develop spontaneous artery wall calcification with different occurrence, particularly when fed
a high-fat/high-cholesterol diet [129,130], indicating genetic regulation of this phenomenon.
Vascular calcification occurs spontaneously in genetically modified ApoE−/− mice, which were shown
to have marked cartilaginous metaplasia in the brachiocephalic artery [35,131], and is accentuated by
osteopontin deficiency [132,133]. Debernardi et al. [134] investigated the presence of microcalcifications
in mechanical-induced atherosclerotic lesions of the carotid artery in ApoE−/− mice, and they proposed
the use of this mouse model to investigate the pathophysiological significance of accumulation of
elements such as calcium, iron and zinc during the atherosclerotic process. Moreover, Towler et al. [135]
demonstrated that vascular calcification occurs in response to a high-fat, diabetogenic diet in LDL−/− mice.

Unraveling the mechanisms underlying cardiovascular calcification may be an important step
towards future strategies. Interestingly, research has demonstrated that dyslipidemia and inflammation
may link reduced bone mineral density and vascular calcification: it has been reported that patients
with low bone density have more pronounced atherosclerotic plaque calcification [136,137], and different
preclinical studies have suggested that hyperlipidemia promotes both arterial calcification and bone loss
in the ApoE−/− model [138–140]. Very recently, Li et al. [141] tested the effects of simvastatin treatment in
the ApoE−/− model and showed a significant reduction of microcalcification in atherosclerotic plaques.

A recent model has investigated the effect of impaired fibrillin-1 function on atherosclerosis
in ApoE−/−C1039G+/− double-knockout mice on a western-type diet. Mice with a heterozygous
mutation in the fibrillin-1 gene (Fbn1C1039G+/−) develop fragmentation of the elastic fibers and
were crossbred with ApoE−/− mice to generate reduced levels of elastin in their vessel walls and,
consequently, stiffer vessels [142]. The loss of elastin would result in exposure of the fibrous cap of
the atherosclerotic plaques to increased biomechanical stress. Indeed, after 10–20 weeks of high-fat
diet, these mice developed larger plaques with features of vulnerability, such as a decrease in collagen
content, increased apoptosis of SMCs, large necrotic cores, an increase in macrophage infiltration,
and numerous buried caps, not only at the level of the aortic valves but also in the brachiocephalic
artery and in different tracts of the aorta. Furthermore, after being fed a western-type diet for up
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to 35 weeks, a large number of the mice showed coronary plaques fissured with thrombi [42], and
spontaneous acute plaque disruption was reported [143] and described in a large percentage of the
mice in combination with symptoms of myocardial infarction, stroke or sudden death [42,142,144] (as
shown in Figure 2).

Figure 2. Mechanisms leading to the formation of vulnerable plaques, plaque rupture, myocardial
infarction, stroke, and sudden death in ApoE−/−Fbn1C1039G+/− mice. In ApoE−/−Fbn1C1039G+/−

mice, elastin fragmentation (1) and arterial stiffness lead to the development of large plaques with
a highly unstable phenotype, characterized by enhanced inflammation (2), large necrotic cores (NC) (3)
and a thin fibrous cap (FC) (4). Additionally, in the brachiocephalic and carotid arteries intraplaque
neovascularization and hemorrhage (IPH) are abundantly present (5). Due to the elevated pulse
pressure and extensive aortic dilatation (especially in the ascending aorta), the mechanical stress on
plaques is increased, leading to rupture and subsequent thrombus formation (6). Plaque rupture with
thrombosis as well as hypoperfusion of the heart and brain most likely result in myocardial infarction,
stroke, and eventually sudden death. (Reprinted from Reference [42]. Copyright with permission from
© 2014, Oxford University Press on behalf of the European Society of Cardiology.)

The level of macrophage infiltration was highlighted as one indicator of plaque vulnerability in
the ApoE−/−C1039G+/− mouse model and was quantified in vivo by gold nanoparticle–enhanced
microCT at the level of the common, external, and internal carotid arteries, demonstrating a more rapid
development and a larger extent of plaques in the ApoE−/−C1039G+/− mice compared to the ApoE−/−

mice [43]. Very recently, a new mouse model was introduced with an inducible adenovirus-mediated
gain-of-function mutation, D374Y, in the proprotein convertase subtilisin/kexin type 9 (PCSK9) gene,
which is another important factor that regulates lipid homeostasis like the ApoE and LDL proteins [145].
This PCSK9DY mutation in ApoE−/− mice mimics a genetic condition of hypercholesterolemia in
patients, and it showed a synergistic effect in combination with ApoE deficiency, resulting in a strong
increase in serum low-density lipoprotein, accelerated plaque growth and doubling of lesion size
compared to wild-type ApoE−/− mice. Therefore, intravenous administration of an adenoviral
vector for stable transfection of the PCSK9DY mutated gene in ApoE−/− mice has been described as
a promising approach to study the development of advanced atherosclerotic plaques related to the
interaction of different genetic mutations, without time-consuming backcrosses, and further long-term
studies to well characterize this model are expected to be published [146].

Finally, as not the least-relevant aspect, it is known that although some features of plaque
instability have been reproduced in genetically modified mouse models, atherothrombosis induction
is difficult. In a recent work by Liu et al. [147], murine prothrombin was over-expressed via
adenovirus-mediated gene transfer in an ApoE−/− mouse model of plaque destabilization [148].
This approach produces features of plaques that are found in human coronary arteries including
fibrous cap disruption, plaque hemorrhage and luminal thrombosis in 70% of the animals, suggesting
that blood coagulation is critical to consistently reproduce atherothrombosis in the mouse model.

The major mouse models of atherosclerosis are briefly summarized in Table 1.
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2.2. Molecular Biomarkers of Atherosclerotic Plaques in Humans and Murine Models

The characterization of molecular markers expressed both in humans and in murine models is
relevant to promote the translation of novel noninvasive diagnostic and therapeutic approaches for
vulnerable plaques from preclinical research to the clinic (as shown in Figure 3) [149].

 

Figure 3. Schematic depiction of representative targets for molecular imaging of atherosclerosis and
plaque vulnerability. (a) In the first stage, low-density lipoprotein cholesterol (LDL) is deposited
in the endothelium and undergoes oxidative modification, resulting in oxidized LDL (oxLDL).
OxLDL stimulates endothelial cells to express adhesion molecules (vascular cell adhesion molecule-1
(VCAM-1), P-Selectin and various chemokines, e.g., Monocyte Chemoattractant Protein-1 (MCP-1)
and Interleukin 8 (IL-8). This leads to a recruitment of monocytes, which transmigrate into the intima
and differentiate to pro-atherogenic macrophages; (b) Macrophages harvest residual oxLDL via their
scavenger receptors and add to the endothelial activation and, subsequently, leukocyte recruitment with
the secretion of Tumor Necrosis Factor α (TNF-α) and IL-6; (c) The increasing plaque volume promotes
neovascularization. Proliferating smooth muscle cells (SMCs) stabilize the nascent fibrous plaque.
With deposition of fibrin and activated platelets on the dysfunctional endothelium that expresses tissue
factor (TF) and von Willebrand factor (vWF), a pro-thrombotic milieu is formed; (d) Foam cells can
undergo apoptosis and release cell-debris and lipids, which will result in the formation of a necrotic
core. In addition, proteases secreted from foam cells can destabilize the plaque. This can lead to plaque
rupture, in which the case of extracellular matrix molecules (e.g., collagens, elastin, TF, vWF) catalyze
thrombotic events. (Reprinted from Reference [149]. Copyright with permission from © 2015, MDPI,
Basel, Switzerland, Creative Commons Attribution License CC BY 4.0.)

Several works have mainly evaluated the major receptors expressed at the level of atherosclerotic
plaques of ApoE−/− mice both ex vivo and in vivo. Therefore, we further summarize the current
status of the knowledge of the main molecular factors identified in patients and in the murine models
of atherosclerosis currently available, with a focus on the most promising imaging targets of key
processes implicated in plaque destabilization.

2.2.1. Leukocyte Adhesion Receptors

Inflammation is recognized as a crucial factor for the development of atherosclerotic lesions and
the progression of their vulnerability. In fact, macrophage-rich plaques appear to be more prone to
rupture. Experimental evidence shows that in humans and animal models of atherosclerosis, one of the
observed changes in the endothelium is an increased expression of leukocyte adhesion receptors, such
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as P-selectin, E-selectin, VCAM-1, and ICAM-1 [150,151], which allow monocytes to roll and adhere to
the artery wall and then enter the subendothelial space. Recently, the expression of several molecules
of leukocyte adhesion in human atherosclerotic plaques, obtained from autopsies or from the hearts of
patients undergoing heart transplantation, has been reviewed [152]. VCAM-1, which binds the very
late antigen-4 (VLA 4) on the surface of leukocytes, was found to be expressed by activated endothelial
cells, macrophages and SMCs even in the early stages of the atherogenic process, playing a major role
in the recruitment of inflammatory cells. However, variable levels of VCAM-1 have been reported
on the endothelium in human atherosclerotic lesions. Davies et al. [153] found that VCAM-1 appears
focally on endothelial cells covering fibrous or lipid-rich plaques, on intraplaque neovessels, and on
SMCs and macrophages. O’Brien et al. [154] identified significant expression of VCAM-1 on SMCs in
atherosclerotic coronary plaques of humans, while its presence on the luminal endothelium was low in
both lesions and control segments but was prevalent in association with the intimal neovasculature.

Despite the diversity of such data, George et al. [155] indicated that VCAM-1 is a very interesting
diagnostic and therapeutic target because it is expressed only on activated endothelial cells that
line the surface of atherosclerotic plaques, while it does not appear to be significantly expressed on
the endothelium in non-affected areas. Furthermore, preclinical studies have shown that blocking
or knocking out this receptor significantly inhibits macrophage recruitment and the formation of
plaques. Mice with hyperglycemia exhibit increased VCAM-1 expression, and similar findings
have been obtained in isolated human endothelial cells exposed to elevated glucose in vitro [156].
The over-expression of ICAM-1 has been demonstrated not only on the endothelium but also on SMCs
and macrophages of human atherosclerotic plaques [153,157,158].

An increase in the levels of the adhesive molecules VCAM-1 and ICAM-1 at sites with
atheromatous changes was also observed in ApoE−/− mice. Nakashima et al. [159] characterized
VCAM-1 on the endothelium of ApoE−/− mice by immunohistochemistry, highlighting its early
expression at the level of vascular sites susceptible to the development of plaques and at the periphery
of the lesions in advanced stages. Few endothelial cells with a weakly positive VCAM-1 signal were
instead shown in the control subjects. They also identified ICAM-1 on the endothelium at the same
vascular sites, but without statistically significant differences compared to the controls [159]. In fact,
the expression of ICAM-1 has been reported to be constitutively high in the endothelium of cardiac
vessels of murine species [160]. In human atherosclerotic lesions, a marked expression of P-selectin
has been demonstrated on the endothelium overlying active atherosclerotic plaques, but not on the
normal arterial endothelium or covering fibrous plaques [161].

The role of P-selectin in the spontaneous development of advanced atherosclerosis was also
evaluated in ApoE−/− mice. P-selectin appears to be a key adhesion receptor mediating the recruitment
of monocytes/macrophages into the lesions and promoting advanced atherosclerosis in ApoE−/−

mice, with earlier and more advanced lesions in mice lacking ApoE alone in comparison with
double-knockout ApoE/P-selectin mice [162]. In accordance with this, Ramos et al. [163] demonstrated
that anti–P-selectin antibodies inhibit monocytes rolling on the endothelium of carotid arteries isolated
from ApoE−/− mice. Furthermore, some studies have highlighted that advanced atherosclerotic
lesions are actively promoted in ApoE−/− mice not only by endothelial P-selectin but also by platelet
P-selectin [164,165]. In humans, the expression of E-selectin is limited to endothelial cells on the surface
of fibrous and lipid-rich plaques [153], whereas in the aortas of normal chow-fed ApoE−/− mice,
E-selectin was not expressed on endothelial cells in regions predisposed to atherosclerosis or in early
and advanced plaques.

2.2.2. Indicators of Macrophage Infiltration

A large number of macrophages in atherosclerotic lesions is an indicator of a more unstable and
rupture-prone phenotype [166,167]. In fact, these cells accumulate in plaques and phagocytize lipids,
turning into foam cells, and release cytokines and growth factors, as well as metalloproteinases and
reactive oxygen species that degrade the structures of plaques [168]. Therefore, the quantification of
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macrophages is a potential target for the identification of vulnerable plaques. Xu et al. [169] demonstrated
the expression of Toll-like receptor 4 (TLR-4) in the aortic atherosclerotic lesions of ApoE−/− mice and
in human coronary artery autopsy specimens by immunohistochemistry. Activated macrophages also
express the receptor for folate (FR β). Ayala-Lopez et al. [170] demonstrated high FR β expression on
macrophages in aortic atherosclerotic lesions of ApoE−/− mice both in vivo using nuclear medicine
imaging and ex vivo using immunohistochemistry, while Müller et al. [171] showed increased FR β

expression in human specimens obtained from carotid endarterectomy, which co-localized with the
macrophage activation marker “Cluster of Differentiation 68” (CD68).

2.2.3. Indicators of Angiogenesis

Histological examination of atherosclerotic plaques reveals a rich neovascularization.
The microvessels most likely form in response to over-expressed angiogenic factors, including VEGF.
Angiogenesis in plaques may favor their growth, a phenotype that is friable and prone to rupture and
that leads to hemorrhages and thrombosis.

The expression of VEGF and its receptors (VEGFRs) by endothelial cells, macrophages and
other cell types has been implicated in the development of atherosclerosis and vulnerable plaques,
particularly in association with diabetes, both in humans [172–176] and in animal models [177,178].
An association between neovascularization and atherosclerosis has been confirmed by several studies,
showing a correlation between the extent of atherosclerosis and plaque neovascularization in human
pathological samples [179–182]. Enhanced VEGF/VEGFR signaling plays an important role in three
critical processes leading to plaque vulnerability: stimulation of angiogenesis in plaques, recruitment of
monocytes into plaques, and increasing permeability of plaque vasculature which leads to hemorrhage
and inflammatory cell extravasation [174,175].

The strongest experimental evidence that angiogenesis plays a pathogenetic role in atherosclerosis
was derived from studies in the ApoE−/− mouse model. Moulton et al. [183,184] provided the first
confirmation that the process of angiogenesis is involved in the progression of atherosclerosis, showing
that neovascularization is seen in advanced atheromas of ApoE−/− mice and that their development
may be significantly reduced by specific endothelial inhibitors. However, the incidence of lesions
with intimal vessels reported by Moulton et al. [183,184] in this mouse model was relatively low
(13%); therefore, subsequent studies were performed in ApoE−/− mice with streptozotocin-induced
diabetes. Immunohistochemistry showed a significant increase of VEGFRs in aortic plaques, as
well as the co-localization of VEGFR-1 primarily with the macrophage marker Mac3 and VEGFR-2
with the endothelial cell marker FVIII, highlighting their potential use in novel molecular imaging
strategies [185]. Another potential marker for the targeting of angiogenesis in atherosclerotic lesions is
αvβ3 integrin, a cell surface glycoprotein receptor that is highly expressed by macrophages, medial
and some intimal SMCs, and endothelial cells [186–188]. Expression of αvβ3 integrin is found in
the shoulder of advanced plaques and in the necrotic core of human atherosclerotic lesions [189].
Moreover, for in vivo imaging purposes, integrin αvβ3 is the most extensively examined marker of
angiogenesis [190,191].

2.2.4. Other Potential Molecular Targets

Vulnerable plaques are characterized by the presence of apoptotic cell death and induction
of atherothrombosis [5]. In advanced lesions, apoptosis of macrophages promotes thinning of the
fibrous cap and the development of the necrotic core, a key factor in rendering plaques vulnerable to
disruption and in the formation of luminal thrombi [192,193]. During apoptosis, phosphatidylserine
(PS) is externalized on the cell membrane [194,195] and is recognized by the 35 kDa plasma protein
Annexin V (A5) [196]. Therefore, A5 has been effectively used for various molecular imaging strategies
in preclinical atherosclerosis models including ApoE−/− mice [185,197,198], as well as in human
cardiovascular disease [199,200]. The fibrous cap separates platelets and prothrombotic materials in
the plaque. Rupture of this barrier leads to the exposure of a variety of intraplaque constituents to the
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circulation, initiating atherothrombosis which may cause stroke or myocardial infarction. Therefore,
thrombus formation is an important aspect in the instability of atherosclerotic lesions, and molecules
present on activated platelets such as glycoprotein IIb/IIIa [201] or the specific collagen receptor
glycoprotein VI (GPVI) [202], selective targets of fibrins [203,204], clotting factors or components of
the exposed subendothelial matrix [205,206] can represent an interesting strategy for assessing their
vulnerability, also using various molecular imaging techniques.

2.3. Emerging Applications for Molecular Imaging in Murine Models of Atherosclerosis

Atherosclerosis is a complex phenomenon that involves endothelial dysfunction, LDL
accumulation and inflammation [82,150,151,170,183]. Moreover, it is a multigenic disease and patterns
may vary in lesions from different persons and at different sites of the arterial tree, suggesting
genetic differences in susceptibility as well as in response to therapy. Molecular imaging has greatly
increased the possibility to visualize complex biochemical phenomena underlying atherosclerosis,
using highly specialized instruments in combination with targeted imaging agents. Non-invasive
imaging approaches for the detection of atherosclerotic plaques that are prone to rupture would have
a significant clinical impact for diagnostic and therapeutic purposes. Animal models of plaque rupture
are essential for testing new imaging modalities to enable the diagnosis of the patient at risk and the
design of new preventive treatments. The advances of preclinical imaging and of nanotechnologies
have provided new tools to study molecular structures, cellular behaviors, and metabolic pathways
that underlie atherosclerosis. In particular, the development of a wide range of imaging contrast agents,
functionalized with targeting ligands such as antibodies, peptides or aptamers, could be promising
for probing the molecular biomarkers of the atherosclerotic processes, promoting the translational
potential of novel technologies.

Molecular imaging relies on diverse imaging techniques, which include contrast-enhanced
ultrasound (CEUS), magnetic resonance imaging (MRI), positron emission tomography (PET),
single-photon emission computed tomography (SPECT), X-ray computed tomography (CT),
fluorescent molecular tomography (FMT) and photoacoustic imaging (PAI). Each modality presents
advantages and weaknesses; therefore, multimodality imaging approaches are desirable both in
preclinical research and for human applications. Importantly, longitudinal imaging studies allow for
the improvement of the accuracy of the experimental results and reduce the number of animals required
for experimentation, according to the 3Rs principles (Replacement, Reduction and Refinement).
Table 2 compares the main characteristics, advantages and limitations of different imaging modalities
with respect to atherosclerosis mouse models. A growing range of potential imaging targets have
been investigated in genetically engineered mouse models, mainly ApoE−/− mice, while there are
few imaging studies to date that use the ApoE−/−C1039G+/− model. In the following paragraphs
of this review, the published literature on the molecular imaging of advanced atherosclerosis in
murine models and its future directions will be summarized, emphasizing those strategies that provide
new insight into the identification of vulnerable plaques and that have the greatest potential for
clinical applications.

Table 3 describes the major targets for molecular imaging of atherosclerosis that have recently
been evaluated in mouse models of vulnerable plaques, including the biological processes investigated,
imaging modalities, and contrast agents used.
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2.3.1. Contrast-Enhanced Ultrasound Imaging

Contrast-enhanced ultrasound (CEUS) is an increasingly used molecular imaging modality for
the phenotypic analysis of the cardiovascular system in mouse models. In particular, ultrasound
characterization of atherosclerotic plaques may be improved using contrast agents producing intense
acoustic reflection and enhancing the reflection signal-to-noise ratio for blood because of their size (equal
in size or smaller than red blood cells). The ultrasound contrast agents are gas-filled microbubbles,
typically ranging from 1 to 5 μm in diameter, encapsulated with protein, lipid or bio-compatible
polymers. Microbubbles (MB) conjugated, directly or through an avidin/streptavidin biotinylation
method, with targeting ligands such as antibodies, peptides or aptamers can be used to target specific
biomarkers on the endothelium or activated platelets. They are strictly intravascular agents. They act
as blood pool agents and can be targeted towards endothelial cell receptors, blood cell markers or
blood proteins. When acoustic waves encounter microbubbles, they alternately exert their compression
with positive pressure and expansion with negative pressure. When the transmitted acoustic pressure
increases, the microbubbles are compressed in a different manner, and then they expand. As a result,
an asymmetric oscillation of microbubbles occurs, called “non-linear oscillation.” In non-linear oscillation,
the microbubbles, instead of producing sinusoidal echoes with a frequency spectrum similar to that of
the incident ultrasounds, produce, differently from the tissues, asymmetric echoes. This asymmetry
produces harmonics that are utilized to differentiate the ultrasound signal from the contrast agent
from that coming from the tissue. The CEUS technique cancels the linear ultrasounds from tissues and
utilizes the non-linear ones from the microbubbles to form images (as shown in Figure 4) [207,208].

Moreover, microbubbles can be destroyed by an ultrasonic pulse, confirming the specificity of
binding and enabling localized drug delivery for therapeutic purposes [209,210].

Contrast-enhanced ultrasound offers significant advantages, such as high spatial resolution,
high sensitivity and the lack of ionizing radiation; from a perspective of clinical translation, the
portability and speed of the imaging acquisition ensure that this technique is well-suited to its potential
application for screening large populations and making timely diagnoses. As a limitation, the current
targeted microbubble agents can only be directed against intravascular endothelial or blood cell events,
reducing the potential molecular targets. Moreover, microbubbles need a critical threshold amount of
molecular expression to begin to see attachment [211].

Targeted contrast-enhanced ultrasonography has been shown to be a promising noninvasive
imaging technique for evaluating the degree of atherosclerosis in mice [212–214] and may potentially be
translated to clinical imaging in the future [215,216]. A number of specific targeted ultrasound probes has
been tested in vivo for assessing biomarkers such as VCAM-1 [217–219], P-selectin [220] and von Willebrand
factor [221,222] in genetically modified mouse models of atherosclerosis (as shown in Figure 5).

A thinning of the fibrous cap can ultimately induce plaque rupture and expose the core of the
lesion to circulating coagulation factors. This critical event can trigger obstructive thrombosis that
can cause clinical events.Molecular imaging that targets activated platelets or different steps of the
coagulation cascade could be an interesting tool to detect the subocclusive thrombi and intraplaque
hemorrhages that characterize vulnerable plaques. Microbubbles have been conjugated with the
recombinant fusion soluble glycoprotein (GP) VI, which binds with high affinity to atherosclerotic
lesions in ApoE−/− mice. GPVI is a platelet-specific collagen receptor that favors platelet adhesion,
activation and secretion, regulating mechanisms of atheroprogression and atherothrombosis. The GPVI
receptor has high affinity for collagen within atherosclerotic plaques. The soluble GPVI receptor
competes for collagen binding sites with the surface-associated platelet GPVI receptor and thereby
inhibits platelet adhesion onto collagen in vitro and in vivo [223,224]. Molecular imaging signals
of GPVI-targeted microbubbles were substantially enhanced in the aortic arch and in the truncus
brachiocephalicus in ApoE−/− compared to wild-type mice. Moreover, high-frequency ultrasound
(HFU)-guided disruption of GPVI-targeted microbubbles accumulated in the atherosclerotic lesions
may interfere with atheroprogression and may be an innovative therapeutic approach to prevent
progression of atherosclerotic disease [202].
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Figure 4. Molecularly targeted microbubbles. (A) Selective binding to sites of molecular expression
on the endothelium: streptavidine is used for attachment of biotinylated ligands onto the shell
of ultrasound contrast microbubbles; (B) At very low acoustic power, microbubbles oscillate in
relatively symmetrical order, backscattering at the same frequency of incident ultrasound. At a slightly
higher mechanical index, microbubbles oscillate in a nonlinear manner (nonlinear response),
backscattering a variety of frequencies (harmonic). Higher acoustic pressures destroy the microbubbles
with a high-intensity backscatter response; (C) Time course analysis of signal intensity before
and after high-power destructive pulse and diagram representation of destructive methodology.
After intravenous administration, targeted microbubbles can bind to specific antigens expressed on
endothelial cells of tumor vessels (orange), whereas others remain in the vessel lumen, freely circulating.
After a high-power destructive pulse (red dotted lines), both bound and circulating microbubbles are
destroyed, following circulating microbubbles that arrive from outside of the scan plane, which remain
freely circulating for several seconds. Contrast intensity is the sum of the intensity from the tissue,
intensity from the circulating microbubbles and intensity from the microbubbles bound to receptors
on endothelial cells. After digital subtraction of the video intensity calculated on 300 predestruction
frames from video intensity calculated on 300 postdestruction frames, the resulting video intensity
is due only to bound microbubbles. (Reprinted from Reference [207]. Copyright with permission
from © 2012, Hindawi Publishing Corporation, Creative Commons Attribution License CC BY 3.0; and
from Reference [208], Copyright with permission from © 2013, BioMed Central, Creative Commons
Attribution License CC BY 4.0.)
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Figure 5. Illustration of spatial matching between morphology and targeted signal enhancement.
(A) High-frequency ultrasound (40 MHz) image at the level of the aortic arch in a 10-week-old DKO
animal; (B) Lower frequency multipulse contrast-specific imaging of the aorta at baseline, with the
aorta defined by dashed lines, before contrast administration and (C) 10 min after administration of
P-selectin–targeted microbubbles after background subtraction and color-coding (color scale at bottom).
(Reprinted from Reference [220]. Copyright with permission from © 2010, Wolters Kluwer Health.)

The glycoprotein (GP) IIb/IIIa complex, also known as αIIbβ3 integrin, is the major receptor
expressed on the surface of activated platelets and is essential for their interactions with other
activated platelets and adjacent cells in atherothrombosis [225–227]. Thus, the GP IIb/IIIa receptor is
a potential marker for imaging aggregated platelets in atherosclerotic plaques. Peptides containing the
Arg-Gly-Asp (RGD) sequence are highly adhesive for GP IIb/IIIa. Cyclic (c) RGD has 30-fold greater
affinity for the GP IIb/IIIa complex than the linear form, which is particularly advantageous for binding
under the conditions of rapid blood flow that occur in atherosclerotic arteries. A cRGD-modified MB
(MB-cRGD) has recently been developed that is capable of binding to GP IIb/IIIa on activated platelets
and thrombi in large arteries. It is used to examine whether GP IIb/IIIa receptors on activated platelets
that are adhered and aggregated on the endothelium can serve as biomarkers of atherosclerotic plaque
instability, and whether they can be identified and quantified by contrast-enhanced ultrasound using
cRGD-targeted microbubbles [201].

2.3.2. Contrast-Enhanced Magnetic Resonance Imaging

Contrast-enhanced MRI is a noninvasive imaging modality for characterizing the composition
of atherosclerotic plaques at the molecular level, with high spatial resolution, average sensitivity
and non-ionizing radiation. Innovative MRI contrast agents seem promising for discriminating
between stable and unstable lesions, due to their labeling with a molecular moiety that targets
pathological over-expressed hallmarks. Targeted MRI imaging probes are mostly gadolinium
compounds of small molecular weight, as well as iron oxide nanoparticles. In particular, ultrasmall
superparamagnetic iron oxide nanoparticles (USPIO, <60 nm) are currently widely used as contrast
agents for molecular and cellular imaging, and they consist of an iron-oxide core and a shell of
dextran or polymers. Gadolinium chelate (Gd-DTPA) contrast agents strongly enhance the signal
profile of the atherosclerotic wall in T1-weighted sequences. Targeted probes conjugated with USPIO
generally result in a marked loss of signal intensity in the atherosclerotic plaques of mouse models
with a T2-weighted, rapid-acquisition, relaxation-enhanced (RARE) imaging protocol, or in a positive
contrast with the “susceptibility gradient mapping” post-processing method.

Several attractive biomarkers of vulnerable atherosclerotic plaques have been evaluated using
molecular MRI in the ApoE−/− model, including αvβ3 integrin with an RGD peptide [228] and
phosphatidylserine using a peptide mimicking the endogenous ligand annexin V specific for apoptosis
that was grafted to Gd-DTPA [229], or VCAM-1 and apoptotic cells using targeted peptides conjugated
with USPIO [230,231]. Intraplaque fibrin plays an important role in the progression of late-stage
atherosclerotic plaques. Fibrin and fibronectin accumulation in atherosclerotic plaques is associated
with plaque burden; therefore, molecular imaging of these biomarkers could have great potential
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to prevent acute cardiovascular complications. Makowsky et al. [232] assessed intraplaque fibrin
in ApoE−/− mice fed a high-fat diet for one to three months using a gadolinium-conjugated agent.
Molecular MRI revealed a significant increase in contrast agent uptake in brachiocephalic artery
plaques, in agreement with immunohistochemical findings. Similarly, Wu et al. [233] tested the peptide
CLT1, which is specific to fibrin-fibronectin complexes, conjugated with four DOTA-Gd chelates, for
monitoring clots present in atherosclerotic plaques of ApoE−/− mice over time. These authors found
a stronger enhancement in the aortic lesions of the ApoE−/− mice than in the controls at all time points
and a good correlation of MRI signal progression with fibrin-fibronectin immunochemical analysis.

Distinguishing between stable and unstable rupture-prone lesions using noninvasive methods is
one of the major diagnostic challenges, and the abundant presence of macrophages is a relevant imaging
target for vulnerable plaque detection. Segers et al. [234] investigated the use of USPIO conjugated
to a peptidic ligand of scavenger receptor AI that is highly expressed by lesional macrophages.
These targeted USPIOs for inflammatory plaques have shown a significant accumulation in advanced
atherosclerotic plaques of ApoE−/− mice. Another recent study of Parolini et al. [235] evaluated the
potential of a new blood-pool contrast agent referred to as B22956/1 to identify vulnerable plaques
in the brachiocephalic arteries of ApoE−/− mice. These authors highlighted a significant correlation
between MRI signal enhancement and macrophage content in atherosclerotic lesions.

Tarin et al. [236] also tested a targeted probe based on gold-coated iron oxide nanoparticles
vectorized with a specific antibody for the CD163 receptor, highly expressed on macrophages at
inflammatory sites, in ApoE−/− mice. A significant signal variation over time was observed in the
aortic walls of ApoE−/− mice with respect to the pre-injection signal or nontargeted nanoparticles; the
MRI results were confirmed in autoptic samples by specific immunostaining. Lectin-like Oxidized
Low-Density Lipoprotein Receptor 1 (LOX-1) is a membrane receptor expressed on endothelium,
inflammatory cells and SMCs present in atherosclerotic plaques which plays a crucial role in the
destabilization and rupture of lesions. Wen et al. [237] reported a sensitive and specific LOX-1–targeted
USPIO, producing a significant signal loss in MR images at the level of atherosclerotic lesions in carotid
arteries of ApoE−/− mice (as shown in Figure 6).

