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Adolescents)and)young)adult)with)CKD:
– structural)and)functional)abnormalities)in)the)large)vessels)
– present)even)in)the)second)decade)of)life
– linked)to)disorders)in)mineral)metabolism
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Is&Vascular&Calcification&A&Major&Cause
Of&Cardiovascular&Mortality&in&

Renal&Failure
Patients?

KDIGO



MEDIA

medial)bone
formation

late)medial)and)intimal)calcificationearly)medial)calcification
along)elastic)lamellae

lipid)
confined)
to)intima

organised)along)elastic)lamellae) punctate,)disorganised
bone)formation)common) bone)formation)uncommon
VSMCs)only) macrophages)+)VSMCs
little)lipid) lipid)always)present)

MEDIAL)CALCIFICATION INTIMAL)CALCIFICATION

INTIMA

Ageing
Uremia
Diabetes Atherosclerosis

KDIGO



Vascular calcification occurs at two sites

MEDIAL INTIMAL

Stiffness Plaque Rupture

• Major cause of cardiovascular mortality in CKD 
• Increased risk of myocardial infarction and all cause mortality
• Surgical complications and amputations
• Valve calcification

Diabetes 
Renal Disease 

Ageing
Atherosclerosis

EBCT CAD?
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Vascular Calcification is a

Regulated Process similar to

bone calcification

So Reflects Disease Processes?
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VSMC&Damage
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Vessel&Rings&from&Children&in#vivo#and&ex#vivo

Studied&vessels&from&children&on&dialysis&who
develop&rapid&medial&vascular&calcification

• pristine)vessels)Rno)atherosclerosis

• Intact)R vascular)matrix)structure)maintained
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Calcification)correlates)with)VSMC)loss)via)apoptosis
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Ca load is associated with increased 
vesicle deposition by VSMCs

(Shroff)et)al)2008,)Circulation)
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Shanahan,)C.)M.)(2013)

Mechanisms&of&Vascular&Smooth&Muscle&Cell&Calcification

CKD
Diabetes
Ageing ROS?
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Why)is)Calcification)Important)
Clinically?
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The)Clinical)Consequence)
Medial)Calcification)is)Arterial)

Stiffening
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Diabetes)is)Associated)with)a)high)Prevalence)of)Vascular)
Calcification)in)Peripheral)Arteries

Peripheral)Artery)Calcification)in)Diabetes

Associated)with)increased)CV)mortality,)amputation)and)ulcers,)
surgical)complications
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Calciphylaxis&in&CKD

Von)Kossa #RSM)actin

Progressive&Gangrene
High&Mortality

Medial&calcification&of&
small&arterioles
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Is)there)medial)calcification)in)the)coronary)arteries
of)patients)with)ESRD?

in the non-calcified group (7.7% in non-renal vs. 16.7% in
CKD patients). Of note, in the non-calcified groups
significantly more control patients died of myocardial
infarction than in the non-calcified CKD group (61.5%
versus 0%, p=0.007). The percentage of myocardial
infarction was comparable, however, in the two calcified
groups (33.3% in non-renal vs. 30.8% in CKD patients).
As expected, CKD patients had higher serum levels of
creatinine and inorganic phosphate compared to controls.
In addition, in the non-calcified CKD group S-calcium
and S-cholesterol were also significantly higher than in
control patients whereas values for LDL- and HDL
cholesterol were not significantly different between the
groups (data not shown).
Classification of coronary atherosclerotic lesions,
calcification pattern and plaque morphology (Fig. 1)

Of 50 coronary lesions that were classified

according to Stary (1992) most lesions were categorized
as type III (65%) and IV (35%) in the non-calcified
groups and per definition as type VII lesions (100%) in
the calcified groups independent of the renal status.
Detailed analysis of calcified areas using the Kossa stain
showed that calcification of the coronary lesions was
predominantly located in the intima, i.e. the arterial
plaque, whereas we could hardly find any media
calcification in the coronary arteries (Fig. 1). 
Distribution of dendritic cells (DC) and mast cells (MC) in
the non-plaque bearing part of the coronary artery (Fig.
2A-D)

Analysis of the non-plaque bearing aspect of the
coronary artery showed that both DCs (A,B) and MCs
(C,D) were predominantly located within the adventitia
of the vessel with no significant difference between
control and advanced CKD patients or non-calcified and

875
Mast cells and dendritic cells in atherosclerosis of CKD

Fig. 1. Coronary atherosclerotic lesions were graded in non-calcified (A, C) and calcified (B, D) from non-renal control patients (A, B) and endstage
CKD patients (C, D). Sections were stained for calcification by Kossa (left picture, black stain) and Hematoxilin Eosin (HE, right picture).