 

Figure 6. USPIOs MRI of ApoE−/− mice in vivo. Representative in in vivo carotid atherosclerotic
lesion in ApoE−/− mice pre-, 8 and 24 hrs after administration of various USPIOs. The red arrows
indicate the location of signal loss within the plaque while the yellow arrows indicate the location
of carotid atherosclerotic lesions with limited rSI changes. (Reprinted from Reference [237], Crown
copyright with permission from © 2014, Elsevier Ltd.)
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The MRI is characterized by high spatial resolution; nevertheless, it has relatively low sensitivity in
comparison with other imaging techniques such as nuclear medicine or optical imaging. In particular,
near-infrared fluorescence (NIRF) imaging can overcome this limitation, due to its high sensitivity, and
also appears to be easy to perform and of relatively low cost. Therefore, several previously published
studies have proposed interesting bimodality imaging strategies with in vivo and ex vivo NIRF: optical
imaging was used to confirm nanoparticle uptake in the lesions, and MRI helps to accurately determine
the location of in vivo fluorescence signals. Van Tiborg et al. [198] characterized a micellar nanoparticle
conjugated to annexin A5, carrying both Gd-labeled lipids and a fluorescent dye. In vivo MR imaging
highlighted cells, exposing phosphatidylserine in atherosclerotic lesions of ApoE−/− mice, and ex vivo
NIR fluorescence imaging of excised aortas was used to validate the quantification of nanoparticles in
the plaques.

Very recently, Wang et al. [238] illustrated a novel multi-modality molecular imaging probe
obtained by conjugating polyclonal profilin-1 antibody and NHS-Cy5.5 fluorescent dye to the surface of
DMSA-Fe3O4 nanoparticles (PC-NPs) that can be used to perform noninvasive imaging of atherosclerotic
plaques at the level of the carotid artery in ApoE−/− mice. Profilin-1 is an actin-binding protein
involved in the modulation of cytoskeleton architecture that is over-expressed in activated vascular
SMCs present in atherosclerotic plaques, and therefore it is recognized as a promising potential target
to comprehensively assess the vulnerability of plaques. To date, any other molecular probe targeted
at activated SMCs in plaques is described. These authors revealed the accumulation of PC-NPs in
atherosclerotic plaques of the analyzed model using in vivo MRI and NIRF imaging: fluorescence signals
in the carotid arteries were significantly higher in ApoE−/− mice compared to controls and significant
T2-weighted MRI signal attenuation was observed, with a high correlation between the fluorescence
imaging intensity and MRI signal changes. Moreover, this targeted probe has also been shown to be
helpful in evaluating the therapeutic efficacy of atorvastatin through dynamic monitoring [238].

2.3.3. Nuclear Imaging Techniques and X-ray Computed Tomography

Nuclear techniques such as PET and SPECT potentially provide detection sensitivities in the
nanomolar-picomolar range. Such functional imaging enables the investigation of biological events
that lead to plaque rupture with high specificity and offers relevant potential results of clinical
translatability from basic research to identify high-risk patients. Furthermore, the combination of the
nuclear medicine images with the morphological information provided by CT in hybrid scanners, or
with the high soft tissue contrast obtained through MRI, has the potential to map molecular signals
with precise anatomic details. Also, more recently, the association with optical imaging was shown to
be particularly helpful for testing innovative probes and for in vivo tracking of targeted cells.

Macrophage markers, such as CD68 glycoprotein, which binds to low-density lipoprotein,
correlate well with atherosclerotic lesion vulnerability. Nahrendorf et al. [239] described a novel
trimodal nanoparticle, which targets the CD68 macrophage marker, consisting of an iron oxide core
for MRI and an optically detectable near infrared fluorochrome that is radiolabeled with the PET
tracer 64Cu. This agent was found to accumulate predominantly in macrophages present in plaques at
the level of the carotid artery and aorta of ApoE−/− mice, as confirmed by ex vivo autoradiography
and fluorescence microscopy. More recently, Seo et al. [240] performed in vivo PET-CT studies in
atherosclerotic ApoE−/− mice using a fluorine-18–labeled dendritic form of a cyclic nine-amino-acid
peptide, named LyP-1, which targets p32 proteins on macrophages and which was labeled with
fluorine-18. PET-CT co-registered images have shown significant uptake of the radiotracer in the aortic
root and descending aorta after two hours of biodistribution.

Macrophages can also be targeted with antibodies against LOX-1, which is upregulated in response
to high levels of oxidized LDL and proinflammatory cytokines. For imaging purposes, Li et al. [241]
conjugated a LOX-1 antibody with the SPECT radionuclide 99mTechnetium (99mTc), showing that
this probe was able to reliably target macrophages in vivo in ApoE−/− mice and LDLr−/− (LOX1−/−)
mice. The peripheral benzodiazepine receptor (PBR), also known as translocator protein (TSPO),
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is minimally expressed in non-inflamed tissue and is highly expressed on activated macrophages;
therefore, it is exploited as a molecular imaging target.

Foss et al. [242] developed a SPECT imaging agent, [125I]iodo-DPA-713, which targets
macrophages, to selectively detect macrophage infiltrates along the descending aorta and within
the myocardium of the ApoE−/− mice. Radiotracers targeting VCAM-1 have been validated in murine
experimental systems as attractive tools for imaging vulnerable plaques. Atherosclerotic lesions in the
aortic arches of ApoE−/− mice have been successfully identified by Nahrendorf et al. [243] using the
peptide 4V, and very recently by Bala et al. [244] through the specific nanobody cAbVCAM-1-5, both
radiolabeled with fluorine-18, showing a significant correlation between the uptake of the radiotracers
and the level of expression of the VCAM-1 receptor in atherosclerotic lesions assessed by ex vivo
analyses (as shown in Figure 7).

Figure 7. PET-CT in ApoE−/− and statin-treated mice. PET-CT imaging shows uptake of 18F-4V
in the aortic root (arrows) and arch of atherosclerotic mice. Uptake is lower in statin-treated and
in wild-type mice. (A,C,E) Short-axis views; (B,D,F) Long-axis views; (G,H,I) Three-dimensional
maximum intensity projection. Bone is shown in white, vasculature in blue, and 18F-4V PET signal
in red. The PET signal occurs in the carotid arteries, and background signal in the liver, in addition
to the strong uptake of 18F-4V PET observed in the root and arch (arrow). K = quantification of PET
signal as the standard uptake value (SUV). Mean ± SEM, * p < 0.05. Abbreviations as in Figures 1, 2
and 5. (Reprinted from Reference [243]. Copyright with permission from © 2009, American College of
Cardiology Foundation, Elsevier Inc.)

Similarly, Broisat et al. [245] tested anti–VCAM-1 nanobodies labeled with 99mTc both in vitro
on murine and human endothelial cells and in vivo at the level of the aortic arch in ApoE−/− mice.
Dimastromatteo et al. [246] demonstrated in vivo the uptake of the peptide 99mTc-B2702p1 at the level
of the carotid arteries in the same model, confirming VCAM-1 expression using immunohistology.

Other relevant targets of plaque vulnerability, investigated through nuclear medicine imaging
in the ApoE−/− murine model, include other biomarkers of inflammation such as the following:
P-selectin [247,248]; αvβ3 receptor with an RGD-galacto peptide [249] or the novel integrin ligand
flotegatide [250], both labeled with fluorine-18; phosphatidylserine using 99mTc-annexin V [197] or
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99mTc-AnxF568 and 124I-Hypericin [251] for apoptosis imaging; and extracellular matrix proteins
such as GPVI with a 64Cu-labeled GPVI fragment crystallized [252] or fibronectin using a specific
99mTc-antibody [253]. Finally, in an attempt to improve the detection of vulnerable lesions, contrast
agents for CT imaging of macrophage-rich atherosclerotic plaques have been developed and tested
in the major mouse models of atherosclerosis, for example liposomal-iodine [254] or PEGylated gold
nanoparticles [255] in ApoE−/− mice and, more recently, gold particles of 15 nm with a polyethylene
glycol coating called Aurovist in the ApoE−/−C1039G+/− model [43].

2.3.4. Targeted Fluorescence Imaging

Currently, fluorescence imaging is emerging in preclinical research because it offers several
advantages: high sensitivity, the possibility of simultaneous multi-spectral imaging, high-throughput
capabilities, cost-effectiveness, and the absence of ionizing radiation. This technique can be applied
both ex vivo for immunofluorescence microscopy and for in vivo applications such as intravital
microscopy or tomographic imaging. In particular, FMT in the NIR window is gaining great relevance
in cardiovascular research for longitudinal studies in mouse models of atherosclerosis. Atherosclerosis
research using FMT is still sparse, but the previously mentioned peculiarities make it an attractive
in vivo alternative to nuclear imaging. FMT is based on the collection of photons propagated in deep
tissues from different points of view to obtain the tomographic distribution of fluorochromes.

A number of fluorescent targeted probes are available, with the possibility of obtaining in vivo
quantitative three-dimensional data of fluorescence signal distribution. These probes are excitable
with a laser at the appropriate wavelength, and, after excitation, they emit light at a higher wavelength,
detectable with appropriate charge-coupled device cameras. FMT offers an improved penetration
depth of light in the near-infrared spectrum and limited autofluorescence but has limited spatial
resolution and is currently restricted to preclinical field or ex vivo human samples [256]. Moreover,
multimodality imaging with the association of FMT-CT or -MRI holds promise for noninvasive
imaging of murine models of atherosclerosis, adding anatomical details to molecular signals [257–259].
Macrophage content correlates with plaque vulnerability because the fibrotic cap can be destabilized
by the secretion of matrix-degrading enzymes, contributing to acute thrombotic complications.

Cathepsins and metalloproteinases are highly expressed in rupture-prone plaques, and the activity
of these macrophage-related molecules has been evaluated at the level of the ApoE−/− mouse aortas
both in vivo and ex vivo with fluorescent imaging [260]. Nahrendorf et al. [257] have also monitored
the macrophage-protease function in vivo by FMT as a biomarker of destabilized atheromata and have
coregistered FMT datasets with high-resolution CT angiography, localizing the highest fluorescence
signal in the aortic root and arch of ApoE−/− mice. Moreover, the same authors showed that FMT-CT
may be useful for monitoring the efficacy of atorvastatin treatment in ApoE−/− mice. In agreement,
Larmann et al. [261] used FMT to test the plaque-stabilizing effects of high-dose atorvastatin treatment
in ApoE−/− mice through in vivo tracking of the recruitment of near-infrared fluorescent-labeled
macrophages (as shown in Figure 8).

FMT-based quantification of macrophage recruitment in vulnerable plaques has demonstrated
lesion stabilization after four days of atorvastatin therapy. Similarly, a recent study has successfully
used FMT to visualize protease activity in ApoE−/− mice and to assess the efficacy of an anti-inflammatory
nanotherapeutic [262].

Apoptosis correlates with plaque vulnerability and, therefore, represents an important diagnostic
target. Van Tiborg et al. [198] developed a fluorescent nanoparticle functionalized for annexin 5 that was
applied both in vivo using MRI and ex vivo with near-infrared fluorescence imaging of excised aortas.
Calcification in atherosclerotic plaques is associated with macrophage infiltration and is predictive
of cardiovascular events. Plaque rupture occurs particularly at interface areas between high- and
low-density tissues, and microcalcification in the fibrous cap induces microfractures. Aikawa et al. [139]
used a bisphosphonate-derivatized near-infrared fluorescent agent to visualize osteogenic activity
and iron oxide fluorescent nanoparticles for detection of macrophages in ApoE−/− mouse aortas,
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demonstrating with ex vivo fluorescence imaging an increased osteogenic activity in macrophage-rich
atherosclerotic plaques of 20- to 30-week-old mice.

Figure 8. Fluorescence-mediated tomography (FMT) reliably quantifies 1,1′-dioctadecyl-3,3,3′,
3′-tetramethylindotricarbocyanineiodide (DiR)-enhanced green fluorescent protein (eGFP) macrophage
recruitment over time in a region of interest covering aortic sinus, aortic arch, and brachiocephalic
artery of ApoE−/− mice. (Reprinted from Reference [261]. Copyright with permission from © 2013,
Wolters Kluwer Health.)

More recently, Lin et al. [263] evaluated cathepsin activity and αvβ3 expression in ApoE−/− mice
using FMT, demonstrating that targeted NIRF agents can be successfully employed for molecular
imaging of vulnerable plaques at the level of the aortic root and arch, and the descending aorta and
carotid arteries. In preclinical testing, cathepsin agents can monitor the anti-inflammatory effects of
ezetimibe. Also, in this case, the FMT signal was conveniently co-registered with CT angiographic
images using anatomical details from CT to further identify the location of the molecular information.
Similarly, Yao et al. [264] have shown that αvβ3 is highly expressed in atherosclerotic lesions of the
ApoE−/− model using a cyclic RGD peptide (cRGDyK) conjugated with the near-infrared dye Cy5.5
both in vivo and in excised carotid arteries. cRGDyK-Cy5.5 co-localization with MAC-3 expression
was confirmed using fluorescence confocal microscopy.

2.3.5. Photoacoustic Imaging

Photoacoustic imaging (PAI), also called optoacoustic tomography (OAT), is a hybrid imaging
modality that uses nonionizing optical radiation and ultrasonic detection. Recent advances in
laser technology and detection strategies have led to significant improvements in the capabilities
of optoacoustic systems. PAI is showing real promise as a convenient alternative to other imaging
modalities. PAI combines the advantages of both optical and ultrasonic imaging methods, offers
higher spatial resolution and allows imaging of deeper tissues compared to optical imaging
techniques [265,266]. PAI is based on the photoacoustic effect: a short-pulsed laser irradiates biological
tissues and induces ultrasonic waves due to transient thermoelastic expansion [265]. In comparison to
optical imaging, PAI allows high-resolution visualization (≤100 μm) with a penetration depth within
tissues of several centimeters, because it is less influenced by photon scattering.

Applications in the field of molecular imaging provide functional information regarding cellular
events by using endogenous chromophores (hemoglobin, melanin, and lipids) and a great variety
of exogenous contrast agents [267–269]. Furthermore, OAT contrast agents can be combined with
CEUS for advantageous dual modality imaging approaches [270,271]. PAI has been used for various
biological applications such as angiogenesis, oxygen saturation and drug response for oncologic
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screening and studies on brain functions, including preclinical research using small animal models of
atherosclerosis [272,273]. Despite its attractive features, PAI experienced a slow development and is
still facing some issues for routine adoption, relying on the development and validation of molecular
agents tailored to this imaging modality. Few studies have explored the feasibility and potential of
this technique in atherosclerosis research. The main strategies explored through in vitro or ex vivo PA
studies have included targeting of foamy macrophages and of inflammatory molecular biomarkers
such as ICAM-1, VCAM-1 and E-selectin using gold nanoparticles (AuNPs) [274–276].

Very recently, some pilot preclinical studies have been conducted in ApoE−/− mice to test the
in vivo potential of molecular PA contrast agents to identify stable versus vulnerable plaques such as
a VCAM-1–targeting gold nanoshell probe, which has highlighted a higher PA signal in the aortic arches
of ApoE−/− mice fed a WTD compared to controls [277] and indocyanine green (ICG) conjugated with
a PEGylated polymer in a new ICG@PEG-Ag2S nanoprobe that was shown to selectively accumulate
in the atherosclerotic plaques due to its lipophilicity and produced a six-fold enhancement of the PA
signal intensity in the region of the aorta 3 h post-injection in ApoE−/− mice compared to the signal
produced after administration of free ICG [278] (as shown in Figure 9).

Figure 9. Representative PA imaging of abdominal aorta in an ApoE−/− mouse after intravenous
injection of ICG@PEG-Ag2S (longitudinal and transverse view): a low contrast in the whole body
of the mouse is evident, while a remarkable enhancement of the PA intensity in the region of the
aorta (as indicated by red arrows and red circles) was observed over time. Graph shows quantitative
changes over time of PA signals in the aorta of the mouse corresponding to the red circle in images.
(Reprinted from Reference [278]. Copyright with permission from © 2016, Royal Society of Chemistry.)

3. Conclusions and Future Directions

Atherosclerosis can start in the late years of childhood and can remain silent for many years.
It becomes symptomatic when it interferes with the circulation and blood supply, causing heart attack,
stroke, or ischemic symptoms. However, this mechanism is responsible for acute events in only
30%–40% of patients. A significant number of people with myocardial ischemia do not have plaques
that significantly narrow the arteries. A total of 60%–70% of patients with acute coronary syndrome or
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sudden cardiac death have thrombosis associated with rupture-prone plaques that have been shown
in post-mortem evaluation to have specific characteristics such as increased macrophage activity and
a peculiar molecular pattern. These features appear in an atherosclerotic plaque prior to rupture.

As outlined in the “response-to-injury” hypothesis by Ross et al. [150], the endothelial
denudation injury or activation was considered the first step in the development of atherosclerosis.
The monocyte-endothelial interactions giving rise to foam cells and growth factor–induced SMC
proliferation trigger lesion formation. Presently, the knowledge of the atherogenic process has been
considerably refined using murine models of atherosclerosis through recognition of other important
factors such as the subendothelial accumulation of apolipoprotein B–containing lipoproteins; the roles
of macrophages, neutrophils, T cells, and dendritic cells; and the identification of specific chemotactic
signals that regulate the recruitment of inflammatory cells into the lesion, such as extracellular RNA
(eRNA) acting as a cofactor of VEGFR-2–coupled or other intracellular signaling pathways [279,280].
The existence of a pathological interface between lipids and inflammation, the role of cytokines and the
importance of highly specific molecular targets that can be used to develop diagnostic imaging systems
and innovative therapeutic tools, such as RNA-degrading enzymes, RNA interference or silencing
systems [279], are made quite clear by these studies. Thus, there is an urgent need for identifying
vulnerable atherosclerotic plaques before acute cardiovascular events.

Many of the currently available clinical diagnostic methods still provide minimal information
about the biological characteristics of plaques and/or are invasive. The imaging methods currently
used provide only partial quantitative and morphological data on the atherosclerotic plaque.
The cellular and molecular processes that characterize the atherosclerotic plaques require more
advanced methods that can best represent the peculiarities of the pathological events with respect to
size. The development of molecular imaging using probes for specific biological functions could be of
great value to study the evolution and the chemical outcome of the atherosclerotic plaque and for the
prediction of vulnerability. The study of atherosclerosis in animal models is of great relevance for the
advancement of knowledge, but some precautions are required when relevant data are extrapolated
from animals for new diagnostic and therapeutic tools. Proper design and generation of animal models
are essential to make preclinical data more reproducible and translatable to the clinic. Atherosclerosis
is a complex disease. The animal models are a simple representation of this complex system. Therefore,
a single animal model may not be able to reproduce all aspects and all stages of the atherosclerotic
process in humans in all of its complexities but rather may represent a specific aspect of the disease.
In atherosclerosis research, mice are nowadays the most commonly used animals. Generally, the
lipid metabolism in wild-type mice is significantly different from humans. The major fraction of
plasmatic lipoproteins in wild-type mice is HDL, which is different from humans where LDL or VLDL
lipoproteins are mainly represented, and therefore mice are well protected from atherosclerosis due
to a beneficial cholesterol spectrum in the blood. Nevertheless, the C57BL6 strain of inbred mice is
relatively susceptible to atherosclerosis, and by feeding them with an atherogenic diet, development of
atherosclerosis can be augmented to such an extent that the resulting advanced lesions are useful to
study disease mechanisms. Overcoming the limits of this latter model, the advent of the genetically
modified mice has revolutionized the study of the pathogenetic mechanisms of atherosclerosis.

In particular, ApoE−/− mice are currently the most well-characterized mouse model of
atherosclerosis used by research groups worldwide. However, the ApoE−/− mouse is a model of
a rare disease in humans, named homozygous familial hypercholesterolemia, while the atherosclerosis
induced by LDL accumulation is the most common pathological mechanism in humans. Additionally,
several systemic factors could modify the course of the disease in the animal models, such as plasmatic
levels of HDL, insulin resistance, and hemodynamic factors, which could make the process more
or less different from that of humans. Moreover, considering that atherosclerosis development is
largely dependent on local inflammation, it is important to consider that mechanisms of inflammation
in atherosclerosis could differ between mice and humans [281]. Furthermore, the choice of the
lesional area of the disease may affect the usefulness of information obtained from the animal
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models and is essential to bridge the translational gap between preclinical and clinical research.
Most preclinical studies refer to the aortic root, the whole descending aortic surface or the innominate
artery. This endpoint is relevant for the early stages of the disease but is poorly predictive of the clinical
features of the human condition.

Very recently, the ApoE−/−Fbn1C1039G+/− mouse model has been developed. These mice
exhibit vulnerable atherosclerotic plaque phenotypes, with a greater incidence of plaque rupture in
comparison to the ApoE−/− or LDL−/− mice, which exhibit mainly stable plaques.

The new generation of imaging modalities comprises promising tools for the prediction of
vulnerable atherosclerotic plaques. Although novel molecular imaging approaches for atherosclerosis
have been tested in the previously mentioned experimental systems, accurate assessment of plaque
characteristics and vulnerability is still in its infancy. Each imaging technique has its own strengths
and drawbacks. At the moment, CEUS and molecular MRI appear to be the most suitable and
promising because they have been applied to research the analysis of the compositional features of
vulnerable plaques, they show high resolution and sensitivity, they use nonionizing radiation and
they have potential clinical utility. The main concerns to overcome are: improvement of the sensitivity
and specificity of the molecular probes; complex extrapolation of results from animal models; and
scientific as well as financial challenges for translating new molecular imaging ligands from preclinical
research to clinical practice. Further investigations of the mechanisms of plaque destabilization and
rupture and technological advances of imaging equipment are required to reduce both mortality and
morbidity worldwide. Successful translation of targets and ligands to clinical molecular imaging of
the vulnerable plaque may also offer novel therapeutic perspectives for vulnerable plaques such as
targeted drug delivery.
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Abbreviations

AHA American Heart Association
ApoE−/− apolipoprotein-E-knockout
WTD western type diet
Fbn1 fibrillin-1
MRI magnetic resonance imaging
CEUS contrast-enhanced ultrasound
microCT micro-computed tomography
HDL high-density lipoprotein
LDL low-density lipoprotein
VLDL very low-density lipoprotein
SMCs smooth muscle cells
LDL−/− low-density lipoprotein-knockout
MMP matrix metalloproteinase
LPS lipopolysaccharide
Ang II angiotensin II
MCP-1 monocyte chemoattractant protein-1
DIO diet-induced obese
DD diabetogenic diet
STZ streptozotocin
T1D type 1 diabetes
hAR human aldose reductase
T2D type 2 diabetic
PCSK9 proprotein convertase subtilisin/kexin type 9
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VCAM-1 vascular cell adhesion molecule-1
ICAM-1 intercellular adhesion molecule-1
VLA 4 very late antigen-4
TLR-4 Toll-like receptor 4
FR β folate receptor β
CD68 Cluster of Differentiation 68
VEGF vascular endothelial growth factor
VEGFRs vascular endothelial growth factor receptors
VEGFR-1 vascular endothelial growth factor receptor 1
VEGFR-2 vascular endothelial growth factor receptor 2
PS phosphatidylserine
A5 annexin V
GPVI glycoprotein VI
PET positron emission tomography
SPECT single-photon emission computed tomography
CT X-ray computed tomography
FMT fluorescent molecular tomography
PAI photoacoustic imaging
HFU high-frequency ultrasound
MB microbubbles
GP IIb/IIIa glycoprotein (GP) IIb/IIIa complex
RGD Arg-Gly-Asp sequence
cRGD cyclic RGD peptide
USPIO ultrasmall superparamagnetic iron oxide nanoparticles
Gd-DTPA gadolinium chelates
RARE rapid-acquisition relaxation-enhanced
LOX-1 Lectin-like Oxidized Low-Density Lipoprotein Receptor 1
NIRF near-infrared fluorescence
PC-NPs DMSA-Fe3O4-nanoparticles
LyP-1 cyclic 9-amino acid peptide
99mTc 99mTechnetium
PBR peripheral benzodiazepine receptor
TSPO translocator protein
OAT optoacoustic tomography
AuNPs gold nanoparticles
ICG indocyanine green
eRNA extracellular RNA
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Abstract: The aim of the present study was to determine whether preoperative three-dimensional
(3D) fast spin-echo (FSE) T1-weighted magnetic resonance (MR) plaque imaging for severely stenotic
cervical carotid arteries could accurately predict the development of artery-to-artery emboli during
exposure of the carotid arteries in carotid endarterectomy (CEA). Seventy-five patients underwent
preoperative MR plaque imaging and CEA under transcranial Doppler ultrasonography of the
ipsilateral middle cerebral artery. On reformatted axial MR image slices showing the maximum plaque
occupation rate (POR) and maximum plaque intensity for each patient, the contrast ratio (CR) was
calculated by dividing the internal carotid artery plaque signal intensity by the sternocleidomastoid
muscle signal intensity. For all patients, the area under the receiver operating characteristic curve
(AUC)—used to discriminate between the presence and absence of microembolic signals—was
significantly greater for the CR on the axial image with maximum plaque intensity (CRmax intensity)
(0.941) than for that with the maximum POR (0.885) (p < 0.05). For 32 patients in whom both
the maximum POR and the maximum plaque density were identified, the AUCs for the CR were
1.000. Preoperative 3D FSE T1-weighted MR plaque imaging accurately predicts the development of
artery-to-artery emboli during exposure of the carotid arteries in CEA.

Keywords: carotid endarterectomy; artery-to-artery embolism; plaque imaging; three-dimensional;
fast spin echo magnetic resonance

1. Introduction

Magnetic resonance (MR) plaque imaging is used to assess plaque characteristics in patients
with cervical carotid stenosis. Of various two-dimensional (2D) T1-weighted sequences for
MR plaque imaging, the spin echo (SE) T1-weighted imaging (WI) technique, with appropriate
scanning parameters, is the most accurate for quantifying intraplaque components [1–4]. However,
a three-dimensional (3D) fast spin-echo (FSE) T1-WI technique capable of minimizing partial volume
effects and motion artifacts, enhancing black-blood effects, and maintaining T1-WI contrast has recently
been adopted [5]. A comparison of diagnostic accuracy between 2D SE T1-WI and 3D FSE T1-WI
for carotid plaque characterization using pathologic specimens excised from carotid endarterectomy
(CEA) was performed. It was shown that, because it provides improved contrast of lipid-rich plaques,
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3D FSE T1-WI could characterize carotid plaque composition more accurately than 2D SE T1-WI [5].
In addition, 3D FSE T1-WI could differentiate vulnerable from stable plaques with excellent sensitivity
and specificity [5].

Although CEA has been shown to be an effective method for preventing stroke in select
patients [6–8], more than 70% of intraoperative procedure-related strokes are due to cerebral embolism
from the surgical site [9]. Intraoperative transcranial Doppler (TCD) monitoring of the middle cerebral
artery (MCA) detects emboli from the surgical site as microembolic signals (MES) [9–15]. A significant
correlation has been reported between detection of MES during exposure of the carotid arteries and the
development of new ischemic lesions or neurological deficits after CEA [10–15]. When solid masses
such as thrombi are present on the internal carotid artery (ICA) plaque surface, they can be dislodged
by manipulating the carotid arteries for exposure during CEA, resulting in the development of cerebral
ischemic lesions [16]. This suggests that MES during exposure of the carotid arteries may be associated
with vulnerable carotid plaques [17]; therefore, identifying plaque vulnerability preoperatively may
improve risk stratification in patients eligible for CEA.

A recent study demonstrated that, of various 2D T1-WI plaque imaging techniques, non-gated
SE predicted the development of MES during carotid exposure in CEA more accurately than other
MR plaque imaging techniques [18]. However, whereas the sensitivity and negative-predictive value
for the 2D SE T1-WI in predicting the development of MES during carotid exposure were high, its
specificity and positive-predictive value were less than 50%. In that study, the signal intensity of
the carotid plaque was measured in only one axial section set at the location where the stenosis was
most severe. This measurement may result in low specificity and positive-predictive value because
MES do not always originate from the location with the most severe stenosis during exposure of the
carotid arteries [18]. Therefore, analysis of plaque using 3D MR imaging may provide a more accurate
prediction of the development of MES during carotid exposure.

The aims of the present study were (1) to determine whether preoperative 3D FSE T1-weighted
plaque imaging for cervical carotid artery stenosis could accurately predict the development of MES on
TCD during exposure of the carotid arteries in CEA; and (2) to compare the predictive accuracy of 3D
FSE T1-weighted plaque imaging and 2D SE T1-weighted plaque imaging in historical controls [18].

2. Results

2.1. Clinical Characteristics

From December 2013 to August 2015, 88 patients satisfying the inclusion criteria consecutively
underwent 3D FSE T1-WI and subsequent CEA, except for one who underwent urgent CEA because
of crescendo transient ischemic attacks and thus did not undergo 3D FSE T1-WI. Although TCD
was attempted in all participants, reliable TCD monitoring was not achieved throughout the entire
operation in 12 patients because an adequate bone window could not be obtained. Therefore, after
excluding these 13 patients from analysis, a total of 75 patients were enrolled into the present study.
Table 1 shows the basic characteristics of these 75 patients and comparisons with 80 patients as
historical controls who were consecutively measured using 2D SE T1-WI from July 2010 to January
2012 [18]. No significant differences were found in background characteristics between the two groups.

2.2. Intraoperative and Postoperative Events

When the ICA was manipulated to allow exposure from the carotid sheath, MES were detected in
19 (25%) of the 75 patients. Among these 19 patients, two developed neurological deficits after recovery
from general anesthesia; all deficits included hemiparesis contralateral to the CEA and completely
resolved within 12 h. None of the remaining 56 patients (without MES during exposure of the carotid
arteries) experienced postoperative neurological deficits.

106



Int. J. Mol. Sci. 2016, 17, 1791

Table 1. Comparison of basic characteristics between patients undergoing 3D fast spin-echo (FSE)
T1-weighted imaging (WI) plaque imaging and historical controls undergoing 2D T1-WI SE plaque
imaging. ICA, internal carotid artery; SD, standard deviation.

Patient Characteristics
3D FSE T1-WI Plaque

Imaging (n = 75)
Historical Controls

(n = 80) [18]
p

Age (years) (mean ± SD) 69.8 ± 7.0 69.4 ± 6.8 0.6231
Male sex 68 (91%) 77 (96%) 0.2762

Hypertension 68 (91%) 64 (80%) 0.0728
Diabetes mellitus 26 (35%) 26 (33%) 0.8651

Dyslipidemia 24 (32%) 21 (26%) 0.4810
Symptomatic lesions 47 (62%) 50 (63%) 0.9998

Degree of ICA stenosis (%) (mean ± SD) 87.6 ± 8.8 88.2 ± 8.4 0.8056
Length of stenotic lesion (mm) (mean ± SD) 54.3 ± 10.8 53.7 ± 11.7 0.6482

Height of distal end of stenotic lesion relative to
cervical vertebra (mean ± SD) (mmHg) (mean ± SD) 2.7 ± 0.9 2.8 ± 0.8 0.8421

Tortuosity of stenotic lesion (◦) (mean ± SD) 111.4 ± 25.8 109.9 ± 23.8 0.7838
Ulceration of stenotic lesion 23 (31%) 27 (34%) 0.7327

2.3. Relationship between the Image with the Maximum Plaque Occupation Rate and the Image with the
Maximum Plaque Intensity

On 3D FSE T1-WI, it was determined that both the image with the maximum plaque occupation
rate (PORmax occupation) and the image with the maximum plaque intensity were identified in 32 patients
(43%). In the remaining 43 patients (57%), the distance between the two images ranged from 3 to
17 mm (6 ± 4 mm).

 

Figure 1. Relationship between the plaque occupation rate (POR) in the image with the maximum
POR (PORmax occupation) or that in the image with the maximum plaque intensity (PORmax intensity),
contrast ratio (CR) in the image with PORmax occupation (CRmax occupation), or that in the image with the
maximum plaque intensity (CRmax intensity) and development of microembolic signals (MES) during
exposure of the carotid arteries (left, for all patients; middle, for patients with identification of the
image with the PORmax occupation and the image with the maximum plaque intensity; right, for patients
without this identification). In the middle panel, each PORmax occupation or CRmax occupation is identical
to PORmax intensity or CRmax intensity, respectively. Closed and open circles indicate patients with and
without MES, respectively. Red and black circles indicate patients with and without postoperative
new neurological deficits, respectively. Dashed horizontal lines denote the cutoff points closest to the
left upper corners of the receiver operating characteristic (ROC) curves in predicting the development
of MES.
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2.4. Relationship between Development of Microembolic Signals (MES) during Exposure of the Carotid Arteries
and the Plaque Occupation Rate or the Plaque Intensity

Figure 1 shows the relationship between PORmax occupation, POR in the image with the maximum
plaque intensity (PORmax intensity), contrast ratio (CR) on the image with the PORmax occupation

(CRmax occupation), or CR on the image with the maximum plaque intensity (CRmax intensity) and
development of MES during exposure of the carotid arteries.

Table 2 shows the areas under the receiver operating characteristic curves (AUCs) and
the sensitivity, specificity, and positive- and negative-predictive values for CRmax occupation and
CRmax intensity at the cutoff point closest to the left upper corner of the receiving operator characteristic
(ROC) curve for predicting the development of MES during exposure of the carotid arteries.

Figure 2 shows the ROC curves for CRmax occupation and CRmax intensity in predicting the
development of MES during exposure of the carotid arteries.

Figure 2. Receiving operator characteristic (ROC) curves used to compare predictive accuracy between
CRmax occupation and CRmax intensity for the development of MES during exposure of the carotid arteries
(left, for all patients; middle, for patients with identification of the image with the PORmax occupation and
that with the maximum plaque intensity; right, for patients without this identification). In the middle

panel, each area under the ROC curve for CRmax occupation or CRmax intensity (each CRmax occupation is
identical to CRmax intensity, respectively) is 1.000.
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For all patients, the AUC for CRmax intensity was significantly greater than that for CRmax occupation.
For patients with identification of the image with both the PORmax occupation and the maximum
plaque intensity, the AUCs for CRmax occupation and CRmax intensity were 1.000. For patients without
this identification, the AUC was significantly greater for CRmax intensity than for CRmax occupation.
Furthermore, while the AUCs for CRmax intensity did not differ between patients with and without the
identification, the AUCs for CRmax occupation were significantly greater for the former than the latter.

Of two patients with postoperative neurological deficits, one patient had identification of
the image with both the PORmax occupation and the maximum plaque intensity; CRmax occupation

(=CRmax intensity) was 1.85 (Figure 1). Another patient with the deficit had no identification of the
two images; CRmax occupation and CRmax intensity were 1.69 and 1.91, respectively (Figure 1). These values
were greater than each cutoff point closest to the left upper corner of the ROC curve for predicting the
development of MES during exposure of the carotid arteries.

Sixteen patients with CRmax occupation ≥ 1.60 were classified into two subgroups: eight patients
with higher CRmax occupation (≥1.90) and eight patients with lower CRmax occupation (between 1.60
and 1.90). The incidence of MES during exposure of the carotid arteries did not differ between
these two subgroups (6/8 (75%) for higher CRmax occupation; 6/8 (75%) for lower CRmax occupation)
(p > 0.9999). Twenty-three patients with CRmax intensity ≥ 1.60 were classified into two subgroups:
11 patients with higher CRmax intensity (≥1.90) and 12 patients with lower CRmax intensity (between 1.60
and 1.90). The incidence of MES during exposure of the carotid arteries did not differ between these
two subgroups (8/11 (73%) for higher CRmax intensity; 9/12 (75%) for lower CRmax intensity) (p > 0.9999).

The results of univariate analysis of factors related to the development of MES during exposure of
the carotid arteries (except CRmax occupation, CRmax intensity, PORmax occupation, and PORmax intensity) are
summarized in Table 3.

Table 3. Risk factors related to the development of MES during exposure of the carotid arteries.

Factors
Development of MES

p
Yes (n = 19) No (n = 56)

Age (years) (mean ± SD) 69.6 ± 7.8 69.9 ± 6.8 0.8119
Male sex 18 (95%) 50 (89%) 0.6709

Hypertension 18 (95%) 50 (89%) 0.6709
Diabetes mellitus 9 (47%) 17 (30%) 0.2641

Dyslipidemia 5 (26%) 19 (34%) 0.7765
Symptomatic lesion 16 (84%) 31 (55%) 0.0296

Degree of ICA stenosis (%) (mean ± SD) 85.9 ± 9.6 87.9 ± 8.7 0.5011
Length of stenotic lesion (mm) (mean ± SD) 53.6 ± 11.8 55.6 ± 10.1 0.5143

Height of distal end of stenotic lesion relative to cervical
vertebra (mean ± SD) 2.8 ± 1.1 2.7 ± 0.8 0.7432

Tortuosity of stenotic lesion (◦) (mean ± SD) 109.3 ± 27.2 112.0 ± 24.9 0.4328
Ulceration of stenotic lesion 10 (53%) 13 (23%) 0.0226

Identification of an image with PORmax occupation and that
with maximal plaque intensity 8 (42%) 24 (43%) >0.9999

Patients with MES had a significantly higher prevalence of symptomatic lesions and ulceration of
stenotic lesion than those without. No other significant associations with the development of MES
during exposure of the carotid arteries were observed. In multivariate analysis of factors related to the
development of MES during exposure of the carotid arteries, symptomatic lesions and ulceration of
stenotic lesion, as items showing p < 0.2 in univariate analyses, were used as confounders in the logistic
regression model. The AUC in predicting the development of MES during exposure of the carotid
arteries was greater for CRmax intensity than for CRmax occupation, and PORmax occupation was also added
as a confounder. As a result, only CRmax intensity was significantly associated with the development of
MES during exposure of the carotid arteries (95% confidence interval (CI): 17.5–351.5; p < 0.0001).
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Figure 3 shows the relationship among ulceration of stenotic lesions, CRmax intensity and
development of MES during exposure of the carotid arteries.

Figure 3. Relationship among ulceration of stenotic lesions, CRmax intensity, and development of MES
during exposure of the carotid arteries. Closed and open circles indicate patients with and without
MES, respectively. Dashed horizontal line denotes CRmax intensity of 1.60.

In a subgroup of patients with CRmax intensity < 1.60, the incidence of the MES was greater in
patients with ulceration (2/12 (17%) than in those without (0/40 (0%)) (p = 0.0498); in another subgroup
of patients with CRmax intensity ≥ 1.60, the incidence did not differ between patients with (8/11 (73%))
and without (9/12 (75%)) the ulceration (p > 0.9999).

2.5. Comparisons of Area under Curve (AUC), Sensitivity, Specificity, and Positive- and Negative-Predictive
Values for CRmax occupation or CRmax intensity and Those for CR in Historical Controls Measured Using
2D SE T1-WI

No differences were observed between the AUC of CRmax occupation or CRmax intensity or that of CR
in the historical controls (Table 2). While sensitivity and positive- and negative-predictive values did
not differ between CRmax occupation and CR in the historical controls, specificity was significantly greater
for the former than for the latter (Table 2). While the sensitivity and negative-predictive value did not
differ between CRmax intensity and CR in the historical controls, the specificity and positive-predictive
value were significantly greater for the former than for the latter (Table 2).

3. Discussion

3.1. Findings

The results of the present study demonstrated that preoperative 3D FSE T1-weighted MR plaque
imaging for cervical carotid artery stenosis could accurately predict the development of MES on TCD
during exposure of the carotid arteries in CEA. 3D FSE T1-WI plaque imaging may therefore provide
greater predictive accuracy than 2D SE T1-weighted plaque imaging.

3.2. Data Interpretation

3D MR plaque imaging minimizes partial volume effects and motion artifacts, enhances
black-blood effects, and maintains T1-WI contrast [1–4]. Furthermore, 2D images can be obtained
in arbitrary sections from 3D imaging data. In the present study, 2D axial images perpendicular
to the long axis of the common carotid artery and the ICA were generated from 3D imaging data.
These methods may be suitable for the assessment of carotid plaques because the carotid artery is
tortuous and the plaques are typically elongated in a superoinferior direction [5]. While several
investigators have measured plaque intensity on the axial image slice with the greatest degree of
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carotid stenosis [1,3,4,18,19], others have measured plaque intensity on the image slice with the highest
plaque intensity [20–22]. However, it remains unclear which of these two methods is more suitable for
predicting the development of new postoperative ischemic events in patients undergoing carotid artery
stenting or CEA or the development of future ischemic events in patients treated with medication alone.
Therefore, we evaluated plaque intensity on two axial images obtained from 3D images as follows:
the image slice with the maximum POR—possibly corresponding to the image slice with the greatest
degree of carotid stenosis on angiography—and the image slice with the maximum plaque intensity.
As a result, plaque intensity on the latter image more accurately predicted the development of MES
during exposure of the carotid arteries than that on the former image. Furthermore, these two images
failed to be identified in more than half of our patients, and plaque intensity more accurately predicted
the development of MES for patients with identification than for those without. In addition, while
the sensitivity and negative-predictive value in predicting the development of MES during carotid
exposure did not differ between 3D FSE T1-WI and 2D SE T1-WI, the specificity and positive-predictive
value were significantly greater in the former than in the latter. These findings suggest that 3D
plaque-imaging is effective for predicting the development of MES in patients undergoing CEA for
carotid stenosis; the findings also support the hypothesis that MES do not always originate from the
site with the most severe stenosis during exposure of the carotid arteries.

According to a study that used the same methods for performing MR plaque imaging and
measuring plaque intensity as those used in the present study [5], CR in 3D FSE T1-WI identified
intraplaque components with a sensitivity and specificity of >90%: CRs in calcified lesion or fibrotic
plaque without a lipid core ranged from 0.94 to 1.29; CRs in lipid-rich or necrotic core ranged from
1.33 to 1.54; and CRs in plaque with hemorrhage or thrombus were greater than 1.53. In particular,
plaque with a CR ≥ 1.60 always indicated hemorrhage or thrombus. Our data showed that the optimal
cutoff point for the CR on the image with the maximum plaque intensity was 1.66 or 1.60. These data
correspond to previous findings that the development of MES during exposure of the carotid arteries
in CEA is strongly associated with carotid plaque that histopathologically consists of hemorrhage [17].
Intraplaque hemorrhage depicted on MR plaque imaging is reportedly related to a histologically
disrupted plaque surface (fissured fibrous cap), implying that thrombi are exposed to blood flow in
patients with severe carotid artery stenosis (>70%) [23]. Surgical manipulation of the carotid arteries
with such plaques likely leads to the development of emboli from this vulnerable plaque.

Several investigators have histopathologically classified intraplaque hemorrhage in the cervical
carotid arteries into three stages: fresh (<1 week after hemorrhage, intact red blood cells with
intracellular methemoglobin), recent (1–6 weeks after hemorrhage, lytic red blood cells with
extracellular methemoglobin), and old (>6 weeks after hemorrhage, amorphous material) [24,25].
They also correlated these histological categories with findings on MR plaque imaging [24,25].
Fresh and recent intraplaque hemorrhages exhibited hyperintensity on T1-WI MR, and the former
signal intensity was stronger than the latter [24,25]. Thus, while a plaque with a CR ≥ 1.60 consists of
hemorrhage or thrombus, a plaque containing fresh hemorrhage may more greatly exhibit higher CR
on MR plaque imaging. We also developed a hypothesis that when the carotid arteries are surgically
manipulated, embolism from the surgical site is more likely to develop in the carotid arteries with fresh
intraplaque hemorrhage than in those with recent intraplaque hemorrhage. To validate this hypothesis,
we compared the incidence of MES during exposure of the carotid arteries between patients with higher
CRs and lower CRs, but only in patients with a CR ≥ 1.60. We found that CR was not associated with
a tendency to develop MES during exposure of the carotid arteries among patients with CR ≥ 1.60.

In the present study, although patients with MES during exposure of the carotid arteries had a
significantly higher prevalence of ulceration of a stenotic lesion than those without, only CRmax intensity

was significantly associated with the development of MES using the logistic regression model.
In further analyses, development of MES was related to the presence of ulceration of a stenotic
lesion in patients with CRmax intensity < 1.60, which indicates plaque composed of components other than
hemorrhage or thrombus. However, this relationship does not exist in patients with CRmax intensity ≥ 1.60,
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which indicates plaque composed of hemorrhage or thrombus. This may be a reason why ulceration of a
stenotic lesion was a weaker predictor of development of MES than CRmax intensity.

3.3. Clinical Applications

Caplan and Hennerici [26] have reported that hemodynamic and embolic mechanisms are strictly
linked and may interact to determine the ultimate degree of cerebral ischemia. According to their
concept, low blood flow velocity in the cerebral artery may impair clearance of emboli generated
from a proximal lesion, subsequently facilitating the onset of ischemia caused by emboli in poorly
perfused areas of the brain. Indeed, low blood-flow velocity in the MCA reportedly correlated with
the development of diffusion-weighted imaging (DWI)-characterized postoperative cerebral ischemic
lesions related to the generation of microemboli during exposure of the carotid arteries in CEA [27].
The concept presented by Caplan and Hennerici also suggests that increased blood-flow velocity may
prevent the development of cerebral ischemic lesions due to emboli. Actually, another study showed
that the incidence of DWI-characterized postoperative cerebral ischemic lesions was significantly lower
in patients with MCA blood-flow velocity increased by intentional hypertension during exposure of
the carotid arteries than in patients without such a procedure [28]. Thus, we attempted to keep the
increase in systolic blood pressure at least 10% above the preoperative value during exposure of the
carotid arteries.

On the basis of these findings and our data, we propose the following practical clinical algorithm
to prevent development of MES-related ischemic events in CEA. Patients undergo preoperative MR
imaging of plaque using 3D FSE T1-WI; when the CRmax intensity is >1.60 for patients with identification
of the image with both the PORmax occupation, and the maximum plaque intensity or the CRmax intensity

is >1.66 for patients without such identification, intentional hypertension is performed during exposure
of the carotid arteries; and for other combinations, intentional hypertension is unnecessary.

3.4. Study Limitations

The present study did have several limitations. First, we did not directly compare the predictive
accuracy of 3D FSE T1-WI with that of 2D SE T1-WI in identical subjects. Second, to standardize the
surgical procedures as much as possible, all surgeries were performed by the same senior neurosurgeon,
who was blinded to the intraoperative TCD findings and therefore continued with the surgeries
regardless of what was found. However, the degree of stress on the carotid arteries due to manipulation
during exposure might not have been equivalent among all patients, and this may have affected the
development of MES. Finally, the small sample size and patient selection bias (14% of patients were
excluded because of failure to obtain TCD data) were also limitations.

4. Materials and Methods

4.1. Subjects

The present study was designed as a prospective observational study, and the case cohort was
compared with historical controls [18] composed of patients who underwent preoperative 2D SE
T1-weighted plaque imaging and CEA. This study was approved by the Regional Ethical Board
of Iwate Medical University (H22-31) and conducted in compliance with the Helsinki Declaration.
Written, informed consent was obtained from all patients or their next of kin prior to participation.

The present study included patients with ipsilateral ICA stenosis ≥70% as per the North
American Symptomatic Carotid Endarterectomy Trial [8]. Patients underwent the previously described
angiography study [18] with arterial catheterization, had useful residual function (modified Rankin
disability scale, 0–2), and underwent CEA of the carotid bifurcation in our institution. Patients who
did not undergo preoperative 3D FSE T1-WI were excluded, as were patients in whom reliable TCD
monitoring could not be obtained throughout the surgery due to a failure to obtain an adequate
bone window.
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4.2. Preoperative, Intraoperative, and Postoperative Management

Before surgery, on angiography with arterial catheterization, the length of the ICA stenotic lesion
was measured, and the height of the distal end of the lesion relative to the cervical vertebra was
determined in the lateral view; lesion tortuosity was defined using a previously described method [18];
and according to the method presented by Randoux et al. [18,29], a stenotic lesion was classified as
having ulceration when it fulfilled the radiographic criteria for an ulcer niche, seen in profile as a crater
penetrating a stenotic lesion in any projection.

Antiplatelet therapy was administered to all patients until the morning of the day on which
CEA was performed. Furthermore, all patients underwent surgery under general anesthesia with
an operative microscope. All skin incisions were made by the same senior neurosurgeon who was
blinded to the MR plaque imaging findings. Dissection of the carotid sheath and exposure of the
carotid arteries were routinely performed as follows [18,30]. First, the upper plane of the carotid sheath
surrounding the common carotid artery was cut with scissors; next, the other planes of the carotid
sheath were bluntly separated from the common and external carotid arteries and the ICA with Pean
forceps. Scissors were used when the carotid sheath was adhered to the carotid arteries. The surgeon
was blinded to the intraoperative TCD findings and proceeded with surgical procedures regardless of
these findings.

During exposure of the carotid arteries, attempts were made to keep the increase in systolic blood
pressure at least 10% above the preoperative value [28]. If needed, a vasodilator (nitroglycerin or
nicardipine) or a vasoconstrictor (theoadrenalin) was administered intravenously. No intraluminal
shunt or patch graft was used in these procedures [18,28]. Prior to ICA clamping, a bolus of heparin
(5000 IU) was administered.

All patients were neurologically tested immediately before the induction of and after recovery
from general anesthesia by a neurologist who was blinded to the patients’ clinical information, and the
presence or absence of new postoperative neurological deficits was recorded [18].

4.3. Magnetic Resonance (MR) Plaque Imaging and Data Processing

Preoperative sagittal 3D FSE T1-WI of the affected carotid bifurcation was performed within
1 week prior to CEA using a 1.5-T MR imaging scanner (Signa HDxt; GE Healthcare, Milwaukee, WI,
USA) and an eight-channel neurovascular coil under a previously described imaging protocol [5].
The voxel size was 0.5 m × 0.5 m × 0.5 m.

An investigator (blinded to other data) processed the 3D FSE T1-WI data using a free software
package (OsiriX; Pixmeo, Geneva, Switzerland) as follows (Figure 4). The curved planar reformation
image was generated parallel to the long axis of the common carotid artery and the ICA by manually
setting and automatically connecting reference points in the center of the vessel lumen on each axial
source image. On the curved planar reformation image with the center line, axial images with 1.0 mm
thickness were newly reformatted as sections perpendicular to the center line. Thus, the final voxel
size was 0.5 m × 0.5 m × 1.0 m.

In each reformatted axial image, the investigator manually traced a plaque and vessel lumen of the
common carotid artery or the ICA (Figure 4). The resulting area was obtained in each image. First, POR
was defined as follows: (an area of a plaque divided by an area of a vessel lumen) ×100 (%). In each
patient, the image with the maximum value of the POR (defined as PORmax occupation) was determined.
Next, a signal intensity of the traced plaque was obtained on each image (total of 51 images) between
25 mm above and below the image with the PORmax occupation in each patient. Of these 51 images, the
image with the highest value of the signal intensity was determined and defined as the image with
the maximum plaque intensity. In the image with the maximum plaque intensity, the POR was also
determined (defined as PORmax intensity). In each patient, when the distance between the image with
the PORmax occupation and the image with the maximum plaque intensity ranged from 0–2 mm, the
patient was defined as having identification of the two images (Figure 4).
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(a)

 
(b)

Figure 4. Preoperative three-dimensional fast spin echo T1-weighted magnetic resonance (3D FSE
T1-weighted MR) plaque images of two patients with MES during exposure of the carotid arteries in
endarterectomy. (a) The curved planar reformation is performed parallel to the long axis of the common
and internal carotid arteries (left). The green line indicates the center line of the vessel lumen. On the
image of the curved planar reformation, axial images with 1.0 mm thickness are reformatted as sections
perpendicular to the center line (middle). Yellow lines indicate the position of each reformatted axial
image. A reformatted axial image with the maximum POR and maximum plaque intensity (red arrows)
are determined by tracing a plaque and vessel lumen of the common or internal carotid artery (right,
green lines). A 65-year-old man with asymptomatic right internal carotid artery stenosis exhibits
identification of the image with the maximum POR and the image with the maximum plaque intensity;
(b) Preoperative 3D FSE T1-weighted MR plaque images of two patients with MES during exposure of
the carotid arteries in endarterectomy. The curved planar reformation is performed parallel to the long
axis of the common and internal carotid arteries (left). The green line indicates the center line of the
vessel lumen. On the image of the curved planar reformation, axial images with 1.0 mm thickness are
reformatted as sections perpendicular to the center line (middle). Yellow lines indicate the position
of each reformatted axial image. A reformatted axial image with the maximum POR and maximum
plaque intensity (red arrows) are determined by tracing a plaque and vessel lumen of the common or
internal carotid artery (right, green lines). A 77-year-old man with symptomatic right internal carotid
artery stenosis exhibits no identification of the image with the maximum POR (upper) and the image
with the maximum plaque intensity (lower).
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Of the 51 images in each patient, the image on which the sternocleidomastoid muscle adjacent to
the carotid arteries was displayed as larger was determined, after which the investigator manually
traced the muscle and measured the signal intensity. The CR on the image with the PORmax occupation

(defined as CRmax occupation) and that on the image with the maximum plaque intensity (defined as
CRmax intensity) were calculated by dividing the signal intensity of the plaque by that of the muscle.

4.4. Transcranial Doppler (TCD) Monitoring

TCD was performed using a PIONEER TC2020 system (EME, Uberlingen, Germany; software
version 2.50, 2-MHz probe; diameter, 1.5 cm; insonation depth, 40–66 mm; scale, −100 and +150 cm/s;
sample volume, 2 mm; 64-point fast Fourier transform; fast Fourier transform length, 2 mm, fast
Fourier transform overlap, 60%; high-pass filter, 100 Hz; detection threshold, 9 dB; minimum
increase time, 10 ms) for insonation of the MCA ipsilateral to the carotid artery undergoing CEA [18].
TCD data were stored on a hard disk using a coding system and were later manually analyzed by a
clinical neurophysiologist who was blinded to patient information [18]. MES were identified during
exposure of the carotid arteries (from skin incision until ICA clamping) according to the recommended
guidelines [31].

4.5. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). Differences of variables between
two groups were evaluated using the Mann–Whitney U test or the χ2 test. The accuracy of the CR
to predict development of MES during exposure of the carotid arteries was determined using an
ROC curve, and the ability to discriminate between the presence or absence of MES during exposure
of the carotid arteries was estimated using the AUC. Pairwise comparison of the AUCs using the
method proposed by Pepe and Longton [32] was performed between CRmax occupation and CRmax intensity.
Differences in the AUCs for the CR between patients with and without identification of the image
with the PORmax occupation and that with the maximum plaque intensity were analyzed using 95%
CIs. Differences in the AUC, sensitivity, specificity, and positive- and negative-predictive values
between the CRmax occupation or CRmax intensity and CR in historical controls [18] that were measured
using 2D SE T1-WI at the location at which the stenosis was most severe were also analyzed using 95%
CIs. The relationship between development of MES during exposure of the carotid arteries and each
variable (except CR and POR) was evaluated with univariate analysis using the Mann–Whitney U test
or the χ2 test. Multivariate statistical analysis of factors related to the development of MES during
exposure of the carotid arteries was performed using logistic regression modeling. Variables showing
values of p < 0.2 in univariate analyses were entered into the final model. For all statistical analyses,
significance was set at the p < 0.05 level.

5. Conclusions

The results of the present study demonstrated that preoperative 3D FSE T1-weighted plaque
imaging for cervical carotid artery stenosis accurately predicts the development of MES on TCD during
exposure of the carotid arteries in CEA. These findings also suggest that 3D FSE T1-weighted plaque
imaging may provide greater predictive accuracy than 2D SE T1-weighted plaque imaging.
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Abstract: The renal microvasculature is targeted during aging, sometimes producing chronic kidney
disease (CKD). Overdiagnosis of CKD in older persons is concerning. To prevent it, a new concept of
“healthy aging” is arising from a healthy renal donor study. We investigated the renal microcirculatory
changes of three older persons and compared them with that of one patient with nephrosclerosis
using a three-dimensional (3D) reconstruction technique that we previously developed. This method
uses a virtual slide system and paraffin-embedded serial sections of surgical material that was
double-immunostained by anti-CD34 and anti-α smooth muscle actin (SMA) antibodies for detecting
endothelial cells and medial smooth muscle cells, respectively. In all cases, the 3D images proved that
arteriosclerotic changes in large proximal interlobular arteries did not directly induce distal arterial
change or glomerulosclerosis. The nephrosclerotic patient showed severe hyalinosis with luminal
narrowing of small arteries directly inducing glomerulosclerosis. We also visualized an atubular
glomerulus and intraglomerular dilatation of an afferent arteriole during healthy aging on the 3D
image and showed that microcirculatory changes were responsible for them. Thus, we successfully
visualized healthy aged kidneys on 3D images and confirmed the underlying pathology. This method
has the ability to investigate renal microcirculatory damage during healthy aging.

Keywords: human renal microcirculation; healthy aging; paraffin-embedded sections; three-
dimensional imaging; virtual microscopy

1. Introduction

The microcirculation of the kidney is essential for controlling glomerular filtration and tubular
reabsorption and for regulating the medullary concentration gradient [1]. Dysfunction of the renal
microcirculation directly induces glomerular, tubular, and interstitial damage. Benign nephrosclerosis,
or arterio-/arteriolonephrosclerosis, a disease of renal microcirculation, develops in response to
hemodynamic changes associated with chronic hypertension, aging, obesity, diabetes, and chronic
kidney disease (CKD) [1]. Characteristic changes are hyaline degeneration of arterioles, intimal fibrous
thickening with medial atrophy of the small arteries, segmental and global sclerosis of glomeruli,
and interstitial fibrosis [2]. These changes are also typical morphological changes associated with
aging [3]. In other words, aging is one of the most popular causes of nephrosclerosis.
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Aging is an inevitable biological process that results in structural and functional changes.
The kidney is one of the most susceptible organs to aging. One-half of adults over the age of 70 years
have a low estimated glomerular filtration rate and are diagnosed as having CKD [4]. A biopsy
study of transplant donors’ kidneys [5] proved that nephrosclerosis is observed in >50% of kidneys of
persons >60 years old.

In this study, however, many older donors were systematically evaluated as “healthy” or at least
“healthy for age” before biopsy. It is concerning that too many older patients could be unnecessarily
labeled as “diseased” and treated without any proven clinical benefit [6]. Elderly persons with
early-stage CKD might better be evaluated as undergoing “normal aging” or “healthy aging”.
To prevent over-diagnosis, it is necessary to distinguish “healthy aging-related morphological
changes” or “less harmful changes” from “harmful changes that cause advanced renal dysfunction”.
To confirm that this is a good idea, we must first evaluate the direct relation between the renal
microvasculature and its relevant tissue damage. Our “renal microvascular three-dimensional (3D)
imaging” technique [7] might be a good tool for determining the difference.

In a previous article [7], we proposed 3D reconstruction of the human renal microvasculature
using paraffin-embedded surgically removed tissue and a vertical slide system. The advantage of
this method is that it enables us to examine the direct connection between arteries and peripheral
tissue and then identify the underlying pathology [7–11]. The purpose of this study was to investigate
whether our 3D imaging could distinguish less harmful renal vascular changes from the dangerous
changes that induce renal dysfunction using 2D and 3D images of human tissue.

2. Results

2.1. Clinical and Pathological Characteristics of Four Cases

The clinical features and pathological characteristics of four patients (all older Japanese men) are
shown in Table 1. In three of them, we did not detect renal disease, proteinuria, hypertension, diabetes,
or hyperlipidemia. Patient 4 (case 4) was diagnosed as having hypertensive nephrosclerosis with
mild renal dysfunction and hyperlipidemia. Among the four patients, he had the highest percentages
of glomerulosclerosis and interstitial fibrosis. Patient 3 (case 3) had larger glomeruli than patient 1
(case 1). All patients except patient 4 (case 4) had clear cell carcinoma. Patient 4 had chromophobe
carcinoma. All tumors were in stage I with no metastasis and no multifocal lesions.

Table 1. Clinical characteristics of four cases.

Parameter Case 1 Case 2 Case 3 Case 4

Age (years) 78 78 86 71

Height (cm) 171 164 160 168

Weight (kg) 63 53 54 68

BMI (kg/m2) 21 20 21 24

BUN (md/dL) 17 15 18 18

Creatinine (mg/dL) 0.91 0.96 0.80 1.27

eGFR (mL/min/1.73 m2) 61 59 69 43

CKD stage 2 3a 3a 3b

%Glomerular sclerosis 9 17 11 32

Creatinine at 6 month after surgery
(mg/dL)

1.3 1.5 1.2 2.1

%Interstitial fibrosis 5 7 11 14

Mean Gl diameter (μm) 158 ± 18 161 ± 10 187 ± 22 * 162 ± 28

Gl density (/mm2 cortex) 4.4 3.7 2.5 2.7

Tumor pathology Clear cell ca.
3.0 × 3.0 cm

Clear cell ca.
4.7 × 4.7 cm

Clear cell ca.
3.8 × 3.9 cm

Chromophobe ca.
2.6 × 2.4 cm

Stage of tumor (UICC) Stage I Stage I Stage I Stage I
* p < 0.05 vs. Case 1, 2, 4. Abbreviation: BUN: blood urea nitrogen; eGFR: estimated Glomerular Filtration Rate;
CKD: chronic kidney disease; Gl: glomerular; Ca: Carcinoma; UICC: Union for International Cancer Control.
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2.2. Original 2D Images

In the original 2D images, glomeruli were seen as tufts of capillaries positive for CD34 (brown)
(Figure 1A,B). Arteries were identified as lumens with endothelial cells positive for CD34 (brown)
surrounded by strongly expressed α-smooth muscle actin (SMA) (blue) in the media (Figure 1A,B).

Figure 1. Vascular tree with glomeruli and the corresponding two-dimensional (2D) views in the
patient with minimal Vascular Damage (Case 1). (A,B) original slice of a circular 3 × 3 mm core
specimen with double immunostaining using anti-CD34 (brown) and then anti-SMA (blue); (A) and its
magnified image (B); (C) three-dimensional (3D) reconstruction of the vascular tree; (D–F) an extracted
vascular tree of yellow dotted circle of (C). IA is an interlobular artery; (E,F) rotated images of (D);
and (D–F) original brown and blue correspond to red and green in the red-green-blue 3D images.
Glomeruli can be identified as red figures. Arteries and arterioles are extracted as tubular formations
of green SMA-positive smooth muscle cells. Interlobular arteries bifurcate and give rise to afferent
arterioles, some of which branch off directly from large interlobular arteries (D–F).

2.3. Three-Dimensional Reconstruction of the Vascular Tree in the Presence of Minimal Vascular
Damage (Case 1)

Figure 1C is a reconstructed 3D image of the vascular tree, which is a continuous arterial structure
composed of interlobular arteries and afferent arterioles in case 1. Figure 1D–F are 3D images of
the isolated single vascular tree with accompanying glomeruli (corresponding yellow dot circle in
Figure 1C. In the 3D image, red corresponds to the original brown of the CD34-positive endothelial
cells, and green corresponds to the original blue of SMA-positive smooth muscle cells. Arteries are
identified as green tubes. Glomeruli are expressed as red ovals. The vascular tree can be freely rotated,
thereby enabling assessment of the running pattern, the length and branching angles of arteries,
and the shape and size of glomeruli.