Watcher(et(al,(Histol Histopathol,(2018

?
N=25)CKD)patients
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Vascular)Calcification)is)Associated)
with)an)increased)risk)of)Plaque)

Rupture.

Does)calcification)cause)
plaque)rupture?

Is)the)type)of)calcification)Important?
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Small&Calcium&deposits&are&associated&
with&plaque&instability
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Calcium&Crystals&Cause&VSMC&Death&and&Inflammation
and&Plaque&Rupture?

• Nanocrystals)induce)VSMC)death
(Ewence et)al)Circ Res)2008)

• Nanocrystals)cause)macrophage)Inflammation
(Nadra et(al(Cir(Res(2006)

• Changes)in)plaque)response)to)mechanical)forces
(Richardson)et)al,)Lancet)1989)

• Nanocrystals)cause)rupture)of)the)fibrous)cap
(KellyRArnould,)et)al)Weinbaum,)PNAS)2013)
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Plaque)Rupture)is)Associated)with)Thinning)of)the)FC)
but)Plaque)Erosion)can)also)occur
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NanoRcrystals)from)plaques)induce
VSMC)death.))Small)crystals)most)potent.

Small)crystals)also)activate)the)Infammasome
and)IL1a)signalling.

Proudfoot(et(al(2018(

VSMC)death)is)induced)by)intracellular)Ca
overload)due)to)phagocytosis)and)lysosomal
degradation)of)nanoRcrystals.
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NanoRcrystals)activate)inflammatory)Nf$B
signalling in)macrophages
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Micro)CT)shows)microcalcifications in)the)Fibrous)Cap

Plaque)Erosion?
Vermani

Maldonado(et(al(2012
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Plaques&Rupture&at&Sites&of&MicroScalcifications

Why?
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Microcalcifications are)associated)with)Voids)in)the)
Extracellular)Matrix

Exosomes)(matrix)vesicles))contain
Matrix)metalloproteinases)that)can
degrade)collagen)– create)a)void.

Aikawa Lab
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Modelling&of&Material&Properties&of&Mineral/Matrix&Interface

Predicts)Material
Stress)at)these)
Sites.

Maldonado(et(al(2012

Sheldon)Weinbaum
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The)Holy)Grail)of)Atherosclerosis)Research!

How)can)Unstable)Atherosclerotic)
Plaque

Be)Detected?KDIGO
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¹⁸F-fl uoride positron emission tomography for identifi cation 
of ruptured and high-risk coronary atherosclerotic plaques: 
a prospective clinical trial
Nikhil V Joshi, Alex T Vesey, Michelle C Williams, Anoop S V Shah, Patrick A Calvert, Felicity H M Craighead, Su Ern Yeoh, William Wallace, 
Donald Salter, Alison M Fletcher, Edwin J R van Beek, Andrew D Flapan, Neal G Uren, Miles W H Behan, Nicholas L M Cruden, Nicholas L Mills, 
Keith A A Fox, James H F Rudd, Marc R Dweck*, David E Newby*

Summary
Background The use of non-invasive imaging to identify ruptured or high-risk coronary atherosclerotic plaques would 
represent a major clinical advance for prevention and treatment of coronary artery disease. We used combined PET 
and CT to identify ruptured and high-risk atherosclerotic plaques using the radioactive tracers ¹⁸F-sodium fl uoride 
(¹⁸F-NaF) and ¹⁸F-fl uorodeoxyglucose (¹⁸F-FDG).

Methods In this prospective clinical trial, patients with myocardial infarction (n=40) and stable angina (n=40) 
underwent ¹⁸F-NaF and ¹⁸F-FDG PET-CT, and invasive coronary angiography. ¹⁸F-NaF uptake was compared with 
histology in carotid endarterectomy specimens from patients with symptomatic carotid disease, and with intravascular 
ultrasound in patients with stable angina. The primary endpoint was the comparison of ¹⁸F-fl uoride tissue-to-
background ratios of culprit and non-culprit coronary plaques of patients with acute myocardial infarction.