In case 1, the interlobular arteries showed no distortion and a regular distribution of green smooth
muscle cells as seen by inspection (Figure 1C–F). The corresponding 2D images showed minimal
intimal thickening (intima/media ratio: range, average; 0.03–0.3, 0.2 ± 0.12), preserved inner lumens
(diameter: range, average; 9–41 μm, 20 ± 8 μm), a, and no atrophy of the media (Figure 1A,B). The 3D
rotated images proved that most arterioles ran straight and branched off from their interlobular
arteries at nearly a right angle. In addition, their diameters were almost the same as seen by inspection.
The diameter of the interlobular artery was rather preserved until its last branching. Most of the
glomeruli revealed similar shapes and sizes.
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2.4. Three-Dimensional Reconstruction of the Vascular Tree in the Presence of Mildly Damaged
Arteries (Case 2)

Compared with case 1, the interlobular artery of case 2 showed irregular distribution of the
smooth muscle cells and was mildly distorted in the 3D image as seen by inspection (Figure 2A–E).

Figure 2. Vascular tree with mild change (Case 2). (A–E) single vascular tree with (B–E) or without
(A) associated glomeruli; (C,D) rotated images of (B); (E) magnified view of (B). Red and green
color correspond to CD34 and SMA in the 2D image, respectively. IA is an interlobular artery (F,G)
corresponding 2D image that is double-immunostained with anti-CD34 (brown) and anti-SMA (blue)
and then periodic acid-Schiff (PAS) stain. The asterisk (*) (F) and arrow (G) correspond to the same
symbols in (E); (A–E) the interlobular arteries show irregular distribution of SMA and are mildly
distorted; (F) corresponding 2D view shows that the media (blue) is atrophic, and SMA is irregularly
distributed; the afferent arterioles are mildly distorted in the 3D view (A–E); whereas the corresponding
2D view (G) reveals regular media and segmental hyalinosis. The yellow circle represents a glomerulus
supplied by this afferent arteriole.

The diameter of the proximal interlobular artery (102 μm) was larger than that of case 1 (92 μm),
and the distal interlobular artery was much smaller than the proximal one. In the corresponding 2D
image (Figure 2G), the interlobular arteries had fibrous intimal thickening (intima/media ratio: 0.4–1.5,
0.96 ± 0.0.82) and irregular medial atrophy, but a preserved lumen. Many afferent arterioles in case 2
were mildly distorted in the 3D image as seen by inspection. (Figure 2A–E). The corresponding 2D
image (Figure 2H) showed hyalinosis and mild luminal narrowing (Figure 2G). Many glomeruli had
preserved morphology and were of similar size. There were eight atrophic or sclerotic glomeruli in this
vascular tree. Six of them were located at the distal end of the vascular tree near the cortical surface.
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2.5. Three-Dimensional Reconstruction of the Vascular Tree in an Older Patient (Case 3)

In case 3, the proximal interlobular artery showed marked intimal thickening (intima/media
ratio 2.1) and medial atrophy but with preserved lumens in the 2D image (arrow, Figure 3A,G).
The distal interlobular artery and the afferent arteriole, however, revealed minimal intimal thickening
(intima/media ratio 0.04–0.57, 0.34 ± 0.35) and no hyalinosis (Figure 3D–G). The luminal spaces
were sufficiently large (14–41 μm). The accompanying glomeruli showed no definitive changes.
Among the four cases, case 3 had the lowest glomerular density, and the average diameter was larger
than those of cases 1, 2, and 3 (p < 0.05) (Table 1). The corresponding 3D image of the vascular tree
(Figure 3B–F) showed that arteries and arterioles ran straight, and almost all glomeruli had similar
shape and size (diameter 171–233 μm), but one (marked with *) was small (140 μm) and had an
irregular shape compared with the others. The distal end of the interlobular artery had a rather small
lumen. The branching angles of some arterioles from the interlobular artery were sharp compared
with those in cases 1 and 2 (Figure 3G).

 

Figure 3. Vascular tree with decreased glomeruli (case 3). (A) Original 2D image of the section
double-immunostained with anti-CD34 (brown) and anti-SMA (blue) and then PAS stain;
(B) 3D reconstructed image of CD34. Glomeruli are round. Capillaries resemble a mesh network
(red). Density of glomeruli is low; (C) 3D image of the vascular tree; (D–F) A single vascular tree with
(E,F) or without (D) associated glomeruli; Red and green represent CD34 and SMA, respectively. All of
the arteries show a regular SMA distribution and smooth surface. Arteries run straight. The branching
angles of the afferent arterioles are sharp; (G) corresponding 2D image double-stained for CD34 and
SMA with PAS stain. The diameter of the proximal interlobular artery is wide; and (A,G) corresponding
2D view reveals marked intimal fibrosis and medial atrophy; luminal area is preserved (A); and the
arrow in (G) points to a bifurcation site and shows irregular intimal hyperplasia. Although the lumen
seems narrow, the consecutive specimen reveals a large lumen, as seen in (A). The arrow and asterisk
(*) correspond to the same symbols (A,C–G) and represent the interlobular artery and the atubular
glomerulus in Figure 5, respectively.
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2.6. Three-Dimensional Reconstruction of the Vascular Tree in the Presence of Nephrosclerosis (Case 4)

Figure 4 shows the 2D and the 3D images of the renal microcirculation in the case of hypertensive
nephrosclerosis with mild renal dysfunction. The 2D image (Figure 4A) highlights the prominent
interstitial fibrosis and the presence of many sclerotic glomeruli near the capsule. In the corresponding
3D image (Figure 4B,C), SMA-positive areas were widely distributed in the cortex, especially near
the renal surface and around each interlobular artery. Complete reconstruction of the vascular
tree was difficult because the arterial media was not clearly distinguished from the surrounding
interstitial fibrosis. In the 3D image, many interlobular arteries ran straight but were small and
narrow (Figure 4D,E). The corresponding 2D view proved that the proximal interlobular artery
(Figure 4F) showed no marked change in the media but mild hyalinosis in the intima. The distal
interlobular arteries (arrows, Figure 4F,G) showed prominent hyalinosis and a decreased luminal area.
The glomerular shape was irregular, and some glomeruli were enlarged. Glomerular density was
decreased compared with those in cases 1 and 2 (Table 1).

Figure 4. Vascular tree in Nephrosclerosis (Case 4). (A) Original 2D image of a section
double-immunostained with anti-CD34 (brown) and the anti-SMA (blue) and then PAS stain; (B,C) 3D
image of the renal microvasculature; (D,E) extracted view of the vascular tree; (F,G) 2D image. In the 2D
image (A), differentiating the vessels from surrounding fibrotic interstitium is difficult. Thus, complete
reconstruction of the vascular tree was not obtained, although some vessels can be identified; and
the proximal interlobular artery (arrowhead, D–F) is smaller than that in case 2 (Figure 2) and case 3
(Figure 3). The smaller interlobular artery (arrow) (G) shows high hyalinosis and a reduced lumen.

2.7. Three-Dimensional Image of an Atubular Glomerulus (Case 3D)

Figure 5 shows the 3D and 2D images of a single “atubular glomerulus” in case 3,
which corresponds to the asterisks (*) in Figure 3E,F. Because of its long atrophic proximal tubule,
the glomerulus was diagnosed as an “atubular glomerulus”. The 2D image (Figure 5C,F,G) proved that
the glomerulus was small and exhibited shrinkage of the tuft and fibrous thickening of the Bowman
capsule. The 3D and its corresponding 2D image confirmed the morphology of its supplying vessels.
The interlobular artery had a large lumen with no definitive morphological changes in the 2D image
(Figure 5C). In contrast, the afferent artery had a small diameter, and there was a great distance from
the branching off of the interlobular artery (Figure 5A–C). The glomerulus had a small exit (*) near

125



Int. J. Mol. Sci. 2016, 17, 1831

the afferent arteriole (Figure 5D,F), but we also found an extra exit apart from the afferent arteriole
(arrows, Figure 5D–G). This extra exit is divided into several tiny capillaries soon after leaving the
glomerulus and ran near the glomerulus (arrow, Figure 5A,B). Some were so tiny they could not be
pursued (perhaps disappearing into the interstitium).

 

Figure 5. Three-and two- dimensional image of atubular glomerulus (Case 3). (A,B,D,E) 3D image
of an atubular glomerulus with the interlobular artery and the afferent artery. Red, green, pink,
and yellow represent CD34-positive endothelial cells, SMA-positive smooth muscle cells, PAS-positive
basement membranes of the Bowman capsule and glomerulus, and epithelial cells of the glomerulus,
Bowman’s capsule, and proximal tubule, respectively. These structures correspond to * in Figure 3A,C–F.
(C,F,G) 2D image double-immunostained with anti-CD34 (brown) and SMA (blue) and then PAS stain.
The interlobular artery has a large lumen (C). The afferent arteriole is long and has small lumen
(B,C). The glomerulus (*) (C) corresponds to (A,B,D–G). The glomerulus (*) is smaller than the other
glomerulus (arrow) (C) and shows shrinkage of the tuft (F,G); and the glomerulus has two exits
(* and arrow) (D–G).

2.8. Three-Dimensional Image of a Single Glomerulus and Cystic Dilation of an Afferent Arteriole
(Case 3) near the Atubular Glomerulus

Figure 6 shows the 2D and 3D images of a single glomerulus in case 3, which corresponds to the *
in Figure 5G. The afferent arteriole was distorted and has an irregular lumen (Figure 6B) compared
with case 1 (Figure 5C). Within the glomerulus, the afferent arteriole had surrounding abundant
SMA-positive cells and was dilated. The exit of the efferent arteriole was apart from the entrance of the
afferent arteriole in the 3D image (Figure 6A–E), whereas the 3D image in case 1 (Figure 6C) showed
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that the exits and entrances of the arterioles were closely located. The interlobular artery of case 3 had
a small lumen compared with that in case 1 (Figure 6C).

Figure 6. Three-dimensional image of abnormal efferent arteriole (Case 3). 3D images of a single
glomerulus with abnormal efferent arterioles (A,B,D–F) in case 1; (A–E) Red, green, and pink are
the CD34-positive endothelial cells, SMA-positive smooth muscle cells, and PAS-positive basement
membranes of a Bowman capsule and glomerular basement membrane, respectively. IA is the
interlobular artery. These structures correspond to the arrow in Figure 5C. The afferent arteriole
is mildly distorted. Within the glomerulus, smooth muscle cells are still observed around the dilated
afferent arteriole in the 3D view (D,E) and the 2D view (F); and the afferent arteriole is located apart
from the efferent arteriole, whereas the arterioles were closely associated in case 1 (C).

3. Discussion

We examined 3D images of the renal microvasculature, especially glomeruli and their connecting
vessels, in older persons with preserved renal function or mild renal dysfunction. We used the images
to investigate the morphological changes seen during healthy aging.

The renal morphological changes in kidneys due to aging have been investigated using
both 2D [12–16] and 3D [3] imaging. Age-related changes have been identified as mesangial
matrix expansion, irregular foot process fusion, glomerulosclerosis [12–15], decreased number of
glomeruli [12–14], glomerular hypertrophy [15], interstitial fibrosis [16], and arterial changes [3,17].
Arteries show hyalinosis and intimal thickening with medial atrophy [17]. Macroscopically,
decreased kidney volume and size, reduced size of the cortex [18], formation of cysts, and cortical
scars are also common findings in the aging kidney.

The abovementioned changes were found in each of our four cases in different degrees and
morphology. Three had normal or nearly normal renal function for their age and had no complications.
Compared with case 1, cases 2 and 3 showed more prominent sclerotic changes in the proximal
interlobular arteries and increased sclerotic glomeruli and interstitial damage. Three-dimensional
imaging, however, proved that the glomeruli and distal arteries and arterioles supplied by the damaged
proximal interlobular artery had no severe morphological changes, although the increased number
of sclerotic glomeruli had increased in the distal ends. Case 4, with severe intimal changes in the
distal interlobular artery and many sclerotic glomeruli, exhibited only mildly impaired renal function.
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In the 3D images, the distal arteries and arterioles and glomeruli showed marked pathological changes.
Our results revealed that the morphological changes in the large proximal interlobular artery or arcuate
arteries did not directly induce severe renal damage, whereas small arterial changes were more critical
to the development of glomerulosclerosis and interstitial damage. Nimomiya et al. [13] presented
similar results based on Japanese autopsy cases with excellent statistical analyses. They showed that
atherosclerotic changes in large arteries had no correlation with glomerular sclerosis and concluded that
the arteries most susceptible to hypertension were the small ones (diameter < 150 μm). We successfully
visualized this concept with 2D and 3D images.

We also visualized glomerular modifications in a case of healthy aging, in which an atubular
glomerulus and cystic dilatation of the afferent arteriole were apparent. The glomerulus showed long,
atrophic, proximal tubules—part of the definition of an atubular glomerulus [19]. Proximal tubules,
known for their high rates of oxygen consumption and relative paucity of endogenous antioxidant
defenses, are susceptible to many types of injury, including obstructive, ischemic, hypoxic, oxidative,
and metabolic changes [19,20]. These injuries are believed to induce the formation of atubular
glomeruli [19]. Our atubular glomerulus was considered to have an ischemic etiology because it
showed tuft shrinkage and it was supplied by long, small afferent arterioles. Our 3D images also
clearly identified an extra exit of this glomerulus. Inadequate glomerular circulation might have
induced the formation of the extra exit and atrophic tubules. Our 3D image clarified the modifications
of the glomerulus. The intraglomerular afferent arteriole was dilated and surrounded by abundant
SMA-positive cells, and it was located apart from the efferent arteriole. These changes might also
be induced by inadequate hyperfiltration because case 3 showed glomerular hypertrophy probably
due to nephron loss. Modification of afferent and efferent arterioles has been proven in cases of
aging. Such modifications include anastomoses and a direct channel between the afferent and efferent
arterioles. We suspected that the glomerular modification might be a compensatory change in response
to alteration of the glomerular circulation and possibly a morphological change due to aging.

Recent technical advances have enabled us to reconstruct high-resolution 3D images of the
renal microvasculature, which have proved useful for investigating renal damage caused by an
altered microvasculature [21–25]. Micro-computed tomography with contrast media can successfully
quantify vessel density and vascular volume and has confirmed the rarefaction of renal capillaries
in eNOS−/− rat kidney [21]. Confocal microscopy with fluorescence micro-angiography proved the
reduction of glomerular and peritubular capillary density [1] and the increase in capillary branching
of glomeruli [22,23] in a diseased rat kidney. Recently, Torres et al. created 3D images of the whole
kidney in cisplatin-treated mice and successfully reconstructed a complete nephron using multi-photon
microscopy [24].

All 3D imaging of the renal microvasculature requires special tools. In addition, the techniques
are rarely applied to humans and do not provide the underlying histology. Our technique is superior
to those methods because it uses conventional paraffin-embedded sections and enables detection
of the underlying histology. The disadvantages of our method are that it requires an expensive
virtual slide system and human labor for reconstruction. In addition, the reconstructions are of
limited size. Clearer figures of 3D reconstructions of the renal microcirculation may be obtained
by X-ray micro-computed tomography [21], or scanning electron microscopy [25]. Our method,
however, has great ability to reconstruct the boundaries between arterioles, glomeruli, and surrounding
interstitium. It also enables comparisons between 3D and 2D histology, which is not achieved by any
other 3D technique.

4. Materials and Methods

4.1. Tissue Preparation

Conventional surgical, formalin-fixed, paraffin-embedded tissue blocks from non-neoplastic renal
parenchyma of four Japanese patients diagnosed with renal cell carcinoma were used in this study
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(Table 1). The tumor was diagnosed Kazumori Kikuchu, a pathologist who is one of our authors,
and was classified according to Union for International Cancer Control (UICC) criteria. The institutional
review board of Tsukuba Medical Center approved this data analysis (23 December 2011).

Conventional stains—e.g., hematoxylin-eosin, periodic acid Schiff (PAS), Masson trichrome,
elastic-van Gieson—were used for morphological analysis and determination of suitable areas for
tissue preparation. Details of tissue preparation are described elsewhere [7–11].

4.2. Immunohistochemistry and Microscopic Image Digitization

Double immunohistochemical staining with mouse anti-CD34 (Dako, Glostrup, Denmark)
and anti-SMA (Dako) was performed to identify endothelial cells and smooth muscle cells of the
arterial media (Figure 1A). The PAS stain was then applied to the sections to identify the tubular
basement membranes, Bowman’s capsules, sclerotic glomeruli, and interstitial fibrosis (Figure 2F,G,
Figure 3A,G, Figure 4F,G, Figure 5C,F,G and Figure 6G). Details of the tissue preparation are
described elsewhere [7–10]. Each stained specimen was digitized using virtual slide microscopy
(NanoZoomer RS™; Hamamatsu Photonics, Hamamatsu, Japan), using a 40× optical lens.

4.3. Image Registration, Segmentation of Tissue Components, Geometric Reconstruction

Image registration, segmentation of tissue components, and geometric reconstruction were
performed using two software packages, Image-J (version 1.48, NIH, Bethesda, MA, USA) and
TRI/3D-SRF (version 64, Ratoc System Engineering Co., Tokyo, Japan) as described previously [8–10].
Histological digitized images have a resolution of 0.92 μm per pixel, 5120 × 4096 pixels, 60 MB, and a
32-bit RGB TIFF format.

4.4. Conventional Histological Analysis of Surgical Specimens

Percentages of sclerotic glomeruli and tubular cortical interstitial fibrosis were assessed using
image-processing software (WinRoof®; Mitani Corp., Tokyo, Japan) (Table 1). Using serial sections
used for 3D reconstructions, the glomerular diameter was measured in 25–35 glomeruli. Diameter is
defined as the largest one in the serial sections. Glomerular density was calculated as the glomerular
number/mm2 cortex in a large surgical specimen. Intima/media ratio and luminal diameter were
majorly in the serial 2D sections.

4.5. Statistical Analysis

Results are expressed as means ± standard error of the mean (SEM). Comparisons between two
and among cases were performed using paired Student’s t-tests and one-way ANOVA, respectively.
A value of p < 0.05 was considered to indicate statistical significance.

5. Conclusions

In conclusion, our 3D imaging of the renal microvasculature has the ability to prove a direct
relation not only between the arteries and glomeruli but also between arteries and arterioles
and between glomeruli and tubular structures. We successfully visualized 3D images of healthy
aging microvascular changes. Our 3D imaging was of great help for clarifying the mechanism of
microvascular renal injury in older persons and others with chronic renal disease.
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Abstract: The aim of our study was to assess whether cerebral artery clots undergo time-dependent
morphological and compositional changes in acute ischemic stroke. We performed a retrospective
chart review of patients admitted within 5 h from symptom onset to three European stroke centers
and evaluated non-contrast-enhanced CT (NECT) for hyperdense artery signs (HAS) in 2565 scans.
The occlusion site, density of HAS expressed in Hounsfield units (HU), area of HAS, and relative
density (rHU) (HU clot/HU non-affected artery) were studied and related to time from symptom
onset, clinical severity, stroke etiology, and laboratory parameters. A HAS was present in the middle
cerebral artery (MCA) in 185 (7.2%) and further explored. The mean time from symptom onset to CT
was 100 min (range 17–300). We found a time-dependent loss of density in the occluded M1 segment
within the first 5 h (N = 118, 95% CI [−15, −2], p = 0.01). Further, the thrombus area in the M2 segment
decreased with time (cubic trend N = 67, 95% CI [−63, −8], p = 0.02). Overall, and especially in the
M2 segment, a lower clot area was associated with higher fibrinogen (−21.7%, 95% CI [−34.8, −5.8],
p = 0.009). In conclusion, our results disclosed time-dependent changes of intracranial thrombi with
regard to occlusion site, density and area.

Keywords: acute ischemic stroke; intracranial clot; vascular disease; atherosclerosis; neuroimaging;
hyperdense artery sign; biomarker

1. Introduction

Acute occlusion of intracranial vessels is responsible for up to 80% of ischemic strokes [1,2].
The susceptibility of clot material to reperfusion therapy is being actively researched; however, more
data is needed to fill the knowledge gap [3–6]. The composition of clots is thought to be dependent
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on the embolic source. Hence, fibrin-rich “white” thrombi are presumed to originate from high-flow
larger arteries and thrombi with a predominant red blood cell (RBC) composition are more likely to
stem from low-flow cardiac sources [3]. The clots composed predominantly of RBC are considered
to be fresh, less compact and more hyperdense than fibrin-rich clots. After local plaque rupture in
coronary vessels, the development of proximal and distal of fibrin-/thrombocyte-rich nidus have been
reported [7]. A similar mechanism could take place for embolized clots in acute ischemic stroke (AIS).
Indeed, interspersed formations of fibrin-platelet-rich deposits with linear collections of nucleated
cells and erythrocytes have also been reported in AIS [4]. Several later studies, however, disclosed
that the thrombi from these two locations do not differ in composition, being heterogeneous with both
fibrin- and RBC-rich layers interspersed, probably reflecting time-dependent changes [4,8]. A recent
CT densitometry study hypothesized that the clot loses its density by acquiring fibrin, since more
hypodense clots were found in patients with lower fibrinogen values [9]. The RBC count, on the other
hand, showed no correlation with clot density. In addition, the fibrinogen serum levels were lower in
patients with larger intracranial clots.

In AIS, the hyperdense artery sign (HAS) on non-contrast-enhanced computed tomography
(NECT) is thought to represent the intraluminal thrombus and subsequent arterial obstruction. A recent
meta-analysis found a sensitivity and specificity of HAS for arterial obstruction on angiography of
52% and 95%, respectively [10]. Of note, thrombus characteristics can be evaluated reliably on
non-contrast-enhanced CT by further characterizing the HAS [11,12]. In this regard, thrombi with
lower Hounsfield units (HU) on NECT appear to be more resistant to pharmacological lysis and
mechanical thrombectomy [11,13–15]. Given the varied choice of catheters and techniques currently
available, pre-therapeutic thrombus characterization may help in the selection of the most effective
method [16]. Here, we present the results of the retrospective three-center study on the time-dependent
thrombus dynamics seen as HAS on NECT in patients with AIS.

2. Results

2.1. Patient Eligibility and Characteristics

Of the 2562 patients with NECT scans, a HAS was present in 270 cases. Of those, 250 patients
had the time between symptom onset and NECT scan exactly recorded: in 41 patients the elapsed
time was >300 min (up to 960) (Figure 1). To avoid a potential bias arising from a lower number of
patients beyond 300 min, only the patients with NECT performance within 300 min were selected for
detailed analysis. Among the remaining 209, an occlusion of the middle cerebral artery (MCA) was by
far prevailing (Figure 1).

 

Figure 1. Flow of the patient selection process.
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To avoid a further bias due to low patient numbers for other occluded vessels, the present analysis
was restricted to 185 patients with MCA involvement (Figure 1). Clinical details are depicted in Table 1
and give insight to characteristics of the entire cohort and in subgroups stratified for the affected MCA
segment (proximal or distal). Patient subsets by MCA segment were fairly comparable in all aspects,
except that thrombectomy was, by far, more frequently performed when proximal MCA was affected
(Table 1).

Table 1. Patient characteristics, overall and by the affected medial cerebral artery (MCA) segment. Data
are median (range) or count (percent), unless otherwise stated.

Variables
All Patients Proximal MCA Distal MCA

N Values N Values N Values

Age (years) 185 75 (19–98) 118 75 (41–97) 67 75 (19–98)
Men 185 82 (44.3) 118 52 (44.1) 67 30 (44.8)

Symptom onset to NECT (min) 185 100 (17–300)
(Q1–Q3 = 71–136) 118 104 (31–286)

(Q1–Q3 = 71–133) 67 94 (17–300)
(Q1–Q3 = 70–147)

Side affected (left/right) 185 92 (49.7)/93 118 62 (52.5)/56 67 30 (44.8)/37
Average clot density (HU) 185 46.3 (36.1–56.1) 118 46.5 (36.9–56.1) 67 45.9 (36.1–55.3)

Non-affected side density (HU) 185 35.8 (18.6–45.7) 118 35.7 (24.4–45.7) 67 33.9 (18.6–45.7)
Ratio clot/non-affected rHU 185 1.30 (0.86–2.75) 118 1.30 (1.02–2.18) 67 1.32 (0.86–2.75)

Hyperdense area (mm2) 176 30.2 (2.5–211.4) 115 31.7 (2.9–211.4) 61 28.2 (2.5–119.0)
Admission NIHSS 185 16 (0–32) 118 17 (0–32) 67 13 (0–32)

TOAST class 185 118 67
Cardioembolic 93 (50.3) 59 (50.0) 34 (50.8)

Large artery atherosclerosis 23 (12.4) 20 (16.9) 3 (4.5)
Other (all arterial dissections) 6 (3.2) 4 (3.4) 2 (3.0)

Undetermined 9 (4.9) 3 (2.5) 6 (8.9)
Unknown 54 (29.1) 32 (27.1) 22 (32.8)

Angiography performed * 185 118 (63.8) 118 89 (75.4) 67 29 (43.3)
Thrombolysis 185 139 (75.1) 118 90 (76.3) 67 49 (73.1)

Thrombectomy 185 52 (28.1) 118 48 (40.7) 67 4 (6.0)
Thrombolysis + thrombectomy 185 44 (23.8) 118 40 (33.9) 67 4 (6.0)

Usage of antiplatelets 185 55 (29.7) 118 33 (28.0) 67 22 (32.8)
Usage of anticoagulants 185 19 (10.3) 118 12 (10.2) 67 7 (10.5)
History of stroke or TIA 185 25 (13.5) 118 14 (11.9) 67 11 (16.4)

Peripheral arterial disease 185 14 (7.6) 118 9 (7.6) 67 5 (7.5)
Atrial fibrillation 185 91 (49.5) 118 56 (47.5) 67 35 (53.0)
Diabetes mellitus 185 31 (16.8) 118 19 (16.1) 67 12 (17.9)

Arterial hypertension 185 127 (68.6) 118 84 (71.2) 67 43 (64.2)
Carotid stenosis >50% 185 24 (13.0) 118 16 (13.6) 67 8 (11.9)
Chronic heart failure 185 30 (16.2) 118 21 (17.8) 67 9 (13.4)

Blood glucose (mg/dL) 184 119 (76–351) 118 119 (76–254) 66 120 (77–351)
Total cholesterol (mg/dL) 160 181 (78–300) 102 185 (78–300) 58 175 (99–275)
Serum fibrinogen (mg/dL) 170 346 (55–785) 111 350 (166–785) 59 335 (55–685)

* Computed tomography or/and magnetic resonance or/and digital subtraction angiography. HU—Hounsfield
units; NECT—non-contrast enhanced computed tomography; NIHSS—National Institutes of Health Stroke
Scale score; TIA—transitory ischemic attack; TOAST—trial of Org 10172 in acute stroke treatment criteria.

2.2. Univariate Association between Timing of NECT (Non-Contrast-Enhanced CT) Relative to Symptom
Onset and Ratio of Density (rHU) or Hyperdense Area

Initial exploration of the relationship between the timing of NECT relative to symptom onset
(time-lag) and the ratio of the density (rHU) or hyperdense area indicated that these relationships were
apparently different at the proximal and distal MCA (Figure 2). In detail, rHU tended to decrease
with a longer time-lag at the proximal MCA but not at the distal MCA, and the difference between
the slopes of the two regression lines of ln(rHU) vs. time was significant (p = 0.019). In contrast, the
hyperdense area tended to decrease with a longer time-lag at the distal MCA, but not at the proximal
MCA. The difference between the slopes of the two regression lines of ln(hyperdense area) vs. time
was significant (p = 0.018).
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Figure 2. Exploration of the relationship between timing of NECT relative to symptom onset and ratio
of density (rHU) (left) or hyperdense area (right). A separate linear mixed model (center as a cluster)
was fitted to ln-transformed rHU and hyperdense area (to achieve normality of residuals) with time,
MCA segment and time × MCA segment interaction term as independent variables. In the analysis
of ln(rHU), there was no overall effect of time (F = 0.05, p = 0.824) and no overall difference between
the MCA segments (F = 1.21, p = 0.274), but the interaction term was significant (F = 5.61, p = 0.019).
Difference in slopes of ln(rHU) vs. time (per 60 min) at the two MCA segments is depicted numerically.
Similarly, in the analysis of ln(hyperdense area), there was no overall effect of time (F = 1.27, p = 0.261)
and no overall difference between the two MCA segments (F = 0.00, p = 0.964), but the interaction term
was significant (F = 5.68, p = 0.018). Difference in slopes of ln(hyperdense area) vs. time (per 60 min) at
the two MCA segments is depicted numerically.

Since the sample was limited, and particularly for the MCA subset groups with inadequate power
for an analysis based on an interaction term (MCA segment × time), we assessed the relationships of
interest separately at the proximal MCA and the distal MCA. Moreover, we treated time as a categorical
variable (by quartiles, see Table 1 for limit values) since cases for the later time-lag were relatively
sparse and variable. The relationship between the rHU and hyperdense area vs. quartiles of time-lag
is shown in Figure 3. The key findings were:

(a) rHU decreased linearly across quartiles of time (linear trend p = 0.025) at the proximal MCA and
values at Q4 were 9% lower than at Q1 (p = 0.010) (Figure 1A); at the distal MCA, an apparent
cubic trend (p = 0.016) was observed since rHU values declined from Q1 to Q2 and then increased
at Q3 and Q4, and hence values at Q4 were actually no different than the values at Q1 (Figure 3A);

(b) At the proximal MCA, there was no apparent difference regarding the hyperdense area across
quartiles of time (Figure 3B), whereas at distal MCA there was a significant cubic trend
(p = 0.017)—the values slightly increased from Q1 to Q3, and then declined at Q4, so that the
values at Q4 were 42% lower than at Q1 (p = 0.020) (Figure 3B).

2.3. Multivariate (Independent) Association between Timing of NECT Relative to Symptom Onset and Ratio of
Density (rHU) or Hyperdense Area

With adjustment for age, we analyzed the clinical severity of disease at presentation (represented
by the NIHSS score) and stroke etiology (TOAST criteria) categorized as “cardioembolic”, “large
artery atherosclerosis” (two readily identifiable categories with specific, distinct pathophysiology) and
“other” (unknown or undetermined) with different readouts of clot characteristics. The relationship
between the timing of NECT relative to the symptom onset and rHU and hyperdense area remained
practically unchanged (Table 2). Further findings were:

(a) At the proximal MCA, the rHU linearly decreased across quartiles of the time-lag (linear trend
p = 0.019) and values at the fourth quartile were 10% lower than at the first quartile (p = 0.008);
at the distal MCA, the cubic trend remained significant and there was no difference in rHU at the
fourth vs. first quartile of the time-lag; and
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(b) At the proximal MCA there was no apparent change in the hyperdense area across quartiles of
the time-lag, whereas at the distal MCA the cubic trend remained significant and values at the
fourth quartile were 39% lower than at the first quartile (Table 2).

Figure 3. Univariate relationship between timing of NECT relative to symptom onset (as quartiles of
time-lag) and ratio of density (rHU) (A) or hyperdense area (B) by segment of medial cerebral artery
(MCA). (A) A mixed model (center as a cluster) was fitted to ln-transformed rHU (to achieve normality
of residuals) with time-lag as the only independent variable. The relationship was tested for a linear,
quadratic and cubic trend. At the proximal MCA, a significant linear decreasing trend was observed
(depicted numerically) across quartiles of time-lag and values at the fourth quartile of elapsed time
were by 9% lower than at the first quartile. At the distal MCA, values at the second quartile were
lower than at the first quartile of the time-lag, and then increased to the third and fourth quartile,
yielding a significant cubic trend (depicted numerically); however values at the fourth quartile of the
time-lag were closely similar to the values at the first quartile; (B) The same analysis was repeated for
the ln-transformed hyperdense area. At the proximal MCA, no apparent trend across quartiles of time
was observed and values at the fourth quartile were closely similar to the values at the first quartile.
At the distal MCA, values slightly increased towards the third quartile and then decreased to the fourth
quartile of the time-lag, yielding a significant cubic trend (depicted numerically), and values at the
fourth quartile were 42% lower than at the first quartile. Percentage difference between the fourth and
the first quartile of time-lag = (1 − ecoeff) × 100.
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Table 2. Independent association between timing of NECT relative to the symptoms onset and ratio of
density (rHU) or hyperdense area: summary of adjusted effects.

Associations
At Proximal MCA At Distal MCA

Estimate (95% CI) p Estimate (95% CI) p

Dependent: rHU

Linear trend across time-lag quartiles −0.280 (−0.513, −0.046) 0.019 0.230 (−0.224, 0.684) 0.315
Cubic trend across time-lag quartiles −0.169 (−0.404, 0.066) 0.158 −0.480 (−0.914, −0.046) 0.031

Difference in fourth to first quartile (%) −10 (−16, −3) 0.008 2 (−11, 17) 0.761

Dependent: hyperdense area

Linear trend across time-lag quartiles 0.652 (−0.543, 1.848) 0.282 −0.976 (−2.586, 0.671) 0.243
Cubic trend across time-lag quartiles −0.906 (−2.104, 0.292) 0.137 −2.092 (−3.672, −0.512) 0.011

Difference in fourth to first quartile (%) 11 (−24, 62) 0.581 −39 (−63, −1) 0.046

A separate mixed model (center as a cluster) was fitted to the ln-transformed rHU and hyperdense area (to
achieve normality of residuals) with quartiles of time-lag, age, NIHSS score at admission and stroke etiology by
TOAST criteria (categorized as “cardioembolic”, “large artery atherosclerosis” or “other”) as independents, and
the linear, quadratic and cubic relationships between time and dependent variables were tested. Depicted are
adjusted effects. Percentage difference between the fourth and the first quartile of time-lag = (1 − ecoeff) × 100.

2.4. Exploration of the Relationship between Serum Fibrinogen Levels and rHU or Hyperdense Area

On-admission serum fibrinogen levels were available for 170/185 patients (91.9%). Among these
patients there were 111/118 (94.1%) with proximal MCA and 59/67 (88.1%) with distal MCA pathology.
A separate mixed model (center as a cluster) was fitted to ln(rHU) and ln(hyperdense area) with the
MCA segment, serum fibrinogen, stroke type (by TOAST criteria) and MCA segment × fibrinogen
interaction term. Figure 4 depicts adjusted regressions of either dependent variable on the serum
fibrinogen and adjusted estimates are shown in Table 3. In detail, we found:

(a) there was an overall trend of association between higher serum fibrinogen and higher rHU (2.3%
higher with 100 mg/dL increase in fibrinogen). However, there was no association between
fibrinogen and rHU in patients with an affected proximal MCA, whereas the association was
stronger and statistically significant in patients with an affected distal MCA (4.2% higher rHU by
100 mg/dL increase in fibrinogen);

(b) for the entire cohort, higher fibrinogen was associated with a smaller hyperdense area (15% by
100 mg/dL increase in fibrinogen) (p = 0.005). However, this association was much weaker and
not statistically significant in patients with an affected proximal MCA, whereas it was stronger
and significant in patients with an affected distal MCA (Table 3). Due to incompleteness, data
should be viewed with caution, but suggest that at proximal MCA, rHU apparently declines over
the first 300 min after the stroke onset, though the hyperdense area does not appear to change.
Further, neither of these two radiological outcomes seems to be associated with serum fibrinogen
levels. Moreover, at the distal MCA, rHU does not appear to change while the hyperdense area
tends to diminish over the first 300 min after the stroke onset. At the same time, a higher rHU
and lower hyperdense area appear to be associated with higher serum fibrinogen.
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Figure 4. Adjusted regression lines of ln-transformed rHU (left) and hyperdense area (right) vs. serum
fibrinogen, overall and by the segment of medial cerebral artery (MCA). Regressions are from the
model depicted in Table 3.

Table 3. Association between serum fibrinogen and ratio of density (rHU) or hyperdense area:
summary of adjusted effects expressed as % change in dependent variable by 100 mg/dL increase in
serum fibrinogen.

Affected Artery
rHU Hyperdense Area (mm2)

Estimate (95% CI) p Estimate (95% CI) p

Proximal and distal MCA 2.27% (−0.10, 4.67) 0.059 −15.2% (−24.3, −5.0) 0.005
Proximal MCA 0.41% (−2.23, 3.17) 0.769 −8.2% (−29.3, 4.5) 0.191

Distal MCA 4.16% (0.39, 8.08) 0.031 −21.7% (−34.8, −5.8) 0.009

A separate mixed model (center as a cluster) was fitted to the ln-transformed rHU and hyperdense area (to
achieve normality of residuals) with quartiles of time-lag, stroke etiology by TOAST criteria (categorized
as “cardioembolic”, “large artery atherosclerosis” or “other”), serum fibrinogen levels, MCA segment and
fibrinogen × MCA segment interaction as independent variables. Percentage change in rHU or hyperdense
area = (1 − ecoeff) × 100.

3. Discussion

The efficacy of recanalization efforts in AIS is variable and biomarkers for stratifying patients
with a lower probability of success are eagerly awaited. The anatomical site, composition and spread
of clot in various arteries are potential parameters which could assist decision-making processes
in order to individually optimize treatment [17,18]. NECT is a fast, widely available and readily
used method in acute stroke and it enables non-invasive thrombus characterization. Importantly,
thrombus characterization by NECT could provide additional useful information regarding clot
susceptibility to thrombolysis and mechanical recanalization. Clot characteristics, however, could
undergo dynamic changes over time as a multitude of biochemical pathways are activated when
a vessel is occluded and the clot is exposed to hemodynamic and humoral changes of the local
milieu [19–21]. These include a combination of proximal and distal apposition of new thrombotic
material as well as proteolytic processes, which dissolve less compact thrombus material and leave a
place for further fibrin meshwork propagation.

Here, we found indirect evidence of changes in clot composition and morphology within the
first 5 h of AIS. Our study disclosed that MCA M1 clots, but not MCA M2 loses its density within
the first 5 h. Moreover, we report a decline of the clot plane over time for the M2 segment. The area
reduction was also associated with higher fibrinogen blood levels, which corroborates our previous
observation [9]. The clots situated in the M1 segment did not change with regard to area and time, and
thrombus characteristics did not correlate with fibrinogen levels.

Why is there a difference between the proximal and distal MCA occlusion with regard to
time-dependent changes? This observation could, on one hand, be related to differences of embolic
material, and indeed, large artery atherosclerosis was a more frequent etiology in M1 segment occlusion
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(16.9% vs. 4.5%). The other factor playing a possible role could be the availability of collateral perfusion
regarding the occluded segment. This issue was not assessed in our study. Although there are
conflicting reports, Kim et al. found higher proportions of RBCs and a lower proportion of fibrin in
clots arising from cardioembolic (CE) than in those with large artery arteriosclerosis (LAA) etiology.
The predominant histology of distal clots is not reported in published studies. Accordingly, we could
speculate that distal thrombi, having originally more fibrin content that is more resistant to endogenous
lysis, shield the RBC-rich part from degradation and accordingly these clots do not change in density
with time. However, the later the patient arrives, the area of the distal thrombi seems to be somewhat
smaller, possibly reflecting the degradation of RBC content later in time since the change is not obvious
until the last quartile of time.

A time-dependent drop in clot density (absolute HU) was previously reported by Topcuoglu et al. [22].
In contrast to our findings, one study with 106 patients showed no changes in the relative HU density
of the hyperdense artery within the first 4.5 h [23]. The reason for this discrepancy remains unclear.
The density of the clot as seen on NECT is augmented by RBC content. Loss of density after embolism
in MCA M1 occlusion is probably due to the preferential degradation of the erythrocyte-rich part of
the clot [7]. Reports from a murine ischemic model provide evidence that the urokinase plasminogen
activator is activated in the first 1 to 2 h following acute MCA occlusion, with gradual weakening of
activity thereafter, which could explain our observation [19].

The second largest group concerning stroke pathogenesis consisted of patients with unknown
etiology, accounting for 29%. Although we have not specifically reassessed details of the
diagnostic stroke workup, the usual standard of care in stroke units includes blood analysis, 24 h
electrocardiography (ECG), heart ultrasound and vessel imaging in every patient. Accordingly, it is
unlikely that a lack of workup is responsible for this unexpectedly high number of cryptogenic strokes.
With the presence of the intracranial clot, many of these patients could be classified as embolic stroke
of undetermined source (ESUS) as the underlying etiology [24]. The prevalence of cryptogenic or
ESUS strokes in cohorts with evaluation of the HAS is rarely reported. A pilot study identified nine
patients with HAS of the MCA, which accounted for 20% of all stroke cases. Cryptogenic and ESUS
stroke made up 26% of stroke cases in a larger study [25]. One study revealed that patients without
detectable stroke etiology may have better clinical outcomes [26]. Further studies are required to prove
whether hints for stroke etiology could be determined by analysis of clot morphology on NECT in
cases where the causality remains unclear from ancillary investigations.

Limitations of our study are the usage of different scanning parameters and non-uniform slice
thickness. This influences the detection rate of HA which is known to be dependent on slice thickness,
and studies confirmed that thinner NECT slices have a greater sensitivity [12]. In addition, the rather
low detection rate of HA in nearly 10% of all consecutive strokes could be interpreted as low sensitivity
of our study. However, the prevalence of the HA sign among non-selected stroke patients and larger
cohorts has not been reported so far. Selected populations, i.e., patients chosen for thrombolysis or with
specific stroke syndromes such as posterior cerebral artery stroke, have higher detection rates, but this
varies widely (5%–75%) [27]. In our study, some form of angiography (CT, magnetic resonance imaging
(MRI) or digital subtraction angiography (DSA)) was performed in 63.8% patients with a correlation of
vessel occlusion. For other patients, the clinical stroke syndrome was taken for the verification of vessel
obstruction and this always corresponded to the side of the artery occlusion. Of note, we acknowledge
the difficulty of discerning the hyperdense artery on plain CT without additional angiography but
we presume that the combination of hematocrit correction and correlation with the clinical syndrome
suffices for the identification of the occluded artery. Naturally, the presumption that time-dependent
changes can be approximated from various patients is subjected to biases. Ideally, each patient should
be re-examined with NECT at fixed time points. Such an approach, however, is not feasible due
to ethical constraints and patient safety. Nevertheless, in our population, on follow up CT scans in
45 patients, HA was still visible (29%); of them 32 (71%) showed no change or had a drop in rHU
values, thus further confirming our findings. Eventually, our observation needs to be confirmed in a
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larger cohort. Moreover, the characterization of thrombus dynamics beyond 5 h from symptom onset
should follow as well.

4. Materials and Methods

We performed a retrospective study of consecutive patients with AIS who presented to the
emergency department in three stroke centers. These were Christian-Doppler-Klinik Salzburg, Austria
(CDK), University Clinical Center Maribor, Slovenia (MB) and Bezirkskrankenhaus Lienz, Austria
(LZ). The study periods for CDK and MB were 2013–2015, and for LZ 2011–2014.

The inclusion criteria were age ≥18 years, presentation within 16 h from stroke onset and available
head NECT. We excluded those cases were brain hemorrhage, brain tumor or non-stroke pathology
was seen. In addition to usual laboratory examinations we recorded HbA1c and acute fibrinogen
values. Stroke subtypes were classified according to the modified Trial of Org 10172 in Acute Treatment
(TOAST) criteria [28]. NECT was performed before treatment with rt-PA in all patients.

CT scans were acquired in LZ and CDK with the multidetector CT scanner Sensation 64 (Siemens,
Erlangen, Germany) and in MB with the multidetector CT scanner (Aquilion 64, Toshiba Medical
Systems, Tochigi, Japan). The CT scans were reconstructed into 4, 2.4 and 3 mm (for CDK, LZ and MB,
respectively) thick adjacent slices through the whole brain with the specifications of 120 kV (all centers)
and 250, 440 and 150–350 mAs (for CDK, LZ and MB respectively) (mean value, using automatic
exposure control) and matrix size of 512 × 512. The mean equivalent dose was 1.2 mSv for CDK and
LZ and 1.9 mSv for MB.

The evaluation of CT-scans were performed by two experienced stroke physicians who were
blinded to the clinical data. When in doubt of presence of hyperdense vessel sign, consensus was
reached. HAS was recognized as the area of hyperattenuating artery on NECT. The hyperdense area
was manually delineated in IMPAX software (Impax Laboratories Inc., Hayward, CA, USA), the vessel
location and the side (when applicable) were recorded. Areas with calcifications (HU > 90) were not
delineated. Measurements of hyperdense artery were made as previously described [11]. In short, the
region of interest (ROI) was manually placed on the margins of the clot. Average HU was then obtained
from all voxels within the ROI, summed across all slices (if present on more than one) producing HU
sum. The final HU value was calculated by dividing the HU sum with number of slices. We recorded
area in mm2 of manually circumscribed hyperdensity. The area was summed across slices (when
present in more than one). Analyses depending on variables including time, disease severity and
location of the HAS were performed with respective cohorts.

In order to correct for the impact of hematocrit values we measured the density of the vessel
contralateral to affected one, in the case of basilar artery hyperdensity the measurement was in posterior
cerebral artery. From measured final HU value, relative HU ratio (rHU) (final HU value divided by
average HU of contralateral/appropriate non-affected artery) was derived. After hyperdense artery
detection, the medical records were checked to ensure correspondence with clinical symptoms.

Data Analysis

In line with the study objective, data analysis was conceived to explore the relationship, univariate
and independent (adjusted), between time (defined as time elapsed between symptom onset and
NECT scan, i.e., time-lag) and the two radiological outcomes—rHU and size of the hyperdense area.
For all analyses, center was treated as a random effect to account for potential correlation of data
coming from one site. In randomized trials, this approach was shown to improve power and maintain
nominal coverage rates [29]. Univariate models contained “time” as the only fixed effect. Selection of
covariates (additional fixed effects) in multivariate models was based on rationale that adjustments
should account for biologically plausible potential confounders and/or moderators. We did not intend
to detect “all possible effects” or to define the best set of explanatory variables of variability of rHU or
hyperdense area. Finally, in an attempt to explore a potential biological background for the observed
time effects on rHU and hyperdense area, we investigated the relationship between these outcomes
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and serum fibrinogen levels at admission. All mixed models were fitted using SAS for Windows 9.4
software (SAS Inc., Cary, NC, USA).

5. Conclusions

There are time-dependent changes in MCA thrombus morphology and composition within the
first 5 h from symptom onset in patients with AIS. Moreover, we found that proximal and distal MCA
clots differ with regard to these dynamics. Further studies, ideally with the evaluation of mechanically
retrieved intracranial clots, are required to understand the complex pathophysiological processes
determining the intrinsic and extrinsic post-processing of an intracranial thrombus.
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Abbreviations

AIS Acute ischemic stroke
LAA Large artery atherosclerosis
HAS Hyperdense artery sign
NECT Non-enhanced CT
TOAST Trial of Org 10172 in Acute Treatment criteria
HU Hounsfield units
rHU Average HU of hyperdense artery/average HU of non-affected artery
DSA Digital subtraction angiography
MRI Magnetic resonance imaging
CT Computertomography
ESUS Embolic stroke of unknown source
CE Cardioembolic
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Abstract: Atherosclerotic cardiovascular diseases are characterized by the formation of a plaque
in the arterial wall. Intravascular ultrasound (IVUS) provides high-resolution images allowing
delineation of atherosclerotic plaques. When combined with near infrared fluorescence (NIRF), the
plaque can also be studied at a molecular level with a large variety of biomarkers. In this work, we
present a system enabling automated volumetric histology imaging of excised aortas that can spatially
correlate results with combined IVUS/NIRF imaging of lipid-rich atheroma in cholesterol-fed rabbits.
Pullbacks in the rabbit aortas were performed with a dual modality IVUS/NIRF catheter developed
by our group. Ex vivo three-dimensional (3D) histology was performed combining optical coherence
tomography (OCT) and confocal fluorescence microscopy, providing high-resolution anatomical and
molecular information, respectively, to validate in vivo findings. The microscope was combined with
a serial slicer allowing for the imaging of the whole vessel automatically. Colocalization of in vivo and
ex vivo results is demonstrated. Slices can then be recovered to be tested in conventional histology.

Keywords: intravascular ultrasound (IVUS); near-infrared fluorescence (NIRF); atherosclerosis;
ex vivo three-dimensional (3D) histology; optical coherence tomography (OCT); confocal
fluorescence microscopy

1. Introduction

Atherosclerosis is a chronic immune-mediated inflammatory disease that arises from a series
of complex events triggered by endothelial dysfunction, lipid accumulation in the arterial wall, and
infiltration of monocyte-derived macrophages [1,2]. Acute coronary syndromes (ACS) occur mostly
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from the rupture of modestly stenotic lipid-rich “vulnerable” plaques, which leads to endoluminal
thrombus formation, myocardial ischemia, and sudden cardiac death [3,4]. Although coronary
angiography remains the gold standard for epicardial coronary stenoses assessment and treatment,
it frequently underestimates true plaque burden and provides no information regarding plaque
composition [5]. Intravascular ultrasound (IVUS) imaging has been established as an adjunct imaging
technology to coronary angiography, widely used in both clinical and research applications [6].
By generating in vivo cross-sectional images of the vessel wall and lumen, IVUS enables the
characterization of atherosclerotic vessel segments by providing accurate lumen and vessel
dimensions, as well as non-protruding plaques, positive vascular remodeling, and plaque burden
assessment [7,8]. Conventional grayscale IVUS is, however, limited with regards to the analysis of
plaque composition [9], whereas emerging molecular imaging technologies, such as fluorescence
imaging, have been developed to overcome these limitations. Multimodality imaging systems, such as
the dual-modality IVUS/near-infrared fluorescence (NIRF) imaging catheter previously engineered
by our group and others [10–13], were designed for integrated microstructural and molecular plaque
imaging, thus enabling a more detailed plaque characterization. The use of molecular probes in
conjunction with fluorescence imaging has been shown to provide complementary information with
regards to plaque activity and inflammation [14–19]. Translation of molecular imaging results to
clinical applications, however, requires validation; and despite impressive advances in intravascular
imaging over the past decade, histology remains the gold standard for determining plaque composition
and geometry. Although providing high-resolution cross-sectional images of the arterial wall, histology
remains limited to the number of tissue sections analyzed and by the lack of anatomical context; thus
resulting in missed valuable data. When comparing in vivo intravascular imaging applications with
histology, colocalization is often challenged by geometric distortions and tissue shrinkage, as well as
the lack of anatomical landmarks and the limited resolution of IVUS imaging.

OCT-based block-face three-dimensional (3D) histology combined with serial cutting of tissues
has been proven in the past to be an efficient technique to reconstruct and visualize whole intact
organs or tissues [20,21]. Previous work has demonstrated the use of serial OCT imaging primarily
for brain imaging. However, this method has so far never been used for cardiovascular imaging.
From the spatial resolution of optical coherence tomography (OCT), largely superior to IVUS [6], and
the capacity of confocal fluorescence microscopy to efficiently identify the same molecular biomarkers
as NIRF imaging [22], we developed a novel ex vivo automated 3D histology platform comprising a
dual-modality imaging system based on OCT-coupled fluorescence sensitive confocal microscopy [21].
In this work we detail the process of image reconstruction using this system and, for the first time,
describe its use for the purpose of atherosclerosis detection and localization in iliac arteries and
aortas of an atherosclerotic rabbit model. Fluorescent signal colocalization obtained from in vivo and
ex vivo imaging was performed to validate the potential of these methods to be co-registered and
for OCT-combined fluorescence sensitive confocal microscopy to serve as a future histology add-on
validation tool in the development of novel molecular probes.

2. Results

2.1. In Vitro Affinity of Anti-ICAM-1 Antibody

A fluorescently labelled anti-intercellular adhesion molecule-1 (ICAM-1) antibody was used as
a marker of inflammation below. Four ICAM-1 probes were initially tested in vitro, but only one
showed positive affinity with inflammation (Figure 1). Fluorescence confocal microscopy images were
taken to evaluate the affinity of the anti-ICAM-1 antibody with mammalian cells. Human Umbilical
Vein Cells (HUVEC) were imaged before and after being activated by Tumor Necrosis Factor Alpha
(TNF-alpha), which induces inflammation. Placing the fluorophore bound to the ICAM-1 antibody in
the cell growth medium followed by flushing, it was observed that the signal was far more present for
the TNF-alpha activated cells, suggesting that the ICAM-1 antibody does in fact have affinity with
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inflammation (Figure 1). Deconvolution was also performed to form a transverse image of the cell to
show that the signal was localized on the cellular membrane and not in the growth medium or the
cytoplasm (Figure 1C).

Figure 1. Florescent confocal images of in vitro affinity of the intercellular adhesion molecule-1 (ICAM-1)
antibody: (A) Inactivated and (B) Tumor Necrosis Factor Alpha (TNF-α) activated Human Umbilical
Vein Cells (HUVEC). The nuclei (blue) were stained with DAPI (4′,6-Diamidino-2-Phenylindole,
Dilactate) (C) deconvolved image of a cell. The fluorescence signal (red) is not present in the cytoplasm
or the nucleus, but is, rather, located on the cell membrane.

2.2. In Vivo Catheter Imaging

Five atherosclerotic rabbits were imaged following either an in vivo targeted molecular probes
injection (model 1) or an intravenous indocyanine green (ICG) (model 2) injection with a dual
IVUS/NIRF imaging catheter designed by our group (Figure 2). The IVUS had a frequency of 45 MHz
and the excitation wavelength of the NIRF was 780 nm. As shown in Figure 2B,C, a strong in vivo signal
was obtained following injection of an ICAM-1 nanobody probe at 30.05 mm of pullback in model 1,
with partial correlation with the echolucent region on IVUS imaging. Other ICAM-1 nanobodies that
did not show affinity in vitro were also injected with the purpose of evaluating their targeting ability.
For these, weak signals were detected by in vivo NIRF/IVUS imaging, despite the presence of plaque
on IVUS. In model 2, a strong but localized signal was seen at 8.4 mm of catheter pullback correlated
with IVUS imaging, with the plaque pointed by the red arrow (Figure 2E). The pulse generated by the
ultrasound (US), created an artifact and a mask was applied to hide the catheter on the images up to
the artifact radial position, which extended 50 μm past the wall of the catheter. Thus, part of the mask
intersected the vessel wall (Figure 2E) in smaller vessels, but not in bigger ones (Figure 2C). A ring
artifact that can be seen of Figure 2C was caused by a reflection on the sheath surrounding the catheter.

2.3. Serial Imaging System, Ex Vivo OCT Reconstructions and Fluorescence Alignment

A serial microscopy imaging system was designed combining OCT and confocal fluorescence
imaging (Figure 3A). Micrometer-precise motors and a razor blade attached to a custom vibratome
allowed automatic serial mosaic imaging of agarose-embedded artery sections to be performed.
OCT and fluorescence data were measured simultaneously which enabled co-registration of OCT
imaging with fluorescence. OCT provided 3D volumes for each slice (200 μm thickness) while a single
confocal image was taken (2D) with focus centered in the slice. For confocal fluorescence, a trade-off
was required in the system to enable the combination of OCT (which requires a long focal depth for
accurate 3D images) and confocal microscopy requiring filling the objective for optimal resolution.
In this design, the confocal beam under-filled the objective, leading to a fluorescent
point-spread-function that extended in depth.

The model 1 rabbits were imaged with a 3× objective whereas the model 2 rabbit was imaged
with a 10× water immersion objective. The former being designed to work in air, a chamber was
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built between the end of the objective and water by gluing a glass window to the aluminum lens
tube. Typical results are presented in Figure 3B–D for raw, processed, and 3D reconstruction data,
respectively. Fluorescence signal was higher at the surface or near the arterial wall, which suggests that
the ICAM-1 nanobodies bind to lipid plaques and that these molecular probes are sources of specific
signals. The processed slices can then be recovered after slicing and imaged in standard histology
(Figure 3E,F), here, with Masson Trichrome (Figure 2E) and Von Kossa (Figure 3F) to detect calcification.

Figure 2. In vivo imaging system and typical images. (A) Overview of the bimodal catheter system
with a detailed view of the catheter’s tip. PMT stands for photomultiplier tube; (B) Paired in vivo
near-infrared fluorescence signal detected over 360 degrees with 50 mm pullback length; and
(C) integrated NIRF-IVUS cross-sectional imaging with partial fluorescence signal and echolucent
plaque colocalization (shown by red arrows) in model 1. Atherosclerotic plaque, shown by echolucent
signal on IVUS (D,E), was partly correlated with indocyanine green (ICG)-fluorescence signal at 8.4 mm
of pullback (red arrow) in model 2.

 

Figure 3. Ex vivo optical coherence tomography (OCT) and confocal reconstruction for a model 1-type
rabbit. (A) Overview of the serial histology imaging system; (B) Example of an averaged slice (raw data)
with the fluorescence image superimposed on it (i.e., red signal); (C) Example of the same slice after
Beer-Lambert corrections, contrast adjustment, and deconvolution (Log-scale), with superimposed
fluorescence image (red); (D) Localization of the tissue slice (c) on a 3D reconstruction (shown by red
arrow); (E) Histology slice colored with Masson Trichrome and a 4× objective (F) Same slice imaged
with VonKossa and a 20× objective.
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Data Reconstruction

Due to tissue attenuation of the OCT signal and serial mosaic acquisitions, specific algorithms
were developed to reconstruct full 3D volumes. A custom Python stitching and signal correction
algorithm was developed, allowing complete artery reconstructions and atherosclerosis localization
based on both modalities. The following steps were implemented:

• For each tissue slice, the volume position in the mosaic reference frame was estimated using
microscope acquisition data;

• Volumes were then stitched for each tissue slice;
• Post processing was performed that included cropping of the field of view, identification of lumen

mask and Beer-Lambert intensity correction;
• After post processing steps, slices were assembled together in order to form a longitudinal

3D volume.

Figure 4A,B show typical images after the post processing steps (masks, Beer-Lambert correction,
intensity artifacts correction, and cropping) applied to an averaged OCT slice and fluorescence
image, respectively. Figure 4C shows the attenuation map used for Beer-Lambert correction for
a particular slice.

Figure 4. Corrected images for model 1 rabbit for OCT (A); and fluorescence (B); A-line attenuation
map used for OCT intensity correction outlines detailed tissue structures (C).

As previously mentioned, with an under-filled objective used in fluorescence imaging, deeper
tissue slices could contaminate the signal of the imaged slice in fluorescence due to the extended
point-spread function (PSF), thus, requiring a deconvolution algorithm to generate precise fluorescence
images. A synthetic PSF was generated using the PSF generator plugin in the ImageJ software (National
Institutes of Health, New York, NY, USA) using the Born and Wolf 3D optical model. It had a FWHM of
4.4 μm in the x-y direction and of 146 μm in the z direction and was used to correct fluorescence images.

When comparing to brain imaging obtained from a similar technology, the automatic ex vivo
imaging technique required careful preparation of arterial tissues, as conjunctive tissues could cause
cutting artifacts (Figure 5A), thus making it challenging to obtain uniform cuts. An algorithm was
applied during image acquisitions to ensure fine control of the focal depth and to avoid placing tissues
in areas where OCT had instrumental artifacts (spurious reflections) or outside the focal zone of the
objective (Figure 5B,C).

2.4. Alignment and Tissue Deformation

Due to ex vivo tissue fixation and a lack of intra-arterial pressure, which led to tissue dehydration
and shrinkage, the comparison of in vivo and corresponding ex vivo vessel segments was challenging.
Despite the average tissue shrinkage ratio of 61% that was calculated in our experiments, imaging
colocalization was possible using landmarks. Longitudinal views of both IVUS and OCT anatomical
imaging of an arterial segment are presented in Figure 6. The abdominal aorta and iliac arteries were
visualized with both modalities, which served as reference points for colocalization. While longitudinal
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co-registration was possible, precise pixel-wise deformation models could not be applied since the
arterial wall was highly distorted in ex vivo OCT images given the lack of blood flow in fixed tissues.
Nevertheless, longitudinal segments could be identified accurately, which enabled comparisons of
pullback in vivo results to ex vivo data.

 

Figure 5. Sources of imaging artifacts and their effects during acquisitions: (A) Unevenly cut slice;
(B) Artifact caused by the glass when the reference arm was not properly placed; (C) Slice that was
imaged while not placed at the focal point of the lens.

 

Figure 6. Intravascular ultrasound (IVUS) and OCT colocalization of anatomical landmarks in
model 2. (a–d) In vivo IVUS cross-sectional images; (e–h) Ex vivo OCT cross-sectional images; (i) 3D
reconstruction in OCT using a maximum intensity projection algorithm. Indicated numbers in mm
(upper left of each image) represent the distances between the cross-section and the iliac bifurcation.
The catheter was introduced in the right iliac artery, located at the bottom-right in the OCT image in (h,i).
Green arrows indicate the location of the cross-section slices on 3D reconstruction. Red arrows denote
side branches (anatomical landmarks) used for colocalization. Longitudinal view of the abdominal
aorta and iliac arteries in IVUS and OCT imaging in model 2; (j) In vivo IVUS image of a 50 mm
artery segment (green dashed lines delineates the arterial wall); (k) Ex vivo OCT image of the same
segment, which shrunk to a length of 30 mm after ex vivo tissue fixation. Scale bars represent a region
of 1 mm by 1 mm.
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2.5. Validation of Intravascular Molecular Imaging

Using the methodological steps outlined above, in vivo ICG accumulation identified with NIRF
imaging was confirmed using high-resolution fluorescence confocal imaging, as shown in Figure 7.
Intimal thickening was also observed on ex vivo OCT, an indication of the presence of plaque. Figure 7b
shows that the intimal thickness varied from 100 μm to 200 μm (red arrows), a difference not perceptible
in IVUS, which has a resolution of about 100 μm.

 

Figure 7. Cross-sectional view of the abdominal aorta in model 2. (a) IVUS-NIRF imaging in vivo;
(b) OCT imaging ex vivo; (c) Confocal fluorescence microscopy imaging ex vivo; (d,e) Enlarged sections
of the green region of (b,c). Red arrows identify the intimal thickness at two locations in the OCT
image. White arrows indicate colocalization between in vivo and ex vivo fluorescence. Arrow 3 shows
a weaker colocalization due to the limitation of our blood attenuation compensation algorithm [19],
further supporting the need for co-registered ex vivo validation.

3. Discussion

Combining IVUS and fluorescence imaging (NIRF) within a single catheter may yield a reliable
method that could be used to detect and locate atherosclerotic plaques in the arterial wall. This imaging
method overcomes the shortcomings of coronary angiography, whereas fluorescence provides
information regarding plaque composition and biology. Translation of such imaging technology
to clinical applications requires robust preclinical validation, and co-registration of in vivo data to ex
vivo assessments is essential for better plaque assessment. In the present work, we demonstrated that
multimodal custom serial imaging of tissue sections can be used to corroborate in vivo findings using
OCT and confocal imaging to provide high spatial resolution. Our system is also compatible with
conventional histology, as the slices from the vibratome can be recovered in the correct order using a
small container placed in front of the agarose block and stained using standard procedures.