Findings In 37 (93%) patients with myocardial infarction, the highest coronary ¹⁸F-NaF uptake was seen in the culprit 
plaque (median maximum tissue-to-background ratio: culprit 1·66 [IQR 1·40–2·25] vs highest non-culprit 1·24 
[1·06–1·38], p<0·0001). By contrast, coronary ¹⁸F-FDG uptake was commonly obscured by myocardial uptake and 
where discernible, there were no diff erences between culprit and non-culprit plaques (1·71 [1·40–2·13] vs 1·58 
[1·28–2·01], p=0·34). Marked ¹⁸F-NaF uptake occurred at the site of all carotid plaque ruptures and was associated 
with histological evidence of active calcifi cation, macrophage infi ltration, apoptosis, and necrosis. 18 (45%) patients 
with stable angina had plaques with focal ¹⁸F-NaF uptake (maximum tissue-to-background ratio 1·90 [IQR 1·61–2·17]) 
that were associated with more high-risk features on intravascular ultrasound than those without uptake: positive 
remodelling (remodelling index 1·12 [1·09–1·19] vs 1·01 [0·94–1·06]; p=0·0004), microcalcifi cation (73% vs 21%, 
p=0·002), and necrotic core (25% [21–29] vs 18% [14–22], p=0·001).

Interpretation ¹⁸F-NaF PET-CT is the fi rst non-invasive imaging method to identify and localise ruptured and high-
risk coronary plaque. Future studies are needed to establish whether this method can improve the management and 
treatment of patients with coronary artery disease.

Funding Chief Scientist Offi  ce Scotland and British Heart Foundation.

Introduction
Coronary atherosclerotic plaque rupture is the principal 
precipitant of acute myocardial infarction and an important 
cause of sudden cardiac death. Rupture is challenging to 
predict because most plaques are non-obstructive and are 
not identifi ed by stress testing or coronary angiography.1,2 
Atherosclerotic lesions at risk of rupture have certain 
histopathological characteristics that include positive re-
modelling, microcalcifi cation, and a large necrotic core.1–3 
The development of modern molecular imaging tech-
niques targeted at these features could lead to the 
identifi cation of such high-risk plaques in vivo and guide 
the development of novel treatment strategies.4–7

Combined PET and CT is a non-invasive imaging 
technique that brings functional molecular imaging 
together with precise anatomical information. We have 
recently reported preliminary PET-CT data using the 
tracer ¹⁸F-sodium fl uoride (¹⁸F-NaF) as a marker of 

valvular and vascular calcifi cation activity in patients with 
aortic stenosis.7–9 Other studies have shown the use-
fulness of ¹⁸F-fl urodeoxyglucose (¹⁸F-FDG) as a surro-
gate of vascular infl ammation and macrophage 
burden.6,10–13 We therefore investigated whether, compared 
with the current non-invasive gold standard of ¹⁸F-FDG, 
¹⁸F-NaF uptake could identify ruptured and high-risk 
athero sclerotic plaques in patients with symptomatic 
coronary and carotid artery disease.

Methods
Patients
Patients were recruited from the Royal Infi rmary of 
Edinburgh between February, 2012, and January, 2013, in 
three cohorts: 40 patients with acute ST-segment or non-
ST-segment elevation myocardial infarction,14 40 patients 
with stable angina pectoris undergoing elective invasive 
coronary angiography, and 12 patients (nine evaluable) 
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1·01 [0·94–1·06]; p<0·001, microcalcifi cation (73 vs 21%, 
p=0·002) and necrotic core (24·6% [20·5–28·8] vs 18·0% 
[14·0–22·4]), p=0·001), with similar observations for CT 
(fi gure 1, table 2; appendix). Multivessel uptake was 
commonly seen: two-vessel uptake in six (15%) and three-
vessel uptake in fi ve (13%) patients. Patients with ¹⁸F-NaF 

positive lesions had higher concentrations of plasma 
troponin at baseline (3·35 [IQR 2·35–10·20] vs 2·45 
[1·85–4·02] ng/L; p=0·047), with one individual having a 
concentration (35 ng/L) above the 99th percentile 
diagnostic threshold.

Although predefi ned myocardial suppression of 
¹⁸F-FDG uptake was achieved in 34 (85%) patients 
(median myocardial standard uptake value 2·60 
[IQR 1·83–3·83]), coronary ¹⁸F-FDG uptake could not be 
confi dently interpreted in 45% of vessel territories. 
Increased focal ¹⁸F-FDG uptake was noted in just four 
patients: three at the site of recent coronary stenting and 
one at the ostium of a saphenous vein graft.

Discussion
We have shown that intense ¹⁸F-NaF uptake localises to 
recent plaque rupture in patients with acute myocardial 
infarction and in those with symptomatic carotid disease. 
Moreover, in patients with stable coronary artery disease, 
¹⁸F-NaF uptake seems to identify coronary plaques with 
high-risk features on intravascular ultrasound. This 
technique holds major promise as a means of identifying 
high-risk and ruptured plaque, and potentially informing 
the future management and treatment of patients with 
stable and unstable coronary artery disease.