The main shortcoming of conventional histology is that although it offers information on molecular
tissue composition, it does not provide accurate anatomical localization of said tissues. There is,
at the moment, no existing method that can reliably corroborate the in vivo plaque localization
and composition measurements done with an intravascular catheter during pullbacks. The method
described here can, however, combine the molecular composition determination aspect of conventional
histology, while the 3D reconstructions allow colocalization to be performed. Furthermore, in
conventional histology, images are formed after the tissue is sliced, which leads to additional
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deformations and difficulties in reconstructing the 3D view. With the block-face OCT technique,
images are taken before slicing, facilitating 3D assembly. Our method, while not a substitute for
standard histology, is projected to be a complementary method that can help to bridge in vivo and
histological data. The ability to co-localize tissues between the in vivo and ex vivo tissues offers
a novel approach that could be used to validate future intravascular molecular imaging studies.
Having a reliable way to confirm the data gathered in in vivo scans will smooth the transition between
the fundamental research and clinical domains, leading to more effective, invasive imagery techniques
and eventually better treatments for patients.

3.1. Slicing Optimization

One of the most challenging aspect of the ex vivo imaging process was to obtain uniform flat slices
with the vibratome, as the connective tissue surrounding the artery rendered slicing more difficult.
Residual connective tissue remaining above the sample after slicing appeared to block the light and/or
cause inaccurate surface detection, thus, leading to some slices being imaged while being out of
focus. Furthermore, slice stitching in the z-direction was very sensitive to the flatness of the slices.
Keeping the slicer blade completely flat and straight at all times was difficult and resulted in different
slice thicknesses. Crooked or uneven slices were problematic during reconstructions, since stitching
was based on surface detection. To overcome these difficulties, a fixed overlap between slices was
imposed. However, this could create gaps, which sometimes led to the presence of dark bands between
slices in the longitudinal reconstruction of the aorta. It should be noted that those overlaps may also
induce a small bias when approximating tissue shrinkage as the z-stitching was highly dependent
on these. Finally, evaluating the shrinking factor was also made more difficult by the fact that our
method relied on finding landmarks, which were sometimes sparse. Optimizing tissue embedding
and a careful removal of connective tissue is, thus, key to gathering quality data.

3.2. Optical Optimization

In the case of the 3× objective, the glass used to protect it from water where the sample was
imaged was a source of artifacts, since a reflection and its harmonics could be seen with the OCT
scanner. While adjusting the reference arm’s length could minimize the effect of the glass by imaging
in the opportune zones, it was never possible to fully remove its effects since the automatic imaging
process, which takes a few days to perform, always yielded a few images that were not situated in
the ideal zone. Since the glass has very high reflectivity, the artifact often saturated the detector and
information was lost when it could be observed within the imaged tissue. It was, thus, very important
for the experimenter to place the glass at a position that did not create an artifact near the focal point
of the objective.

3.3. Big-Data Processing

The size of the datasets acquired was a factor that rendered data analysis quite cumbersome.
A raw dataset of 500 GB for a single artery section required significant computing power to process
and disk space for storage. Even lowering the resolution by going from a 10× to a 3× objective, the
image sizes only decreased by half. Improvement in processing in terms of efficiency and storage will
be required to enable large-scale studies.

4. Materials and Methods

4.1. Animal Model for Atherosclerosis

Six adult, male, New Zealand White rabbits (3–4 kg, 3 months old; Charles River Laboratories,
Saint-Constant, QC, Canada) were fed a 0.5% cholesterol diet (Harlan Techlab Diets, Madison, WI, USA)
to induce atherosclerosis. Two rabbit models were used: model 1 (n = 5), balloon injury performed at
week 0, followed by 14-weeks cholesterol-enriched diet; model 2 (n = 1), 14-weeks of high-cholesterol
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diet. One rabbit did not complete the study due to neurologic complications after completion of
balloon denudation. The experimental protocols were approved by the animal ethics committee of
the Montreal Heart Institute Research Center (Projet ID code: 2015-1827, 2015-32-02, accepted on
24 March 2015) according to the guidelines of the Canadian Council on Animal Care.

4.2. Balloon Dilatation Procedures

Under general anesthesia (ketamine (35 mg/kg) and buprenorphine (10 mg/kg) administered
intramuscularly, inhaled isoflurane (3% v/v, Baxter, Deerfield, IL, USA) and supplemental oxygen),
balloon injury of the abdominal arterial wall was performed using a 5 French (F) radial introducer
catheter (Cordis Corporation, Fremont, CA, USA) introduced through the right carotid artery.
Under fluoroscopic guidance (Siemens, Berlin, Germany), a 4.0 mm PTCA balloon catheter (Boston
Scientific, Marlborough, MA, USA) was advanced at the iliac bifurcation over a 0.014 inch guidewire
(Abbott Vascular, Santa Clara, CA, USA), inflated with 8 atm and retracted three times in the distal
40 mm of the abdominal aorta. The right carotid artery was ligated at the end of the procedure.

4.3. Bimodal Near-Infrared Fluorescence (NIRF)/Intravascular Ultrasound (IVUS) Imaging Catheter System

The in vivo imaging system (Figure 3A) used in this study, designed as an ultrasound-optical
imaging catheter linked to an optical assembly and custom-made electronics, was previously described
in [10]. The catheter combines an optical fiber for fluorescence imaging and an ultrasound transducer
for acoustic imaging. An electronic circuit synchronizes the acquisition with two motors driving the
rotating/translating catheter assembly, and raw data is transferred directly to a laptop via a universal
serial bus (USB) connection at rates of up to 250 Mbps. A custom Matlab (The MathWorks, Inc., Natick,
MA, USA) user interface filters the signals and reconstructs and displays the images in real time during
acquisition. Fluorescence excitation was performed using a 780 nm laser diode and emission was
detected by a photomultiplier tube (Hamamatsu Photonics, Hamamatsu City, Japan), combined with a
bandpass optical filter (832 ± 19 nm). A compensation algorithm was used to adjust the fluorescence
signal amplitude for blood attenuation [10].

4.4. In Vivo NIRF Imaging Procedure

In vivo NIRF imaging was performed under anesthesia, as previously described, using a 5 F
introducer (Cordis Corporation, Fremont, CA, USA) placed in the left carotid artery (model 1; n = 4).
Four novel tentative imaging probes (nanobodies) targeting ICAM-1 receptors (National Research
Council Canada, Ottawa, CA, USA), labeled with infrared dye 800CW, were injected under fluoroscopic
guidance (Siemens, Germany) in the denuded segment of the abdominal aorta of model 1, followed by
intravascular IVUS/NIRF imaging. Intravenous indocyanine green (ICG, 10 mg/kg) was injected in
model 2 (n = 1) and intravascular imaging was performing through a right carotid artery access 40 min
after dye injection. Automated imaging pullbacks were performed in the abdominal aorta of both
animal models and in the right iliac artery of model 2 at a pullback speed of 0.5 mm/s and a frame rate
of 10 images/s over a total length of 50 and 100 mm, respectively. After in vivo imaging procedures,
the animals were sacrificed by exsanguination under anesthesia and then underwent abdominal aorta
and iliac arteries resection. The samples were fixed in 4% formaldehyde and kept at 4 ◦C.

4.5. Ex Vivo Imaging System and Methods

Prior to ex vivo imaging, the distal 40 mm of the abdominal aorta and iliac arteries were mounted
in a 4% cylindrical agarose block with 0.5% ethylenediaminetetraacetic acid (EDTA). Ex vivo imaging
was performed using a custom made automated serialized dual-modality setup for OCT and confocal
fluorescence microscopy, incorporating a swept-source laser with a central wavelength of 1310 nm and
a tuning bandwidth of 100 nm for OCT. The confocal laser passed through a filter cube before being
reflected at a 90◦ angle by a long pass dichroic mirror at 875 nm which allowed for it to be combined
with the OCT laser beam (Figure 3), allowing simultaneous acquisition of OCT and confocal data.
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To overcome limited light penetration in the tissue and scattering from microscopic imaging, a
vibratome allowed sequential sectioning of the tissue block face in order to reveal new tissue regions
to image. Following a previously described design, a dual flexure part isolated vibration of the
blade from a direct current (DC) motor on a one-axis yielding precise cutting of the tissue. X and Y
stages allowed moving the sample relative to the objective and imaging every sub-region (1 by 1 mm).
Tissue samples embedded in agarose blocks were placed underneath a 10× water immersion objective
for model 2. After an entire section was imaged, a 200-μm slice of tissue was removed and the process
was repeated automatically. For each slice, the Z position of the sample was adjusted in order to
have the focus approximately 50 μm under the tissue surface, thus avoiding imaging of deformed
tissue due to its slicing. The images from both in vivo and ex vivo systems were analyzed using
Matlab. Anatomical landmarks allowed for a precise sub-millimeter colocalization of in vivo and
ex vivo images, along with the calculation of the shrinkage ratio of the excised tissue. To obtain
three-dimensional (3D) reconstructions, imaging data was downsampled to a voxel size of 4 μm
by 4 μm by 200 μm, converted in DICOM and loaded with Osirix (Pixmeo, Geneva, Switzerland).
A maximum intensity projection algorithm was applied to generate a three-dimensional view of the
vessels. The ex vivo imaging system generated cross-sectional OCT image slices with a pixel size of
2 μm by 2 μm and a depth of 6.5 μm. The resulting dataset had a size of over 500 GB. In fluorescence
confocal microscopy, one cross-sectional image was obtained for each 200-μm depth. Colocalization
between the IVUS and OCT images was performed. Figure 6 compares the OCT reconstruction with
the IVUS scan for rabbit 1. Colocalization between images relied on finding biological landmarks,
primarily bifurcations. Pullbacks began at the bifurcation between the left and right iliac artery and
could be seen on both types of scans, providing a good starting point.

For model 1, aortas were imaged using the aforementioned OCT/confocal microscope, but with
a 3× air objective and a 5 μm × 5 μm pixel size. Axial resolution was unchanged. A glass was
added between the objective and the water to create an air chamber. The field of view (FOV) in the
lateral directions was set to 2.5 mm × 2.5 mm. The ICAM-1 fluorophore was sensitive to a 776 nm
wavelength. The 3× objective did not allow for a high enough signal-to-noise ratio (SNR) with a small
pinhole (100 μm), and an iris was used instead. This, however, came at the cost of lateral resolution
(4.4 μm). The vibratome blade was inclined at an approximately 20-degree angle with the plane of
the agarose gel. Connective tissue was removed before embedding the aorta in agarose with a razor
blade. Three-dimensional reconstructions of the aortas were done using custom Python algorithms
developed for this purpose. Since an iris was used instead of a pinhole, deconvolution was performed
on the fluorescence images in order to locate more accurately the sources of signal.

For OCT images, the first reconstruction step was to find the volumes position within the mosaic
reference frame. A displacement model of the sample-motorized stage was used to estimate each XY
tile position within the mosaic. The model parameters were estimated from the data by computing the
phase-correlation based pairwise registration [23] of all neighboring tiles within the mosaic and by
inverting the model, solving for each parameter. The next step was to stitch together the volumes for
each slice. Adjacent volumes were blended together by finding the medial axis of their 2D overlap
region and by applying a small Gaussian feathering to ensure a smooth transition between tiles. Each
tissue slice was stitched separately.

A few post processing steps were then applied on each slice to remove intensity artifacts, to limit
the field of view to the tissue, to compute the lumen mask, and, finally, to estimate and compensate the
light attenuation with depth in the OCT volumes. This last step was done by fitting a Beer-Lambert
law on each A-Line and by estimating the attenuation coefficient from this fit [24]. The Beer-Lambert
law was then used again with the average tissue attenuation coefficient to normalize the OCT volume
and thus reduce its contrast variation with depth.

The last reconstruction step was to stitch the slices together in the z direction to get a complete 3D
volume. This was done by computing the shift between adjacent slices using the cross-correlation of
their 2D image gradient magnitude. Then, the slices were stitched together by solving the Laplace
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equation with Dirichlet boundary conditions over their masked overlap region. The tissue mask was
used to remove the gaps introduced by the slice cutting artifacts.

Colocalization between the IVUS and OCT images was performed. Colocalization between
images relied on finding biological landmarks, primarily vessel bifurcations. Pullbacks began at the
bifurcation between the left and right iliac artery and could be seen on both types of scans for model 2,
providing a good starting point. The distance between the same landmarks was measured by knowing
the pixel size (6.5 μm) for OCT, and by comparing it to the distance found on the IVUS data, which
was recorded during acquisition.

5. Conclusions

In conclusion, a method for atherosclerotic plaque detection and molecular characterization
has been investigated both in vivo and ex vivo in a rabbit model. The in vivo method relied on
an intravascular catheter that combined IVUS and fluorescence imaging, while the ex vivo method
combined an OCT and a fluorescence confocal microscope with a custom serial slicer and stitching
algorithm to reconstruct whole 3D segments of aortas and locate the presence of plaque with great
accuracy. Colocalization between the in vivo and ex vivo data was performed by finding landmarks
between the IVUS and OCT volumes. This massive histology method is a promising approach to
validating future intravascular catheters; it could potentially become a new gold standard to validate
intravascular molecular imaging, and it is a great addition to the currently used histology methods.
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Abstract: Recent major improvements in a number of imaging techniques now allow for the study of
the brain in ways that could not be considered previously. Researchers today have well-developed
tools to specifically examine the dynamic nature of the blood vessels in the brain during development
and adulthood; as well as to observe the vascular responses in disease situations in vivo. This review
offers a concise summary and brief historical reference of different imaging techniques and how
these tools can be applied to study the brain vasculature and the blood-brain barrier integrity in both
healthy and disease states. Moreover, it offers an overview on available transgenic animal models to
study vascular biology and a description of useful online brain atlases.
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1. Introduction

The brain is one of the most sophisticated and complex organs generated by evolution and its
impressive anatomical composition and its entangled functionality has been admired for thousands of
years. Although early civilizations lacked adequate means to obtain knowledge about the nervous
system, the ancient Egyptians in the 17th century Before Common Era (BCE) wrote the earliest recorded
reference to the brain in the Edwin Smith papyrus [1]. It was not until the 5th century BCE that the
concept of the nervous system appeared [2]. In the 1600s, William Harvey proved the theory of blood
circulation in De Motu Cordis [3], although the first descriptions of the pulmonary circulation by Ibn
al-Nafis date back to the 16th century BCE [4]. The interest in dynamics stimulated the study of
angiology and neuroanatomy and, in 1664, Thomas Willis published Cerebri anatome, a text on the
brain that was a groundbreaking work for neuroscience and remained very influential for the next
two centuries [5,6].

In 1882, Angelo Mosso invented the first neuroimaging technique, called “human circulated
balance” that could non-invasively measure the redistribution of blood during emotional and
intellectual activity [7]. Nevertheless, the origin of structural imaging was the X-ray, discovered by
Roentgen in 1895 [8]. Shortly after, Haschek and Lindenthal produced radiographs of blood vessels by
injecting opaque solution into cadavers; however, it was not until 1927 that Egas Moniz performed the
first cerebral angiography in humans [9]. Since then, key events and major technological innovations
in physics, mathematics, computing and clinical imaging have promoted the development of at least
the following techniques: (1) computed tomography (CT), for which Hounsfield and Cormack were
awarded the Nobel Prize in 1979; (2) positron emission tomography (PET) [10]; and (3) magnetic
resonance imaging (MRI), for which Lauterbur and Mansfield were awarded the Nobel Prize in 2003
and magnetic resonance angiography (MRA). The abovementioned techniques together with other
imaging modalities, including digital subtraction angiography (DSA), photoacoustic imaging (PAI) and
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trans-cranial doppler (TCD), have contributed to the knowledge of the brain vasculature, promoting
and improving our understanding of the complexity of the central nervous system (CNS).

The strategies that scientists have adopted for studying the brain have varied over the years as
new techniques and methods have been developed. Elucidating the composition and functions of the
brain is one of the most challenging areas of research. Characterizing the structure of the brain at high
resolution is crucial for understanding its functions and dysfunction. Neuroimaging, the process of
producing images of the structure or activity of the brain, is becoming an increasingly important tool
in both research and clinical care, tremendously helping our understanding of brain morphology and
physiology in healthy and disease states.

The aim of this review is to give a short overview of the most important recent scientific advances
achieved using imaging techniques, with particular focus on their relevance to the field of brain
vascular imaging and including a section on molecular imaging of the blood-brain barrier (BBB).
A special focus on animal models is also included, as their use is motivated by a desire to better
understand human diseases. Moreover, a summary of available online brain atlases for both human
and animal models and the way these approaches contribute to a better understanding of the brain on
multiple levels are also highlighted.

2. Computed Tomography (CT)

On October 1, 1971, in London, England, CT imaging performed by Godfrey Hounsfield and
James Ambrose produced the first scan of a patient with a cerebral cyst. The image proved it was
possible to produce non-superimposed images of an object slice [11].

Since that time, CT has been improved by a number of important technological advancements,
leading to the current ability to acquire thousands of thin-slice images with voxel isotropy in a few
seconds with a reduced radiation dose [12,13]. CT angiography (CTA) has gained the most benefit from
such evolution in terms of improved diagnostic performance and broadened clinical indications [14,15].
Color-coded CT angiography, a new method of displaying dynamic cerebral CT angiography, provides
important additional information on cerebral hemodynamics, including specifically differentiation
between antegrade and retrograde flow [16].

Micro-scale computed tomography (microCT) [17,18] and nano-computed tomography
(nanoCT) [19] are high-resolution cross-sectional imaging techniques and are essential tools for
phenotyping and for elucidating diseases and their therapies. Compared to other imaging methods,
the strengths of microCT and nanoCT lay with their high-resolution scanning efficiency, velocity and
relatively low cost. Additionally, it is a structural imaging modality that provides a high-resolution
volumetric representation of vascular structures in brains of rodents [20–24] as well as measurements
of cerebral blood volume (CBV) [25].

Recent applications of microCT to the mouse brain vasculature include the in situ analysis of
adult brains using iodine-based contrast [26], the evaluation of animal models of cerebral cavernous
malformations (CCM) [27] and the imaging of brain tumors in live mice [28].

Perfusion CT is a relatively new imaging technique that allows rapid qualitative and quantitative
evaluation of cerebral vascular physiology and hemodynamics including measurement of cerebral
blood flow (CBF) and CBV. It involves the sequential acquisition of cerebral CT images performed
during the intravenous administration of contrast material [29]. It is an alternative imaging modality
with several clinical indications including stroke [30], head trauma [31] and brain tumors [32].
Published data have suggested that perfusion CT might be comparable to MRI [33,34]. Moreover,
perfusion CT has been used to evaluate possible clinical benefits of pharmacology therapy in early
stroke onset [35], as well as to predict survival in in high-grade gliomas [36].
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3. Positron Emission Tomography (PET) and Single Photon Emission Computed
Tomography (SPECT)

The development of CT soon led to other imaging techniques, including PET [37,38], which
involves injecting rapidly decaying radioactive substances into the bloodstream. The first simple PET
scanner able to detect brain tumors was made in the early 1950s by Bromwell and Sweet and by 1975,
more sophisticated types of PET, which could measure blood flow, were developed [39–41].

The first PET image of a rat brain using a clinical PET scanner was performed in 1991 [42] and
the initial dedicated small PET scanner was introduced several years later in 1995 [43]. The recent
development of a high-resolution small animal PET scanner suitable for imaging the mouse brain will
quickly improve the imaging quality of brain analysis [44].

PET functional imaging is most useful in combination with anatomical imaging and hybrid
imaging systems such as PET/MRI [45,46] and PET/CT [47,48]. Multimodality imaging PET/CT and
PET/MRI provide advantages in the imaging evaluation of patients with a variety of diseases [49].
A PET/CT scanner has the ability to improve image quality and image accuracy of PET images,
enhancing lesion identification and localization, which affects clinical decision making and thereby
improves patient management [50–52]. PET/MRI combination offers functional structural and
metabolic data, which can potentially contribute to more accurate diagnoses and ultimately affect
patient survival. The advantages and drawbacks of PET/CT are discussed in [53,54].

Multimodality imaging is nowadays available in the clinical practice and for small animals [55].
Rodent SPECT/CT has been used to assess in vivo CBF and blood-brain barrier (BBB) disruption after
focal cerebral ischemia [56] and the recently developed trimodal PET/SPECT/CT scanner for small
animals [57] has allowed for new insights into brain function and the visualization of cerebral ischemia
in living rats [58].

PET and single photon emission computed tomography (SPECT) [59,60] are molecular imaging
modalities which by the use of specific radioactive tracers, allow visualization and measurement of
physiological processes in intact living brains [61].

Recently PET has been used to study hypoxia and inflammation in ischemic stroke [62–65],
to explore the possible relationship between an acute ischemic stroke and Aβ deposition in patients [66],
and to noninvasively image VEGFR expression kinetics to analyze post stroke angiogenesis in rats [67].
Moreover, 11C-methionine is the most popular tracer used in PET imaging of brain tumors [68], and
can predict prognosis in gliomas [69]. Other recent examples of brain vascular disorders imaged
utilizing PET or SPECT include thrombosis [70], Alzheimer’s [71] and Moyamoya disease [72].

4. Magnetic Resonance Imaging (MRI) and Other Similar Techniques

The basic idea behind the MR phenomenon first appeared in 1946 from discoveries by Bloch and
Purcell. It took another 25 years before MRI was applied to medical diagnosis, when the first discoveries
concerning the development of the technique to visualize different structures were published [73–75].
A great advantage with MRI is that it uses magnetic forces rather than potentially harmful ionizing
radiation. Moreover, image quality has advanced to a remarkable extent with scan times decreasing by
factors of 10 to 100 since the early 1980s [76,77].

The main concepts required to understand MRI include the classification of the image
contrast following its sensitivity to three different parameters: proton density (ρ), the spin-lattice
or longitudinal relaxation times T1, and the spin-spin or transverse relaxation times T2 or T2*.
A proton-density-weighted image is a sequence that is mainly sensitive to ρ and T1- or T2-weighted
images are, respectively, sensitive to T1 or T2 relaxation times [78]. Additionally, different contrast
agents, which enrich MRI, can be used in the so-called Contrast-Enhanced MRI [79]. Several reviews
have recently focused on cerebrovascular MRI, compared to other imaging techniques and described
the key developments in the last years [12,80–83].

These new advances in neuroimaging methods could also be applied as biomarkers [84].
Biomarkers can be used as a diagnostic tool, a prognostic tool, a predictive tool (for predicting
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response to an intervention), or a substitute for a clinical outcome to measure the response to an
intervention (surrogate end point). Some examples of biomarkers based on MR imaging used in acute
ischemic stroke are summarized in [85]. Biomarkers based on brain imaging may relate to prognosis in
high-grade gliomas [86] and recently, vessel caliber analysis has been proposed as a possible biomarker
of tumor response in clinical trials, revised in [87].

The study of hemodynamic alterations in patients with cerebrovascular disease is important
to understand the disease, potentially improving diagnostic capabilities and therapeutic planning.
There is a demand for noninvasive imaging of cerebrovascular territories; therefore, new emerging
techniques for evaluation cerebrovascular hemodynamics and CBF [88], including four-dimensional
(4D) flow MRI [89–92]; 2D phase contrast MRI (PC-MRI) [93–95] and magnetic resonance black-blood
thrombus imaging technique (MRBTI) [96] are being developed.

4.1. Diffusion and Perfusion Weighted MRI.

Diffusion (DWI) and perfusion (PWI) weighted MRI have an increasingly important clinical role
(see [97] for a detailed description of the basic principles). The combination of both techniques is
especially promising for the early detection and assessment of stroke [98,99]; and for brain tumor
characterization [100], as they provide complementary information.

DWI is based on the random movement of water molecules caused by their kinetic energy
dissipation, known as Brownian motion, in the presence of magnetic pulses. The apparent diffusion
coefficient is a measure that displays the magnitude of diffusion of the water molecules within
tissue [101,102]. In the field of brain imaging, DWI has been applied to diagnose and monitor
stroke [103,104] and characterize brain tumors [105].

PWI refers to methods that make use of the effect of endogenous or exogenous tracers on the
MR images for deriving various hemodynamic parameters offering the potential for measuring
brain perfusion in several pathological conditions including stroke [106] and brain tumors [107,108].
Perfusion MRI techniques can be used for quantitative assessment of specific pathophysiologic
parameters, more accurate grading of intracranial tumors and may predict survival and patient
outcome [109,110].

4.2. Susceptibility-Weighted Imaging (SWI)

SWI is an MRI technique that enhances image contrast by using the susceptibility differences
between tissues and has become a part of routine brain MRI protocols [111]. The clinical success of
SWI arises from its superior sensitivity for detecting small quantities of blood product, its ability to
differentiate between arterial and venous vessels, and its ability to differentiate between calcification
and blood product. Thus, SWI is nowadays utilized to obtain images of diverse brain vascular disorders
including: hemorrhages, traumatic brain injury, stroke, tumors and multiple sclerosis [112–114].
The fact that this technique does not provide quantitative measurements, which is an important
limitation, is currently overcome by the advancement of new technology such as quantitative
susceptibility mapping (QSM) [115] and susceptibility tensor imaging (STI) [116].

4.3. Quantitative Susceptibility Mapping (QSM)

QSM [117] is expected to play an increasing role in the clinic as it permits to unambiguously
differentiate between calcified and hemorrhagic lesions which permits a differential diagnosis and
simultaneously reveals brain anatomy. This technique allows investigating and obtaining valuable
information not only on compositional changes in aging brain, but also in numerous neurodegenerative
disorders, providing valuable guidance to clinicians during diagnosis.

QSM has recently been applied to monitor CCM disease progression and iron deposition [118,119],
intracranial hemorrhages [120], hematoma volume [121] and to differentiate hemorrhages from
calcifications [122]. The usefulness of QSM in visualizing the microstructure of the mouse brain at a
10 μm resolution, has been shown by the revealing of detailed structures [123].
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4.4. Intracranial Vessel Wall Imaging (IVW)

Recently available IVW methods provide the possibility of directly assessing the vessel
wall [124–127], providing a useful diagnostic tool, which may improve patient outcomes by helping
treatment choice, in comparison to other invasive and non-invasive methods currently available.
IVM is especially challenging due to the small caliber and tortuosity of the intracranial vessels and
is an upcoming field of interest to assess intracranial atherosclerotic lesions [128–130], intracranial
vasculopathies [131,132], cerebrovascular inflammation [133], CNS vasculitis [134], brain arteriovenous
malformations [135], Moyamoya disease [136,137], Cerebral aneurysms [138–140] and intracranial
arterial dissection [141].

4.5. MR Angiography (MRA)

MRA is a group of techniques based on MRI to image blood vessels [142,143]. MRA techniques
can be divided into two categories: contrast-enhanced and non-contrast enhanced MRA. Since its
introduction in 1994 by Prince [144], first-pass contrast-enhanced MRA has seen widespread acceptance
and details about techniques and contrast agents are reported in [145–149]. A detailed description
of non-contrast MRA techniques and the physical mechanisms underlying each method including
their clinical applications can be found in [150] and [151]. In the brain, MRA is used to visualize
cerebrovascular territories [152,153], and to evaluate stenosis and occlusions [154], aneurysms [155]
and other cerebral malformations [156]. A complete description of MRA in brain vascular disorders is
reviewed in [157].

5. Digital Subtraction Angiography (DSA)

DSA is an imaging method that permits a distinct visualization of the vasculature in a skeletal
or dense soft tissue environment. The introduction of the technique in 1980 provided a method
for real-time 2D subtraction imaging, spawning a steady progression of related methods, including
3D [158] and 4D DSA [159] (an outline of some historical milestones and future directions are nicely
reviewed in [160,161]).

An overview of the technical principles of DSA can be found in [162,163]. Briefly, the target
tissue is initially exposed to X-ray or MRI, to obtain the first set of images; then a contrast agent is
administered into the vasculature and additional X-ray or MRI are obtained. The mask, which is
the first set of images, is then subtracted from the latter or contrast enhanced images, allowing the
visualization of the vascular structure free of the surrounding tissue.

DSA can be utilized to visualize intracranial vascular structures [164], vascular abnormalities
such as arteriovenous malformations [165], aneurysms [166], carotid stenosis [167], as well as grading
Moyamoya disease [168] and collateral flow in acute middle cerebral artery occlusion [169].

6. Trans-Cranial Doppler (TCD)

TCD ultrasound is a specialized technique introduced in 1982 by Rune Aaslid for detecting blood
flow in the basal intracerebral arteries [170]. It is a noninvasive technique that involves the use of a
low-frequency (≤2 MHz) transducer probe to insonate specific areas of the cranium that are relatively
thin. TCD enables users to acquire images of some of the major intracranial vessels through the intact
skull and monitor cerebral blood flow (CBF) velocity and vessel pulsatility over extended time periods
with a high temporal resolution. [171]. Advanced applications of TCD in neurovascular diseases have
been extensively revised in [172–175].

7. Photoacoustic Imaging (PAI)

Photoacoustic imaging (PAI) is also called optoacoustic imaging and is an emerging imaging
modality that shows great potential for preclinical research and clinical practice [176]. The method is
based on the photoacoustic effect; briefly, the tissue of interest is excited by a pulsed laser and part
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of the locally absorbed light produces thermal excitation, leading to an expansion of the tissue and
subsequent generation of ultrasonic waves. Ultrasonic transducers detect the emitted ultrasonic waves,
which are finally converted into images.

The applications in biomedicine of the photoacoustic effect, first reported by Alexander Graham
Bell in 1880, began in the 1970s [177] but progressed slowly until the last decade of the 20th century,
when many pioneering works demonstrated the photoacoustic effect in optically scattering media and
biological tissue, extensively reviewed in [178–180].

As a hybrid technique, PAI is based on the acoustic detection of optical absorption from
either endogenous chromophores or exogenous contrast agents [181], such as chemical dyes [182],
nanoparticles [183,184] and reporter genes [185,186]. PAI is especially useful in visualizing blood
vessels in vivo due to the fact that blood hemoglobin and deoxyhemoglobin, have a substantially
higher absorption than surrounding tissues and therefore create sufficient endogenous contrast.
Over the past decade, the photoacoustic technique has been evolving rapidly, leading to a variety of
exciting discoveries and applications such as photoacoustic tomography (PAT) that is cross-sectional
or three-dimensional (3D) PAI [187–189].

PAT allows visualizing and studying a diverse range of structures: from organelles to whole
organs [190] and based on the spatial resolution of the method, PAT is classified into optical-resolution
photoacoustic microscopy (OR-PAM) [191], acoustic-resolution photoacoustic microscopy (AR-PAM) [192],
photoacoustic computed tomography (PACT) [193,194], and photoacoustic endoscopy (PAE) [195].

PAI has been successfully used in the past few years in small animal models to image the
brain [196,197] and determine CBF though the intact skull [198]. Recently, a wearable system has been
developed that is capable of providing images of cerebral blood vessels noninvasively [199]. Moreover,
PAI is a new strategy to visualize and study several brain disorders [200] including stroke [201–203],
brain tumors [204–206]; cerebral edema [207], epilepsy [208]; traumatic brain injury [209] and
inflammation [210].

PAT imaging in patients with brain pathologies is currently not used in clinical practice and is
still under development. The main challenge and limitation in humans is the thickness of the skull,
but promising recent advances suggest that this technology could be implemented as a clinical device
for noninvasive functional brain imaging [184,211–213].

8. Molecular Imaging of the Blood-Brain Barrier (BBB)

Multiple cell types, which coordinately form the neurovascular unit (NVU), include neurons;
vascular cells (endothelial cells (EC), smooth muscle cells and pericytes); and glia (astrocytes, microglia
and oligodendroglia), which are key factors to maintaining CNS functions. Within the NVU, the EC
form the BBB that limits entry of substances into the brain and maintains the ideal environment for the
brain to properly function [214,215].