Figure 3: Carotid ¹⁸F-fl uoride uptake and carotid plaque rupture
In-vivo (A and B) and ex-vivo (C and D) positron emission and computed tomograms showing colocalisation of ¹⁸F-fl uoride (¹⁸F-NaF) uptake (yellow-orange) to the 
site of plaque rupture with adherent thrombus on excised carotid endarterectomy tissue (E and F). Histology of the ¹⁸F-NaF-positive region shows a large necrotic 
core (Movat’s pentachrome, magnifi cation 4×, G), within which increased staining for tissue non-specifi c alkaline phosphatase can be seen as a marker of calcifi cation 
activity on immunohistochemistry (magnifi cation 4×, H; magnifi cation 10×, I).
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Figure 2: ¹⁸F-fl uoride and ¹⁸F-fl uorodeoxyglucose uptake in patients with myocardial infarction
¹⁸F-fl uoride activity (maximum tissue-to-background ratio) was increased in the culprit plaque (red) compared 
with the maximum uptake in any of the non-culprit plaques (blue). By contrast, there was no diff erence in the 
activity of ¹⁸F-fl uorodeoxyglucose between these regions.
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Can)and)Should)Calcification)
be)Treated?
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What&is&the&Treatment&Window

Aikawa and(Otto,(Circulation(2012
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ORIGINAL INVESTIGATIONS

Impact of Statins on
Serial Coronary Calcification During
Atheroma Progression and Regression
Rishi Puri, MBBS, PHD,*y Stephen J. Nicholls, MBBS, PHD,z Mingyuan Shao, MS,* Yu Kataoka, MD,z
Kiyoko Uno, MD, PHD,* Samir R. Kapadia, MD,y E. Murat Tuzcu, MD,y Steven E. Nissen, MD*y

ABSTRACT

BACKGROUND Statins can regress coronary atheroma and lower clinical events. Although pre-clinical studies suggest

procalcific effects of statins in vitro, it remains unclear if statins can modulate coronary atheroma calcification in vivo.

OBJECTIVES This study compared changes in coronary atheroma volume and calcium indices (CaI) in patients receiving
high-intensity statin therapy (HIST), low-intensity statin therapy (LIST), and no-statin therapy.

METHODS In a post-hoc patient-level analysis of 8 prospective randomized trials using serial coronary intravascular

ultrasound, serial changes in coronary percent atheroma volume (PAV) and CaI were measured across matched coronary

segments in patients with coronary artery disease.

RESULTS Following propensity-weighted adjustment for differences in baseline and changes in clinical, laboratory, and

ultrasonic characteristics, HIST (n ¼ 1,545) associated with PAV regression from baseline ("0.6 # 0.1%; p < 0.001),

whereas both LIST (n ¼ 1,726) and no-statin therapy (n ¼ 224) associated with PAV progression (þ0.8 # 0.1% and þ1.0

# 0.1%; p < 0.001, respectively; p < 0.001 for both HIST vs. LIST and HIST vs. no-statin; p ¼ 0.35 for LIST vs. no-statin).
Significant increases in CaI from baseline were noted across all groups (median [interquartile range] HIST, þ0.044

[0.0–0.12]; LIST, þ0.038 [0.0–0.11]; no-statin, þ0.020 [0.0–0.10]; p < 0.001 for all), which could relate to statin

intensity (p ¼ 0.03 for LIST vs. no-statin; p ¼ 0.007 for HIST vs. no-statin; p ¼ 0.18 for HIST vs. LIST). No correlations

were found between changes in CaI and on-treatment levels of atherogenic and antiatherogenic lipoproteins, and

C-reactive protein, in either of the HIST groups or the no-statin group.

CONCLUSIONS Independent of their plaque-regressive effects, statins promote coronary atheroma calcification. These

findings provide insight as to how statins may stabilize plaque beyond their effects on plaque regression. (J Am Coll

Cardiol 2015;65:1273–82) © 2015 by the American College of Cardiology Foundation.