A detailed molecular atlas of the BBB transport systems and cellular functions, based on available
data on protein and RNA expression, as well as physiological measurements from different published
investigations, is meticulously provided in this recent review [216].

Dysfunction of the BBB has been shown to be a common denominator in many CNS disease
pathogeneses observed in stroke, cerebral edema, Parkinson’s disease, Alzheimer’s disease, seizures,
microcephaly and CCMs, among others [214,217,218].

Work in key molecular components of the ECs composing the BBB—including macromolecule
transporters such as the glucose transporter GLUT1 [219]; the major facilitator superfamily
domain-containing protein 2a (MFSD2a) [220,221]; and tight junction complexes [222], such as
Occuldin [223]; and the junctional adhesion molecule C (JAM-C) [224]—and their implication in
several brain diseases with BBB dysfunction and altered cerebrovascular integrity have raised the
interest in molecular imaging of the BBB.

Dynamic contrast-enhanced MRI (DCE-MRI) is the most widely used imaging method for
assessing BBB integrity [225–228]. It has been used to asses abnormal BBB permeability in several
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pathological conditions including: traumatic brain injury [229], vascular cognitive impairment [230],
multiple sclerosis [231], Alzheimer’s disease [232], brain tumors [233] and stroke [234].

The development of novel state-of-the art neuroimaging and molecular biomarker approaches
are key aspects of future investigations addressing whether molecular and imaging biomarkers of BBB
dysfunction can serve as reliable prognostic and/or diagnostic tools to predict the development of
several CNS disorders [235].

9. Transgenic Animal Models for Vascular Biology

Recent advances in imaging techniques [236,237] together with the development of tissue-clearing
methods, facilitating volumetric imaging without sectioning [238–240], do now provide the possibility,
with adequate resolution, to obtain live imaging data from the vasculature in organs and even whole
experimental animals during development and disease conditions.

The development of transgenic animal models with fluorescent markers for specific
proteins or specific vascular cell types are necessary to fully benefit from the newly available
microscope techniques.

So far, zebrafish has been the most suitable animal model to perform in vivo live imaging
experiments of the vascular system. Therefore, several transgenic lines, which express different kinds
of fluorescent probes in vascular cell types, are currently available and have extensively contributed to
improving our knowledge of key vascular processes such as lumen formation, angiogenic sprouting,
remodeling, cell proliferation and circulation of blood cells, reviewed in [241,242].

Although the establishment of fluorescent vascular reporters in mice models to study vascular
biology has been slower, it is in fact becoming more relevant. Some transgenic mouse lines are
already available and label different cell types including: EC [243–252]; lymphatic endothelial cells
(LEC) [253–257], reviewed in [258] and pericytes [259–261]. While the above referenced transgenic
lines are useful reporters for the major vascular cell types, other transgenic lines have been developed
to visualize various organelles or subcellular structures [262–265].

The effort to develop new tools such as florescent reporter mice is not only performed by single
scientific groups but also by joined projects. One example is the Gene Expression Nervous System
Atlas (GENSAT) project, which is mapping the expression pattern of genes in the CNS and has created
several mouse reporters, expressing enhanced green fluorescent protein (EGFP) and td-Tomato, to
investigate the distinct gene expression patterns [266] (www.gensat.com). Moreover, other interesting
fluorescent reporter mice are also available in the Jackson Laboratory (www.jax.org).

10. Brain Atlases

Another useful tool generated using some of the imaging methods mentioned in this review
are brain atlases [267]. Brain atlases are applicable in in all areas of neuroscience including research,
education and clinical applications. An enormous amount of data is produced every day in laboratories
worldwide regarding brain mapping, and there are many initiatives to make these data available
through public databases. At present, brain atlases are printed, electronic, web-based and some are
even available on mobile platforms [268].

The recent technical advances in areas such as sample preparation, optical techniques, quantitative
2D and 3D imaging analysis and high-performance computing, have relevantly contributed to the
development of new brain mapping approaches (reviewed in [269]). The latest news about the
worldwide brain research initiatives can be found in [270].

Following the publication of the mouse [271], adult [272] and prenatal [273] human brain gene
expression atlases in recent years, a high-resolution transcriptional atlas of pre- and post-natal brain
development for the rhesus monkey has now become available [274].

Table 1 gives examples of some of the most relevant web-based brain atlases in human, rodents
and other species [271,272,274–293].
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11. Conclusions

Imaging is becoming an increasingly important tool in research and clinical care. A range of
imaging techniques now provides unprecedented capacity to visualize the structure of the brain,
including the vasculature, from the level of individual molecules and encompassing the whole brain.
Most imaging methods are noninvasive and allow monitoring dynamic processes over time. Imaging
enables researchers to identify brain vascular abnormalities, understand disease pathways, evaluate
blood-brain barrier (BBB) integrity, recognize and diagnose pathologies and determine efficacy of
different therapies and treatments. Each technique has strengths and weaknesses relating to cost,
availability, temporal and spatial resolution and risk factors, thus improving our knowledge and
ensuring the innovation of such tools will be beneficial in the near future.

The imaging techniques described in this review, alone and in combination, contribute to
transforming and improving our understanding of how the brain functions in health and disease.
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Abbreviations

BCE Before Common Era
CNS central nervous system
CT computed tomography
MRI magnetic resonance imaging
PET positron emission tomography
SPECT single photon emission computed tomography
CTA computed tomography angiography
MicroCT micro-computed tomography
NanoCT nano-computed tomography
CCM cerebral cavernous malformations
QSM quantitative susceptibility mapping
STI susceptibility tensor imaging
SWI susceptibility-weighted imaging
4D four-dimensional
IVW intracranial vessel wall imaging
PAI photoacoustic imaging
PAT photoacoustic tomography
3D three-dimensional
2D two-dimensional
EC endothelial cells
LEC lymphatic endothelial cells
MRBTI magnetic resonance black-blood thrombus imaging technique
NVU neurovascular unit
DCE-MRI dynamic contrast-enhanced MRI
BBB blood-brain barrier
CBV cerebral blood volume
TCD trans-cranial doppler
PC-MRI phase contrast MRI
MRA magnetic resonance angiography
DSA digital subtraction angiography
DWI diffusion weighted MRI
PWI perfusion weighted MRI
EGFP Enhanced green fluorescent protein

164



Int. J. Mol. Sci. 2017, 18, 70

References

1. Breasted, J.H. (Ed.) The Edwin Smith Surgical Papyrus. Published in Faesimile and Hieroglyphie Transliteration,
with Translation and Commentary; The Univesity of Chicago Press: Chicago, IL, USA, 1930.

2. Wickens, A.P. A History of the Brain: From Stone Age surgery to Modern Neuroscience; Psychology Press: London,
UK; New York, NY, USA, 2015; p. 27.

3. Aird, W.C. Discovery of the cardiovascular system: From Galen to William Harvey. J. Thromb. Haemost. 2011,
9, 118–129. [CrossRef] [PubMed]

4. Numan, M.T. Ibn Al Nafis: His seminal contributions to cardiology. Pediatr. Cardiol. 2014, 35, 1088–1090.
[CrossRef] [PubMed]

5. O’Connor, J.P.B. Thomas Willis and the background to Cerebri Anatome. J. R. Soc. Med. 2003, 96, 139–143.
[CrossRef] [PubMed]

6. Eadie, M.J. A pathology of the animal spirits—The clinical neurology of Thomas Willis (1621–1675) part
I—Background, and disorders of intrinsically normal animal spirits. J. Clin. Neurosci. 2003, 10, 14–29.
[CrossRef]

7. Sandrone, S.; Bacigaluppi, M.; Galloni, M.R.; Cappa, S.F.; Moro, A.; Catani, M.; Filippi, M.; Monti, M.M.;
Perani, D.; Martino, G. Weighing brain activity with the balance: Angelo Mosso’s original manuscripts come
to light. Brain 2014, 137. [CrossRef] [PubMed]

8. Weber, A.L. History of head and neck radiology: Past, present, and future. Radiology 2001, 218, 15–24.
[CrossRef] [PubMed]

9. Antunes, J.L. Egas Moniz and cerebral angiography. J. Neurosurg. 1974, 40, 427–432. [CrossRef] [PubMed]
10. Zimmer, L.; Luxen, A. PET radiotracers for molecular imaging in the brain: Past, present and future.

Neuroimage 2012, 61, 363–370. [CrossRef] [PubMed]
11. Petrik, V.; Apok, V.; Britton, J.A.; Bell, B.A.; Papadopoulos, M.C. Godfrey Hounsfield and the dawn of

computed tomography. Neurosurgery 2006, 58, 780–787. [CrossRef] [PubMed]
12. Runge, V.M.; Aoki, S.; Bradley, W.G.; Chang, K.-H.; Essig, M.; Ma, L.; Ross, J.S.; Valavanis, A. Magnetic

Resonance Imaging and Computed Tomography of the Brain-50 Years of Innovation, With a Focus on the
Future. Investig. Radiol. 2015, 50, 551–556. [CrossRef] [PubMed]

13. Lell, M.M.; Wildberger, J.E.; Alkadhi, H.; Damilakis, J.; Kachelriess, M. Evolution in Computed Tomography:
The Battle for Speed and Dose. Investig. Radiol. 2015, 50, 629–644. [CrossRef] [PubMed]

14. Kamalian, S.; Lev, M.H.; Gupta, R. Computed tomography imaging and angiography—Principles.
Handb. Clin. Neurol. 2016, 135, 3–20. [PubMed]

15. Fleischmann, D.; Chin, A.S.; Molvin, L.; Wang, J.; Hallett, R. Computed Tomography Angiography: A Review
and Technical Update. Radiol. Clin. N. Am. 2016, 54, 1–12. [CrossRef] [PubMed]

16. Thierfelder, K.M.; Havla, L.; Beyer, S.E.; Ertl-Wagner, B.; Meinel, F.G.; von Baumgarten, L.; Janssen, H.;
Ditt, H.; Reiser, M.F.; Sommer, W.H. Color-coded cerebral computed tomographic angiography:
Implementation of a convolution-based algorithm and first clinical evaluation in patients with acute ischemic
stroke. Investig. Radiol. 2015, 50, 361–365. [CrossRef] [PubMed]

17. Schambach, S.J.; Bag, S.; Schilling, L.; Groden, C.; Brockmann, M.A. Application of micro-CT in small animal
imaging. Methods 2010, 50, 2–13. [CrossRef] [PubMed]

18. Clark, D.P.; Badea, C.T. Micro-CT of rodents: State-of-the-art and future perspectives. Phys. Med. 2014, 30,
619–634. [CrossRef] [PubMed]

19. Kampschulte, M.; Langheinirch, A.C.; Sender, J.; Litzlbauer, H.D.; Althöhn, U.; Schwab, J.D.;
Alejandre-Lafont, E.; Martels, G.; Krombach, G.A. Nano-Computed Tomography: Technique and
Applications. In RöFo-Fortschritte auf dem Gebiet der Röntgenstrahlen und der bildgebenden Verfahren;
Georg Thieme Verlag KG: Stuttgart, Germany, 2016; Volume 188, pp. 146–154.

20. Dorr, A.; Sled, J.G.; Kabani, N. Three-dimensional cerebral vasculature of the CBA mouse brain: A magnetic
resonance imaging and micro computed tomography study. Neuroimage 2007, 35, 1409–1423. [CrossRef]
[PubMed]

21. Schambach, S.J.; Bag, S.; Groden, C.; Schilling, L.; Brockmann, M.A. Vascular imaging in small rodents using
micro-CT. Methods 2010, 50, 26–35. [CrossRef] [PubMed]

165



Int. J. Mol. Sci. 2017, 18, 70

22. Starosolski, Z.; Villamizar, C.A.; Rendon, D.; Paldino, M.J.; Milewicz, D.M.; Ghaghada, K.B.; Annapragada, A.V.
Ultra High-Resolution In vivo Computed Tomography Imaging of Mouse Cerebrovasculature Using a Long
Circulating Blood Pool Contrast Agent. Sci. Rep. 2015, 5, 10178. [CrossRef] [PubMed]

23. Ghanavati, S.; Yu, L.X.; Lerch, J.P.; Sled, J.G. A perfusion procedure for imaging of the mouse cerebral
vasculature by X-ray micro-CT. J. Neurosci. Methods 2014, 221, 70–77. [CrossRef] [PubMed]

24. Mancini, M.; Greco, A.; Tedeschi, E.; Palma, G.; Ragucci, M.; Bruzzone, M.G.; Coda, A.R.D.; Torino, E.;
Scotti, A.; Zucca, I.; et al. Head and Neck Veins of the Mouse. A Magnetic Resonance, Micro Computed
Tomography and High Frequency Color Doppler Ultrasound Study. PLoS ONE 2015, 10, e0129912.

25. Chugh, B.P.; Lerch, J.P.; Yu, L.X.; Pienkowski, M.; Harrison, R.V.; Henkelman, R.M.; Sled, J.G. Measurement
of cerebral blood volume in mouse brain regions using micro-computed tomography. Neuroimage 2009, 47,
1312–1318. [CrossRef] [PubMed]

26. Anderson, R.; Maga, A.M. A Novel Procedure for Rapid Imaging of Adult Mouse Brains with MicroCT
Using Iodine-Based Contrast. PLoS ONE 2015, 10, e0142974. [CrossRef] [PubMed]

27. Girard, R.; Zeineddine, H.A.; Orsbon, C.; Tan, H.; Moore, T.; Hobson, N.; Shenkar, R.; Lightle, R.; Shi, C.;
Fam, M.D.; et al. Micro-computed tomography in murine models of cerebral cavernous malformations as a
paradigm for brain disease. J. Neurosci. Methods 2016, 271, 14–24. [CrossRef] [PubMed]

28. Kirschner, S.; Felix, M.C.; Hartmann, L.; Bierbaum, M.; Maros, M.E.; Kerl, H.U.; Wenz, F.; Glatting, G.;
Kramer, M.; Giordano, F.A.; et al. In vivo micro-CT imaging of untreated and irradiated orthotopic
glioblastoma xenografts in mice: Capabilities, limitations and a comparison with bioluminescence imaging.
J. Neurooncol. 2015, 122, 245–254. [CrossRef] [PubMed]

29. Wintermark, M.; Sincic, R.; Sridhar, D.; Chien, J.D. Cerebral perfusion CT: Technique and clinical applications.
J. Neuroradiol. 2008, 35, 253–260. [CrossRef] [PubMed]

30. Lin, L.; Bivard, A.; Krishnamurthy, V.; Levi, C.R.; Parsons, M.W. Whole-Brain CT Perfusion to Quantify
Acute Ischemic Penumbra and Core. Radiology 2016, 279, 876–887. [CrossRef] [PubMed]

31. Wintermark, M.; Chioléro, R.; van Melle, G.; Revelly, J.P.; Porchet, F.; Regli, L.; Meuli, R.; Schnyder, P.;
Maeder, P. Relationship between brain perfusion computed tomography variables and cerebral perfusion
pressure in severe head trauma patients. Crit. Care Med. 2004, 32, 1579–1587. [CrossRef] [PubMed]

32. Jain, R. Perfusion CT imaging of brain tumors: An overview. Am. J. Neuroradiol. 2011, 32, 1570–1577.
[CrossRef] [PubMed]

33. Wintermark, M.; Reichhart, M.; Cuisenaire, O.; Maeder, P.; Thiran, J.-P.; Schnyder, P.; Bogousslavsky, J.;
Meuli, R. Comparison of admission perfusion computed tomography and qualitative diffusion- and
perfusion-weighted magnetic resonance imaging in acute stroke patients. Stroke 2002, 33, 2025–2031.
[CrossRef] [PubMed]

34. Wintermark, M.; Meuli, R.; Browaeys, P.; Reichhart, M.; Bogousslavsky, J.; Schnyder, P.; Michel, P. Comparison
of CT perfusion and angiography and MRI in selecting stroke patients for acute treatment. Neurology 2007,
68, 694–697. [CrossRef] [PubMed]

35. Hacke, W.; Furlan, A.J.; Al-Rawi, Y.; Davalos, A.; Fiebach, J.B.; Gruber, F.; Kaste, M.; Lipka, L.J.; Pedraza, S.;
Ringleb, P.A.; et al. Intravenous desmoteplase in patients with acute ischaemic stroke selected by MRI
perfusion-diffusion weighted imaging or perfusion CT (DIAS-2): A prospective, randomised, double-blind,
placebo-controlled study. Lancet Neurol. 2009, 8, 141–150. [CrossRef]

36. Yeung, T.P.C.; Wang, Y.; He, W.; Urbini, B.; Gafà, R.; Ulazzi, L.; Yartsev, S.; Bauman, G.; Lee, T.Y.;
Fainardi, E.; et al. Survival prediction in high-grade gliomas using CT perfusion imaging. J. Neurooncol. 2015,
123, 93–102. [CrossRef] [PubMed]

37. Phelps, M.E. PET: The merging of biology and imaging into molecular imaging. J. Nucl. Med. 2000, 41,
661–681. [PubMed]

38. Lameka, K.; Farwell, M.D.; Ichise, M. Positron Emission Tomography. Handb. Clin. Neurol. 2016, 135,
209–227.

39. Nutt, R. 1999 ICP Distinguished Scientist Award. The history of positron emission tomography.
Mol. Imaging Biol. 2002, 4, 11–26. [PubMed]

40. Otte, A.; Halsband, U. Brain imaging tools in neurosciences. J. Physiol. 2006, 99, 281–292. [CrossRef]
[PubMed]

41. Wagner, H.N., Jr. A brief history of positron emission tomography (PET). Semin. Nucl. Med. 1998, 28, 213–220.
[CrossRef]

166



Int. J. Mol. Sci. 2017, 18, 70

42. Ingvar, M.; Eriksson, L.; Rogers, G.A.; Stone-Elander, S.; Widén, L. Rapid feasibility studies of tracers for
positron emission tomography: High-resolution PET in small animals with kinetic analysis. J. Cereb. Blood
Flow Metab. 1991, 11, 926–931. [CrossRef]

43. Bloomfield, P.M.; Rajeswaran, S.; Spinks, T.J.; Hume, S.P.; Myers, R.; Ashworth, S.; Clifford, K.M.; Jones, W.F.;
Byars, L.G.; Young, J.; et al. The design and physical characteristics of a small animal positron emission
tomograph. Phys. Med. Biol. 1995, 40, 1105–1126. [CrossRef] [PubMed]

44. Yang, Y.; Bec, J.; Zhou, J.; Zhang, M.; Judenhofer, M.S.; Bai, X.; Di, K.; Wu, Y.; Rodriguez, M.; Dokhale, P.; et al.
A Prototype High-Resolution Small-Animal PET Scanner Dedicated to Mouse Brain Imaging. J. Nucl. Med.
2016, 57, 1130–1135. [CrossRef] [PubMed]

45. Herzog, H.; Lerche, C. Advances in Clinical PET/MRI Instrumentation. PET Clin. 2016, 11, 95–103.
[CrossRef] [PubMed]

46. Cabello, J.; Ziegler, S.I. Advances in PET/MR instrumentation and image reconstruction. Br. J. Radiol.
2016, 89. [CrossRef] [PubMed]

47. Salmon, E.; Ir, C.B.; Hustinx, R. Pitfalls and Limitations of PET/CT in Brain Imaging. Semin. Nucl. Med. 2015,
45, 541–551. [CrossRef] [PubMed]

48. Townsend, DW. Positron emission tomography/computed tomography. Semin. Nucl. Med. 2008, 38, 152–166.
[CrossRef] [PubMed]

49. De Galiza Barbosa, F.; Delso, G.; Voert Ter, E.E.G.W.; Huellner, M.W.; Herrmann, K.; Veit-Haibach, P.
Multi-technique hybrid imaging in PET/CT and PET/MR: What does the future hold? Clin. Radiol. 2016, 71,
660–672. [CrossRef] [PubMed]

50. Schöder, H.; Erdi, Y.E.; Larson, S.M.; Yeung, H.W.D. PET/CT: A new imaging technology in nuclear medicine.
Eur. J. Nucl. Med. Mol. Imaging 2003, 30, 1419–1437. [CrossRef] [PubMed]

51. Ell, P.J. The contribution of PET/CT to improved patient management. Br. J. Radiol. 2006, 79, 32–36.
[CrossRef] [PubMed]

52. Alessio, A.M.; Kinahan, P.E.; Cheng, P.M.; Vesselle, H.; Karp, J.S. PET/CT scanner instrumentation,
challenges, and solutions. Radiol. Clin. N. Am. 2004, 42, 1017–1032. [CrossRef] [PubMed]

53. Jadvar, H.; Colletti, P.M. Competitive advantage of PET/MRI. Eur. J. Radiol. 2014, 83, 84–94. [CrossRef]
[PubMed]

54. Gaertner, F.C.; Fürst, S.; Schwaiger, M. PET/MR: A paradigm shift. Cancer Imaging 2013, 13, 36–52. [CrossRef]
55. Tsoumpas, C.; Visvikis, D.; Loudos, G. Innovations in Small-Animal PET/MR Imaging Instrumentation.

PET Clin. 2016, 11, 105–118. [CrossRef] [PubMed]
56. Garrigue, P.; Giacomino, L.; Bucci, C.; Muzio, V.; Filannino, M.A.; Sabatier, F.; Dignat-George, F.; Pisano, P.;

Guillet, B. Single photon emission computed tomography imaging of cerebral blood flow, blood-brain barrier
disruption, and apoptosis time course after focal cerebral ischemia in rats. Int. J. Stroke 2016, 11, 117–126.
[CrossRef] [PubMed]

57. Sánchez, F.; Orero, A.; Soriano, A.; Correcher, C.; Conde, P.; González, A.; Hernández, L.; Moliner, L.;
Rodríguez-Alvarez, M.J.; Vidal, L.F.; et al. ALBIRA: A small animal PET/SPECT/CT imaging system.
Med. Phys. 2013, 40, 051906. [CrossRef] [PubMed]

58. Balsara, R.D.; Chapman, S.E.; Sander, I.M.; Donahue, D.L.; Liepert, L.; Castellino, F.J.; Leevy, W.M.
Non-invasive imaging and analysis of cerebral ischemia in living rats using positron emission tomography
with 18F-FDG. J. Vis. Exp. 2014. [CrossRef] [PubMed]

59. Goffin, K.; van Laere, K. Single-photon emission tomography. Handb. Clin. Neurol. 2016, 135, 241–250.
[PubMed]

60. Szigeti, K.; Horváth, I.; Veres, D.S.; Martinecz, B.; Lénárt, N.; Kovács, N.; Bakcsa, E.; Márta, A.; Semjéni, M.;
Máthé, D.; et al. A novel SPECT-based approach reveals early mechanisms of central and peripheral
inflammation after cerebral ischemia. J. Cereb. Blood Flow Metab. 2015, 35, 1921–1929. [CrossRef] [PubMed]

61. Lu, F.-M.; Yuan, Z. PET/SPECT molecular imaging in clinical neuroscience: Recent advances in the
investigation of CNS diseases. Quant. Imaging Med. Surg. 2015, 5, 433–447. [PubMed]

62. Baskin, A.; Buchegger, F.; Seimbille, Y.; Ratib, O.; Garibotto, V. PET Molecular Imaging of Hypoxia in
Ischemic Stroke: An Update. Curr. Vasc. Pharmacol. 2015, 13, 209–217. [CrossRef] [PubMed]

167



Int. J. Mol. Sci. 2017, 18, 70

63. Kim, S.; Lee, S.; Kim, J.B.; Na, J.O.; Choi, C.U.; Lim, H.-E.; Rha, S.W.; Park, C.G.; Oh, D.J.; Yoo, H.; et al.
Concurrent Carotid Inflammation in Acute Coronary Syndrome as Assessed by (18)F-FDG PET/CT:
A Possible Mechanistic Link for Ischemic Stroke. J. Stroke Cerebrovasc. Dis. 2015, 24, 2547–2554. [CrossRef]
[PubMed]

64. Heiss, W.-D. PET imaging in ischemic cerebrovascular disease: Current status and future directions.
Neurosci. Bull. 2014, 30, 713–732. [CrossRef] [PubMed]

65. Moraga, A.; Gómez-Vallejo, V.; Cuartero, M.I.; Szczupak, B.; San Sebastián, E.; Markuerkiaga, I.; Pradillo, J.M.;
Higuchi, M.; Llop, J.; Moro, M.Á.; et al. Imaging the role of toll-like receptor 4 on cell proliferation and
inflammation after cerebral ischemia by positron emission tomography. J. Cereb. Blood Flow Metab. 2016, 36,
702–708. [CrossRef]

66. Sahathevan, R.; Linden, T.; Villemagne, V.L.; Churilov, L.; Ly, J.V.; Rowe, C.; Donnan, G.; Brodtmann, A.
Positron Emission Tomographic Imaging in Stroke: Cross-Sectional and Follow-Up Assessment of Amyloid
in Ischemic Stroke. Stroke 2016, 47, 113–119. [CrossRef] [PubMed]

67. Cai, W.; Guzman, R.; Hsu, A.R.; Wang, H.; Chen, K.; Sun, G.; Gera, A.; Choi, R.; Bliss, T.; He, L.; et al. Positron
emission tomography imaging of poststroke angiogenesis. Stroke 2009, 40, 270–277. [CrossRef] [PubMed]

68. Glaudemans, A.W.; Enting, R.H.; Heesters, M.A.; Dierckx, R.A.; van Rheenen, R.W.; Walenkamp, A.M.;
Slart, R.H. Value of 11C-methionine PET in imaging brain tumours and metastases. Eur. J. Nucl. Med.
Mol. Imaging 2013, 40, 615–635. [CrossRef] [PubMed]

69. Singhal, T.; Narayanan, T.K.; Jacobs, M.P.; Bal, C.; Mantil, J.C. 11C-methionine PET for grading and
prognostication in gliomas: A comparison study with 18F-FDG PET and contrast enhancement on MRI.
J. Nucl. Med. 2012, 53, 1709–1715. [CrossRef] [PubMed]

70. Ay, I.; Blasi, F.; Rietz, T.A.; Rotile, N.J.; Kura, S.; Brownell, A.L.; Day, H.; Oliveira, B.L.; Looby, R.J.;
Caravan, P. In vivo molecular imaging of thrombosis and thrombolysis using a fibrin-binding positron
emission tomographic probe. Circ. Cardiovasc. Imaging 2014, 7, 697–705. [CrossRef] [PubMed]

71. Montagne, A.; Nation, D.A.; Pa, J.; Sweeney, M.D.; Toga, A.W.; Zlokovic, B.V. Brain imaging of neurovascular
dysfunction in Alzheimer’s disease. Acta Neuropathol. 2016, 131, 687–707. [CrossRef] [PubMed]

72. Han, J.-H.; Park, Y.S.; Lee, W.H.; Koong, S.-S.; Min, K.-S.; Lee, M.-S.; Kim, Y.G.; Kim, D.H.; Yi, K.S.; Cha, S.H.
Cerebral-perfusion-based single-photon emission computed tomography (SPECT) staging using NeuroGam®

in patients with moyamoya disease. Child’s Nerv. Syst. 2016, 32, 1471–1477. [CrossRef] [PubMed]
73. Lauterbur, P.C. Image formation by induced local interactions: Examples employing nuclear magnetic

resonance. Nature 1973. [CrossRef]
74. Lauterbur, P.C. Magnetic resonance zeugmatography. Pure Appl. Chem. 1974, 40, 149–157. [CrossRef]
75. Mansfield, P.; Maudsley, A.A. Medical imaging by NMR. Br. J. Radiol. 1977, 50, 188–194. [CrossRef] [PubMed]
76. Hollingsworth, K.G. Reducing acquisition time in clinical MRI by data undersampling and compressed

sensing reconstruction. Phys. Med. Biol. 2015, 60, R297–R322. [CrossRef] [PubMed]
77. Feinberg, D.A.; Setsompop, K. Ultra-fast MRI of the human brain with simultaneous multi-slice imaging.

J. Magn. Reson. 2013, 229, 90–100. [CrossRef] [PubMed]
78. Pooley, R.A. AAPM/RSNA physics tutorial for residents: Fundamental physics of MR imaging. Radiographics

2005, 25, 1087–1099. [CrossRef] [PubMed]
79. Lohrke, J.; Frenzel, T.; Endrikat, J.; Alves, F.C.; Grist, T.M.; Law, M.; Lee, J.M.; Leiner, T.; Li, K.C.;

Nikolaou, K.; et al. 25 Years of Contrast-Enhanced MRI: Developments, Current Challenges and Future
Perspectives. Adv. Ther. 2016, 33, 1–28. [CrossRef] [PubMed]

80. MacDonald, M.E.; Frayne, R. Cerebrovascular MRI: A review of state-of-the-art approaches, methods and
techniques. NMR Biomed. 2015, 28, 767–791. [CrossRef] [PubMed]

81. Donahue, M.J.; Strother, M.K.; Hendrikse, J. Novel MRI approaches for assessing cerebral hemodynamics in
ischemic cerebrovascular disease. Stroke 2012, 43, 903–915. [CrossRef] [PubMed]

82. Harteveld, A.A.; van der Kolk, A.G.; Zwanenburg, J.J.M.; Luijten, P.R.; Hendrikse, J. 7-T MRI in
Cerebrovascular Diseases: Challenges to Overcome and Initial Results. Top. Magn. Reson. Imaging. 2016, 25,
89–100. [PubMed]

83. Macintosh, B.J.; Graham, S.J. Magnetic resonance imaging to visualize stroke and characterize stroke recovery:
A review. Front. Neurol. 2013, 4. [CrossRef] [PubMed]

84. Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: Preferred definitions and
conceptual framework. Clin. Pharmacol. Ther. 2001, 69, 89–95.

168



Int. J. Mol. Sci. 2017, 18, 70

85. Kidwell, C.S. MRI biomarkers in acute ischemic stroke: A conceptual framework and historical analysis.
Stroke 2013, 44, 570–578. [CrossRef] [PubMed]

86. O’Connor, J.P.B.; Jayson, G.C. Do imaging biomarkers relate to outcome in patients treated with VEGF
inhibitors? Clin. Cancer Res. 2012, 18, 6588–6598. [CrossRef] [PubMed]

87. Emblem, K.E.; Farrar, C.T.; Gerstner, E.R.; Batchelor, T.T.; Borra, R.J.H.; Rosen, B.R.; Sorensen, A.G.; Jain, R.K.
Vessel caliber—A potential MRI biomarker of tumour response in clinical trials. Nat. Rev. Clin. Oncol. 2014,
11, 566–584. [CrossRef] [PubMed]

88. Fantini, S.; Sassaroli, A.; Tgavalekos, K.T.; Kornbluth, J. Cerebral blood flow and autoregulation: Current
measurement techniques and prospects for noninvasive optical methods. Neurophotonics 2016, 3, 031411.
[CrossRef] [PubMed]

89. Chang, W.; Huang, M.; Chien, A. Emerging techniques for evaluation of the hemodynamics of intracranial
vascular pathology. Neuroradiol. J. 2015, 28, 19–27. [CrossRef] [PubMed]

90. Markl, M.; Schnell, S.; Wu, C.; Bollache, E.; Jarvis, K.; Barker, A.J.; Robinson, J.D.; Rigsby, C.K. Advanced
flow MRI: Emerging techniques and applications. Clin. Radiol. 2016, 71, 779–795. [CrossRef] [PubMed]

91. Schnell, S.; Wu, C.; Ansari, S.A. Four-dimensional MRI flow examinations in cerebral and extracerebral
vessels - ready for clinical routine? Curr. Opin. Neurol. 2016, 29, 419–428. [CrossRef] [PubMed]

92. Turski, P.; Scarano, A.; Hartman, E.; Clark, Z.; Schubert, T.; Rivera, L.; Wu, Y.; Wieben, O.; Johnson, K.
Neurovascular 4DFlow MRI (Phase Contrast MRA): Emerging clinical applications. Neurovasc. Imaging
2016, 2. [CrossRef]

93. Wåhlin, A.; Ambarki, K.; Hauksson, J.; Birgander, R.; Malm, J.; Eklund, A. Phase contrast MRI quantification
of pulsatile volumes of brain arteries, veins, and cerebrospinal fluids compartments: Repeatability and
physiological interactions. J. Magn. Reson. Imaging 2012, 35, 1055–1062. [CrossRef] [PubMed]

94. Neff, K.W.; Horn, P.; Schmiedek, P.; Düber, C.; Dinter, D.J. 2D Cine Phase-Contrast MRI for Volume
Flow Evaluation of the Brain-Supplying Circulation in Moyamoya Disease. Am. J. Roentgenol. 2006,
187, W107–W115. [CrossRef] [PubMed]

95. Enzmann, D.R.; Ross, M.R.; Marks, M.P.; Pelc, N.J. Blood flow in major cerebral arteries measured by
phase-contrast cine MR. Am. J. Neuroradiol. 1994, 15, 123–129. [PubMed]

96. Yang, Q.; Duan, J.; Fan, Z.; Qu, X.; Xie, Y.; Nguyen, C.; Du, X.; Bi, X.; Li, K.; Ji, X.; et al. Early Detection and
Quantification of Cerebral Venous Thrombosis by Magnetic Resonance Black-Blood Thrombus Imaging.
Stroke 2016, 47, 404–409. [CrossRef] [PubMed]

97. Luypaert, R.; Boujraf, S.; Sourbron, S.; Osteaux, M. Diffusion and perfusion MRI: Basic physics. Eur. J. Radiol.
2001, 38, 19–27. [CrossRef]

98. Harris, A.D.; Coutts, S.B.; Frayne, R. Diffusion and perfusion MR imaging of acute ischemic stroke.
Magn. Reson. Imaging Clin. N. Am. 2009, 17, 291–313. [CrossRef] [PubMed]

99. Kawada, T. Re: Diagnostic performance of PWI/DWI MRI parameters in discriminating hyper-acute versus
acute ischaemic stroke: Finding the best thresholds. Clin. Radiol. 2012, 67, 1218. [CrossRef] [PubMed]

100. Svolos, P.; Kousi, E.; Kapsalaki, E.; Theodorou, K.; Fezoulidis, I.; Kappas, C.; Tsougos, I. The role of diffusion
and perfusion weighted imaging in the differential diagnosis of cerebral tumors: A review and future
perspectives. Cancer Imaging 2014, 14. [CrossRef]

101. Bammer, R. Basic principles of diffusion-weighted imaging. Eur. J. Radiol. 2003, 45, 169–184. [CrossRef]
102. Hagmann, P.; Jonasson, L.; Maeder, P.; Thiran, J.-P.; Wedeen, V.J.; Meuli, R. Understanding diffusion MR

imaging techniques: From scalar diffusion-weighted imaging to diffusion tensor imaging and beyond.
Radiographics 2006, 26, S205–S223. [CrossRef] [PubMed]

103. Van Everdingen, K.J.; van der Grond, J.; Kappelle, L.J.; Ramos, L.M.; Mali, W.P. Diffusion-weighted magnetic
resonance imaging in acute stroke. Stroke 1998, 29, 1783–1790. [CrossRef] [PubMed]

104. Redgrave, J.N.E.; Coutts, S.B.; Schulz, U.G.; Briley, D.; Rothwell, P.M. Systematic review of associations
between the presence of acute ischemic lesions on diffusion-weighted imaging and clinical predictors of
early stroke risk after transient ischemic attack. Stroke 2007, 38, 1482–1488. [CrossRef] [PubMed]

105. Mascalchi, M.; Filippi, M.; Floris, R.; Fonda, C.; Gasparotti, R.; Villari, N. Diffusion-weighted MR of the brain:
Methodology and clinical application. Radiol. Med. 2005, 109, 155–197. [PubMed]

106. Copen, W.A.; Schaefer, P.W.; Wu, O. MR perfusion imaging in acute ischemic stroke. Neuroimaging Clin.
N. Am. 2011, 21, 259–283. [CrossRef] [PubMed]

169



Int. J. Mol. Sci. 2017, 18, 70

107. Lacerda, S.; Law, M. Magnetic resonance perfusion and permeability imaging in brain tumors.
Neuroimaging Clin. N. Am. 2009, 19, 527–557. [CrossRef] [PubMed]

108. Jackson, A.; O’Connor, J.; Thompson, G.; Mills, S. Magnetic resonance perfusion imaging in neuro-oncology.
Cancer Imaging 2008, 8, 186–199. [CrossRef] [PubMed]

109. Law, M.; Young, R.J.; Babb, J.S.; Peccerelli, N.; Chheang, S.; Gruber, M.L.; Miller, D.C.; Golfinos, J.G.;
Zagzag, D.; Johnson, G. Gliomas: Predicting time to progression or survival with cerebral blood volume
measurements at dynamic susceptibility-weighted contrast-enhanced perfusion MR imaging. Radiology 2008,
247, 490–498. [CrossRef] [PubMed]

110. Choi, S.H.; Jung, S.C.; Kim, K.W.; Lee, J.Y.; Choi, Y.; Park, S.H.; Kim, H.S. Perfusion MRI as the
predictive/prognostic and pharmacodynamic biomarkers in recurrent malignant glioma treated with
bevacizumab: A systematic review and a time-to-event meta-analysis. J. Neurooncol. 2016, 128, 185–194.
[CrossRef] [PubMed]

111. Liu, C.; Li, W.; Tong, K.A.; Yeom, K.W.; Kuzminski, S. Susceptibility-weighted imaging and quantitative
susceptibility mapping in the brain. J. Magn. Reson. Imaging 2015, 42, 23–41. [CrossRef] [PubMed]

112. Liu, S.; Buch, S.; Chen, Y.; Choi, H.-S.; Dai, Y.; Habib, C.; Hu, J.; Jung, J.Y.; Luo, Y.; Utriainen, D.; et al.
Susceptibility-weighted imaging: Current status and future directions. NMR Biomed. 2016. [CrossRef]
[PubMed]

113. Heyn, C.; Alcaide-Leon, P.; Bharatha, A.; Sussman, M.S.; Kucharczyk, W.; Mandell, D.M.
Susceptibility-weighted Imaging in Neurovascular Disease. Top. Magn. Reson. Imaging 2016, 25, 63–71.
[PubMed]

114. Di Ieva, A.; Lam, T.; Alcaide-Leon, P.; Bharatha, A.; Montanera, W.; Cusimano, M.D. Magnetic resonance
susceptibility weighted imaging in neurosurgery: Current applications and future perspectives. J. Neurosurg.
2015, 123, 1463–1475. [CrossRef] [PubMed]

115. Deistung, A.; Schweser, F.; Reichenbach, J.R. Overview of quantitative susceptibility mapping.
NMR Biomed. 2016. [CrossRef] [PubMed]

116. Li, W.; Liu, C.; Duong, T.Q.; van Zijl, P.C.M.; Li, X. Susceptibility tensor imaging (STI) of the brain.
NMR Biomed. 2016. [CrossRef] [PubMed]

117. Reichenbach, J.R.; Schweser, F.; Serres, B.; Deistung, A. Quantitative Susceptibility Mapping: Concepts and
Applications. Clin. Neuroradiol. 2015, 25, 225–230. [CrossRef] [PubMed]

118. Mikati, A.G.; Tan, H.; Shenkar, R.; Li, L.; Zhang, L.; Guo, X.; Larsson, H.B.; Shi, C.; Liu, T.; Wang, Y.; et al.
Dynamic permeability and quantitative susceptibility: Related imaging biomarkers in cerebral cavernous
malformations. Stroke 2014, 45, 598–601. [CrossRef] [PubMed]

119. Tan, H.; Liu, T.; Wu, Y.; Thacker, J.; Shenkar, R.; Mikati, A.G.; Shi, C.; Dykstra, C.; Wang, Y.; Prasad, P.V.; et al.
Evaluation of iron content in human cerebral cavernous malformation using quantitative susceptibility
mapping. Investig. Radiol. 2014, 49, 498–504. [CrossRef] [PubMed]

120. Chang, S.; Zhang, J.; Liu, T.; Tsiouris, A.J.; Shou, J.; Nguyen, T.; Leifer, D.; Wang, Y.; Kovanlikaya, I.
Quantitative Susceptibility Mapping of Intracerebral Hemorrhages at Various Stages. J. Magn. Reson. Imaging
2016, 44, 420–425. [CrossRef] [PubMed]

121. Wang, S.; Lou, M.; Liu, T.; Cui, D.; Chen, X.; Wang, Y. Hematoma volume measurement in gradient echo
MRI using quantitative susceptibility mapping. Stroke 2013, 44, 2315–2317. [CrossRef] [PubMed]

122. Chen, W.; Zhu, W.; Kovanlikaya, I.; Kovanlikaya, A.; Liu, T.; Wang, S.; Salustri, C.; Wang, Y. Intracranial
calcifications and hemorrhages: Characterization with quantitative susceptibility mapping. Radiology 2014,
270, 496–505. [CrossRef] [PubMed]

123. Wei, H.; Xie, L.; Dibb, R.; Li, W.; Decker, K.; Zhang, Y.; Johnson, G.A.; Liu, C. Imaging whole-brain
cytoarchitecture of mouse with MRI-based quantitative susceptibility mapping. Neuroimage 2016, 137,
107–115. [CrossRef] [PubMed]

124. Dieleman, N.; van der Kolk, A.G.; Zwanenburg, J.J.M.; Harteveld, A.A.; Biessels, G.J.; Luijten, P.R.;
Hendrikse, J. Imaging intracranial vessel wall pathology with magnetic resonance imaging: Current
prospects and future directions. Circulation 2014, 130, 192–201. [CrossRef] [PubMed]

125. Alexander, M.D.; Yuan, C.; Rutman, A.; Tirschwell, D.L.; Palagallo, G.; Gandhi, D.; Sekhar, L.N.;
Mossa-Basha, M. High-resolution intracranial vessel wall imaging: Imaging beyond the lumen. J. Neurol.
Neurosurg. Psychiatr. 2016, 87, 589–597. [CrossRef] [PubMed]

170



Int. J. Mol. Sci. 2017, 18, 70

126. Mossa-Basha, M.; Alexander, M.; Gaddikeri, S.; Yuan, C.; Gandhi, D. Vessel wall imaging for intracranial
vascular disease evaluation. J. Neurointerv. Surg. 2016. [CrossRef] [PubMed]

127. De Havenon, A.; Chung, L.; Park, M.; Mossa-Basha, M. Intracranial vessel wall MRI: A review of current
indications and future applications. Neurovasc. Imaging 2016, 2. [CrossRef]

128. Dieleman, N.; Yang, W.; Abrigo, J.M.; Chu, W.C.W.; van der Kolk, A.G.; Siero, J.C.W.; Wong, K.S.;
Hendrikse, J.; Chen, X.Y. Magnetic Resonance Imaging of Plaque Morphology, Burden, and Distribution
in Patients With Symptomatic Middle Cerebral Artery Stenosis. Stroke 2016, 47, 1797–1802. [CrossRef]
[PubMed]

129. Jiang, Y.; Zhu, C.; Peng, W.; Degnan, A.J.; Chen, L.; Wang, X.; Liu, Q.; Wang, Y.; Xiang, Z.; Teng, Z.; et al.
Ex Vivo imaging and plaque type classification of intracranial atherosclerotic plaque using high resolution
MRI. Atherosclerosis 2016, 249, 10–16. [CrossRef] [PubMed]

130. Zhao, D.-L.; Deng, G.; Xie, B.; Ju, S.; Yang, M.; Chen, X.-H.; Teng, G.J. High-resolution MRI of the vessel wall
in patients with symptomatic atherosclerotic stenosis of the middle cerebral artery. J. Clin. Neurosci. 2015, 22,
700–704. [CrossRef] [PubMed]

131. Mossa-Basha, M.; Hwang, W.D.; de Havenon, A.; Hippe, D.; Balu, N.; Becker, K.J.; Tirschwell, D.T.;
Hatsukami, T.; Anzai, Y.; Yuan, C. Multicontrast high-resolution vessel wall magnetic resonance imaging
and its value in differentiating intracranial vasculopathic processes. Stroke 2015, 46, 1567–1573. [CrossRef]
[PubMed]

132. Zhu, X.-J.; Wang, W.; Liu, Z.-J. High-resolution Magnetic Resonance Vessel Wall Imaging for Intracranial
Arterial Stenosis. Chin. Med. J. 2016, 129, 1363–1370. [PubMed]

133. Gounis, M.J.; van der Marel, K.; Marosfoi, M.; Mazzanti, M.L.; Clarençon, F.; Chueh, J.-Y.; Puri, A.S.;
Bogdanov, A.A. Imaging Inflammation in Cerebrovascular Disease. Stroke 2015, 46, 2991–2997. [CrossRef]
[PubMed]

134. Obusez, E.C.; Hui, F.; Hajj-Ali, R.A.; Cerejo, R.; Calabrese, L.H.; Hammad, T.; Jones, S.E. High-resolution
MRI vessel wall imaging: Spatial and temporal patterns of reversible cerebral vasoconstriction syndrome
and central nervous system vasculitis. AJNR Am. J. Neuroradiol. 2014, 35, 1527–1532. [CrossRef] [PubMed]

135. Matouk, C.C.; Cord, B.J.; Yeung, J.; Malhotra, A.; Johnson, M.H.; Minja, F.J. High-resolution Vessel Wall
Magnetic Resonance Imaging in Intracranial Aneurysms and Brain Arteriovenous Malformations. Top. Magn.
Reson. Imaging 2016, 25, 49–55. [PubMed]

136. Yuan, M.; Liu, Z.-Q.; Wang, Z.-Q.; Li, B.; Xu, L.-J.; Xiao, X.-L. High-resolution MR imaging of the arterial wall
in moyamoya disease. Neurosci. Lett. 2015, 584, 77–82. [CrossRef] [PubMed]

137. Ryoo, S.; Cha, J.; Kim, S.J.; Choi, J.W.; Ki, C.-S.; Kim, K.H.; Jeon, P.; Kim, J.S.; Hong, S.C.; Bang, O.Y.
High-resolution magnetic resonance wall imaging findings of Moyamoya disease. Stroke 2014, 45, 2457–2460.
[CrossRef] [PubMed]

138. Edjlali, M.; Gentric, J.-C.; Régent-Rodriguez, C.; Trystram, D.; Hassen, W.B.; Lion, S.; Nataf, F.; Raymond, J.;
Wieben, O.; Turski, P.; et al. Does aneurysmal wall enhancement on vessel wall MRI help to distinguish
stable from unstable intracranial aneurysms? Stroke 2014, 45, 3704–3706. [CrossRef] [PubMed]

139. Matouk, C.C.; Mandell, D.M.; Gunel, M.; Bulsara, K.R.; Malhotra, A.; Hebert, R.; Johnson, M.H.; Mikulis, D.J.;
Minja, F.J. Vessel wall magnetic resonance imaging identifies the site of rupture in patients with multiple
intracranial aneurysms: Proof of principle. Neurosurgery 2013, 72, 492–496. [CrossRef] [PubMed]

140. Nagahata, S.; Nagahata, M.; Obara, M.; Kondo, R.; Minagawa, N.; Sato, S.; Sato, S.; Mouri, W.; Saito, S.;
Kayama, T. Wall Enhancement of the Intracranial Aneurysms Revealed by Magnetic Resonance Vessel Wall
Imaging Using Three-Dimensional Turbo Spin-Echo Sequence with Motion-Sensitized Driven-Equilibrium:
A Sign of Ruptured Aneurysm? Clin. Neuroradiol. 2016, 26, 277–283. [CrossRef] [PubMed]

141. Obusez, E.C.; Jones, S.E.; Hui, F. Vessel wall MRI for suspected isolated basilar artery dissection.
J. Clin. Neurosci. 2016, 27, 177–179. [CrossRef] [PubMed]

142. Ghoshhajra, B.; Engel, L.-C.; Gregory, T. MR Angiography. In Magnetic Resonance Angiography Basics to Future;
InTech: Boston, MA, USA, 2012.

143. Ozsarlak, O.; van Goethem, J.W.; Maes, M.; Parizel, P.M. MR angiography of the intracranial vessels:
Technical aspects and clinical applications. Neuroradiology 2004, 46, 955–972. [CrossRef] [PubMed]

144. Prince, M.R. Gadolinium-enhanced MR aortography. Radiology 1994, 191, 155–164. [CrossRef] [PubMed]
145. Riederer, S.J.; Haider, C.R.; Borisch, E.A.; Weavers, P.T.; Young, P.M. Recent advances in 3D time-resolved

contrast-enhanced MR angiography. J. Magn. Reson. Imaging 2015, 42, 3–22. [CrossRef] [PubMed]

171



Int. J. Mol. Sci. 2017, 18, 70

146. Nielsen, Y.W.; Thomsen, H.S. Contrast-enhanced peripheral MRA: Technique and contrast agents. Acta Radiol.
2012, 53, 769–777. [CrossRef] [PubMed]

147. Marchal, G.; Michiels, J.; Bosmans, H.; van Hecke, P. Contrast-enhanced MRA of the brain. J. Comput.
Assist. Tomogr. 1992, 16, 25–29. [CrossRef] [PubMed]

148. Sohn, C.-H.; Sevick, R.J.; Frayne, R. Contrast-enhanced MR angiography of the intracranial circulation.
Magn. Reson. Imaging Clin. N. Am. 2003, 11, 599–614. [CrossRef]

149. Anzalone, N.; Scotti, R.; Iadanza, A. MR angiography of the carotid arteries and intracranial circulation:
Advantage of a high relaxivity contrast agent. Neuroradiology 2006, 48, 9–17. [CrossRef] [PubMed]

150. Miyazaki, M.; Lee, V.S. Nonenhanced MR angiography. Radiology 2008, 248, 20–43. [CrossRef] [PubMed]
151. Wheaton, A.J.; Miyazaki, M. Non-contrast enhanced MR angiography: Physical principles. J. Magn.

Reson. Imaging 2012, 36, 286–304. [CrossRef] [PubMed]
152. Neumann, J.-O.; Giese, H.; Nagel, A.M.; Biller, A.; Unterberg, A.; Meinzer, H.-P. MR Angiography at 7T to

Visualize Cerebrovascular Territories. J. Neuroimaging 2016. [CrossRef] [PubMed]
153. Anzalone, N.; Tartaro, A. Intracranial MR Angiography. In Magnetic Resonance Angiography; Springer: Milan,

Italy, 2005; pp. 103–138.
154. Bash, S.; Villablanca, J.P.; Jahan, R.; Duckwiler, G.; Tillis, M.; Kidwell, C.; Saver, J.; Sayre, J. Intracranial

vascular stenosis and occlusive disease: Evaluation with CT angiography, MR angiography, and digital
subtraction angiography. Am. J. Neuroradiol. 2005, 26, 1012–1021. [PubMed]

155. Cirillo, M.; Scomazzoni, F.; Cirillo, L.; Cadioli, M.; Simionato, F.; Iadanza, A.; Kirchin, M.; Righi, C.;
Anzalone, N. Comparison of 3D TOF-MRA and 3D CE-MRA at 3T for imaging of intracranial aneurysms.
Eur. J. Radiol. 2013, 82, e853–e859. [CrossRef] [PubMed]

156. Hadizadeh, D.R.; Falkenhausen von, M.; Gieseke, J.; Meyer, B.; Urbach, H.; Hoogeveen, R.;
Schild, H.H.; Willinek, W.A. Cerebral arteriovenous malformation: Spetzler-Martin classification at
subsecond-temporal-resolution four-dimensional MR angiography compared with that at DSA. Radiology
2008, 246, 205–213. [CrossRef] [PubMed]

157. Campeau, N.G.; Huston, J. Vascular disorders—magnetic resonance angiography: Brain vessels.
Neuroimaging Clin. N. Am. 2012, 22, 207–233. [CrossRef] [PubMed]

158. Frayne, R.; Grist, T.M.; Swan, J.S.; Peters, D.C.; Korosec, F.R.; Mistretta, C.A. 3D MR DSA: Effects of injection
protocol and image masking. J. Magn. Reson. Imaging 2000, 12, 476–487. [CrossRef]

159. Davis, B.; Royalty, K.; Kowarschik, M.; Rohkohl, C.; Oberstar, E.; Aagaard-Kienitz, B.; Niemann, D.;
Ozkan, O.; Strother, C.; Mistretta, C. 4D digital subtraction angiography: Implementation and demonstration
of feasibility. AJNR Am. J. Neuroradiol. 2013, 34, 1914–1921. [CrossRef] [PubMed]

160. Grist, T.M.; Mistretta, C.A.; Strother, C.M.; Turski, P.A. Time-resolved angiography: Past, present, and future.
J. Magn. Reson. Imaging 2012, 36, 1273–1286. [CrossRef] [PubMed]

161. Mistretta, C.A.; Grist, T.M. X-ray digital subtraction angiography to magnetic resonance-digital subtraction
angiography using three-dimensional TRICKS. Historical perspective and computer simulations: A review.
Investig. Radiol. 1998, 33, 496–505. [CrossRef]

162. Harrington, D.P.; Boxt, L.M.; Murray, P.D. Digital subtraction angiography: Overview of technical principles.
Am. J. Roentgenol. 1982, 139, 781–786. [CrossRef] [PubMed]

163. Stevens, J. Digital subtraction angiography. Clin. Radiol. 1989, 40, 325–326. [CrossRef]
164. Carmody, R.F.; Seeger, J.F. Intracranial applications of digital subtraction angiography. Crit. Rev.

Diagn. Imaging 1984, 23, 1–40. [CrossRef] [PubMed]
165. Srinivasan, V.M.; Chintalapani, G.; Duckworth, E.A.M.; Kan, P. Application of 4-Dimensional Digital

Subtraction Angiography for Dural Arteriovenous Fistulas. World Neurosurg. 2016, 96, 24–30. [CrossRef]
[PubMed]

166. Wong, S.C.; Nawawi, O.; Ramli, N.; Abd Kadir, K.A. Benefits of 3D rotational DSA compared with 2D DSA
in the evaluation of intracranial aneurysm. Acad. Radiol. 2012, 19, 701–707. [CrossRef] [PubMed]

167. Herzig, R.; Burval, S.; Krupka, B.; Vlachová, I.; Urbánek, K.; Mares, J. Comparison of ultrasonography, CT
angiography, and digital subtraction angiography in severe carotid stenoses. Eur. J. Neurol. 2004, 11, 774–781.
[CrossRef] [PubMed]

168. Hung, S.-C.; Liang, M.-L.; Lin, C.-F.; Lin, C.-J.; Guo, W.-Y.; Chang, F.-C.; Wong, T.T.; Chang, C.Y. New grading
of moyamoya disease using color-coded parametric quantitative digital subtraction angiography. J. Chin.
Med. Assoc. 2014, 77, 437–442. [CrossRef] [PubMed]

172



Int. J. Mol. Sci. 2017, 18, 70

169. Wen, W.-L.; Fang, Y.-B.; Yang, P.-F.; Zhang, Y.-W.; Wu, Y.-N.; Shen, H.; Ge, J.J.; Xu, Y.; Hong, B.;
Huang, Q.H.; et al. Parametric Digital Subtraction Angiography Imaging for the Objective Grading of
Collateral Flow in Acute Middle Cerebral Artery Occlusion. World Neurosurg. 2016, 88, 119–125. [CrossRef]
[PubMed]

170. Aaslid, R.; Markwalder, T.M.; Nornes, H. Noninvasive transcranial Doppler ultrasound recording of flow
velocity in basal cerebral arteries. J. Neurosurg. 1982, 57, 769–774. [CrossRef] [PubMed]

171. Naqvi, J.; Yap, K.H.; Ahmad, G.; Ghosh, J. Transcranial Doppler ultrasound: A review of the physical
principles and major applications in critical care. Int. J. Vasc. Med. 2013, 2013, 629378. [CrossRef] [PubMed]

172. Topcuoglu, M.A. Transcranial Doppler ultrasound in neurovascular diseases: Diagnostic and therapeutic
aspects. J. Neurochem. 2012, 123, 39–51. [CrossRef] [PubMed]

173. Bathala, L.; Mehndiratta, M.M.; Sharma, V.K. Transcranial doppler: Technique and common findings (Part 1).
Ann. Indian Acad. Neurol. 2013, 16, 174–179. [CrossRef] [PubMed]

174. D’Andrea, A.; Conte, M.; Cavallaro, M.; Scarafile, R.; Riegler, L.; Cocchia, R.; Pezzullo, E.; Carbone, A.;
Natale, F.; Santoro, G.; et al. Transcranial Doppler ultrasonography: From methodology to major clinical
applications. World J. Cardiol. 2016, 8, 383–400. [CrossRef] [PubMed]

175. Sharma, A.K.; Bathala, L.; Batra, A.; Mehndiratta, M.M.; Sharma, V.K. Transcranial Doppler: Techniques and
advanced applications: Part 2. Ann. Indian Acad. Neurol. 2016, 19, 102–107. [PubMed]

176. Zhang, Y.; Hong, H.; Cai, W. Photoacoustic imaging. Cold Spring Harb. Protoc. 2011. [CrossRef] [PubMed]
177. Maugh, T.H. Photoacoustic spectroscopy: New uses for an old technique. Science 1975, 188, 38–39. [CrossRef]

[PubMed]
178. Beard, P. Biomedical photoacoustic imaging. Interface Focus 2011, 1, 602–631. [CrossRef] [PubMed]
179. Li, C.; Wang, L.V. Photoacoustic tomography and sensing in biomedicine. Phys. Med. Biol. 2009, 54, R59–R97.

[CrossRef] [PubMed]
180. Wang, L.V.; Gao, L. Photoacoustic microscopy and computed tomography: From bench to bedside. Annu. Rev.

Biomed. Eng. 2014, 16, 155–185. [CrossRef] [PubMed]
181. Nie, L.; Chen, X. Structural and functional photoacoustic molecular tomography aided by emerging contrast

agents. Chem. Soc. Rev. 2014, 43, 7132–7170. [CrossRef] [PubMed]
182. Wang, X.; Ku, G.; Wegiel, M.A.; Bornhop, D.J.; Stoica, G.; Wang, L.V. Noninvasive photoacoustic angiography

of animal brains in vivo with near-infrared light and an optical contrast agent. Opt. Lett. 2004, 29, 730–732.
[CrossRef] [PubMed]

183. Xu, H.; Li, Q.; Wang, L.; He, Y.; Shi, J.; Tang, B.; Fan, C. Nanoscale optical probes for cellular imaging.
Chem. Soc. Rev. 2014, 43, 2650–2661. [CrossRef] [PubMed]

184. Wang, D.; Wu, Y.; Xia, J. Review on photoacoustic imaging of the brain using nanoprobes. Neurophotonics
2016, 3, 010901. [CrossRef] [PubMed]

185. Filonov, G.S.; Krumholz, A.; Xia, J.; Yao, J.; Wang, L.V.; Verkhusha, V.V. Deep-tissue photoacoustic
tomography of a genetically encoded near-infrared fluorescent probe. Angew. Chem. Int. Ed. Engl. 2012, 51,
1448–1451. [CrossRef] [PubMed]

186. Paproski, R.J.; Heinmiller, A.; Wachowicz, K.; Zemp, R.J. Multi-wavelength photoacoustic imaging of
inducible tyrosinase reporter gene expression in xenograft tumors. Sci. Rep. 2014, 4, 5329. [CrossRef]
[PubMed]

187. Xia, J.; Yao, J.; Wang, L.V. Photoacoustic tomography: Principles and advances. Electromagn. Waves 2014, 147,
1–22. [CrossRef]

188. Wang, L.V.; Yao, J. A practical guide to photoacoustic tomography in the life sciences. Nat. Methods 2016, 13,
627–638. [CrossRef] [PubMed]

189. Zhou, Y.; Yao, J.; Wang, L.V. Tutorial on photoacoustic tomography. J. Biomed. Opt. 2016, 21. [CrossRef]
[PubMed]

190. Wang, L.V.; Hu, S. Photoacoustic tomography: In vivo imaging from organelles to organs. Science 2012, 335,
1458–1462. [CrossRef] [PubMed]

191. Hu, S.; Maslov, K.; Wang, L.V. Second-generation optical-resolution photoacoustic microscopy with improved
sensitivity and speed. Opt. Lett. 2011, 36, 1134–1136. [CrossRef] [PubMed]

192. Zhang, H.F.; Maslov, K.; Stoica, G.; Wang, L.V. Functional photoacoustic microscopy for high-resolution and
noninvasive in vivo imaging. Nat. Biotechnol. 2006, 24, 848–851. [CrossRef] [PubMed]

173



Int. J. Mol. Sci. 2017, 18, 70

193. Xia, J.; Chatni, M.R.; Maslov, K.; Guo, Z.; Wang, K.; Anastasio, M.; Wang, L.V. Whole-body ring-shaped
confocal photoacoustic computed tomography of small animals in vivo. J. Biomed. Opt. 2012, 17. [CrossRef]
[PubMed]

194. Lin, L.; Xia, J.; Wong, T.T.W.; Li, L.; Wang, L.V. In vivo deep brain imaging of rats using oral-cavity illuminated
photoacoustic computed tomography. J. Biomed. Opt. 2015, 20. [CrossRef] [PubMed]

195. Yoon, T.-J.; Cho, Y.-S. Recent advances in photoacoustic endoscopy. World. J. Gastrointest. Endosc. 2013, 5,
534–539. [CrossRef] [PubMed]

196. Yao, J.; Wang, L.; Yang, J.-M.; Maslov, K.I.; Wong, T.T.W.; Li, L.; Huang, C.H.; Zou, J.; Wang, L.V. High-speed
label-free functional photoacoustic microscopy of mouse brain in action. Nat. Methods. 2015, 12, 407–410.
[CrossRef] [PubMed]

197. Nasiriavanaki, M.; Xia, J.; Wan, H.; Bauer, A.Q.; Culver, J.P.; Wang, L.V. High-resolution photoacoustic
tomography of resting-state functional connectivity in the mouse brain. Proc. Natl. Acad. Sci. USA 2014, 111,
21–26. [PubMed]

198. Ning, B.; Sun, N.; Cao, R.; Chen, R.; Kirk Shung, K.; Hossack, J.A.; Lee, J.M.; Zhou, Q.; Hu, S.
Ultrasound-aided Multi-parametric Photoacoustic Microscopy of the Mouse Brain. Sci. Rep. 2015, 5, 18775.
[CrossRef] [PubMed]

199. Tang, J.; Dai, X.; Jiang, H. Wearable scanning photoacoustic brain imaging in behaving rats. J. Biophoton.
2016, 9, 570–575. [CrossRef] [PubMed]

200. Yao, J.; Wang, L.V. Photoacoustic Brain Imaging: From Microscopic to Macroscopic Scales. Neurophotonics
2014, 1. [CrossRef] [PubMed]

201. Kneipp, M.; Turner, J.; Hambauer, S.; Krieg, S.M.; Lehmberg, J.; Lindauer, U.; Razansky, D. Functional
real-time optoacoustic imaging of middle cerebral artery occlusion in mice. PLoS ONE 2014, 9, e96118.
[CrossRef] [PubMed]
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