From the *Cleveland Clinic Coordinating Center for Clinical Research (C5R), Cleveland, Ohio; yDepartment of Cardiovascular
Medicine, Cleveland Clinic, Cleveland, Ohio; and the zSouth Australian Health and Medical Research Institute, University of
Adelaide, Adelaide, South Australia, Australia. Dr. Nissen has received research support from Amgen, AstraZeneca, Eli Lilly,
Orexigen, Vivus, Novo Nordisk, Resverlogix, Novartis, Pfizer, Takeda, Sankyo, and Sanofi; and has served as a consultant for a
number of pharmaceutical companies without financial compensation because all honoraria, consulting fees, or any other pay-
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associated with progressive coronary atheroma calci-
fication (28,29), with similar observations on CT noted
in nondiabetic individuals receiving statins from
MESA (Multi-Ethic Study of Atherosclerosis) (30).
A trend toward increasing atheroma calcification
following statins was also reported by several other
investigators (11,31–33). Although lacking a placebo-
controlled arm, serial coronary plaque compositional
analyses via interrogation of the ultrasonic radio-
frequency IVUS backscatter signal were consistent in
demonstrating progressive coronary calcification
following aggressive statin therapy (34,35). Serial
ultrasonic carotid evaluation also revealed intensive
statin therapy to cause greater increases in plaque
echogenicity compared with a less intensive statin
regimen (36,37). Importantly, changes in plaque
echogenicity correlated inversely with changes in
levels of serum inhibitors of vascular calcification
(osteopontin and osteoprotegerin), which were inde-
pendent of alterations of lipid profile. Our analysis

also failed to demonstrate associations between
changes in CaI with on-treatment lipoprotein or
CRP levels during statin treatment, suggesting that
the procalcific effects of statins are possibly mediated
by pleiotropic mechanisms unrelated to lipoprotein
metabolism.

Pre-clinical studies testing the modulatory effects
of statins on vascular smooth muscle cells have also
yielded conflicting results; however, this may depend
on the nature of calcification-induction method
performed in vitro. Following an inflammation-
induced calcification model, statins inhibited vas-
cular smooth muscle cells calcification, consistent
with their known anti-inflammatory pleiotropic ef-
fects (38). However, using a noninflammatory organic
phosphate model of in vitro calcification, statins dose-
dependently stimulated vascular smooth muscle cells
apoptosis and subsequent calcification (12). Despite
these paradoxical findings, such mechanistic obser-
vations are consistent with pathological observations

CENTRAL ILLUSTRATION Plaque Calcification in the Setting of No-Statin Therapy or High-Intensity Statin Therapy

Natural plaque progression likely involves lipid-pool expansion coupled with microcalcifications within lipid pools. Following long-term high-intensity
statin therapy, plaque regression manifests as delipidation and probable vascular smooth muscle cell calcification, promoting plaque stability.
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What&is&the&Nature&of&CAD&
in&Renal&Patients?

• Is)the)calcification)medial)or)intimal.

• Is)the)calcification)micro)or)macro?

• Are)the)lesions)different)from)those)seen)in)the)
‘general’)population?

• Lipid,)Inflammation?
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or woman or her

1624R1689British)Physician

Vascular Calcification – A Degenerative Unmodifiable Risk Factor that
Predicts Disease and Death?
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Ageing

Hypertension
Vascular)Calcification Osteoporosis CKD

Ageing)is)the)Strongest)Risk)Factor)for)Defects)in
KidneyRBoneRVascular)Axis)Tissues

• Elevated)Phosphate/FGF23/Klotho
• Low)Vitamin)D
• DNA)damage
• Oxidative)Stress
• Systemic)Inflammation
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Multiple)Pathways)Regulate)Vascular)Calcification

Mouse)gene)knockouts)develop)vascular)calcification
and)bone)defects)(eg.)osteoporosis).

• MGP)(matrix)Gla protein)
• Fetuin**
• Osteoprotegerin
• Klotho/)FGF23**)R Phosphate)and)Vit D
metabolism

• Pyrophosphate)metabolism)(ENPP1)
• carbonic)anhydrase
• Smad 6

Human)single)gene)defects
• Keutel Syndrome)(MGP)null)
• Idiopathic)calcification)of)newborn
(ENPP1))
Develop)vascular)calcification
Genetic)Component
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HutchinsonRGilford Progeria Syndrome)(HGPS)

• VSMC)loss
• Premature)Atherosclerosis
• Calcification
• Vascular)Stiffening
• Osteoporosis
• Death)before)age)16)of)MI)or)stroke

Due)to)accumulation)of
mutant)or)unprocessed
Prelamin)A

LMNA or)FACE1 mutations

Protein)selectively)accumulates)in)MSC)populations
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Is)there)evidence)for)this)pathway)in)dialysis)patients?

P<0.0001

Control)1yo)M Dialysis)1yo)M Dialysis)17yo)M
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Children)on)dialysis)show
prelamin A)accumulation)
and)increased)levels)of
p16)positive)cells.
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Array)analysis)shows)VSMCs)secrete)proRosteogenic
cytokines)in)response)to)prelamin A)accumulation
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Is)Inflammation)the)Key?

Monoclonal)antibody)to)InterleukinR1%
CANTOS)trial
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Tissue)ageing)is)driven)by)DNA)damage)and)inflammatory)mediators)released)from)
senescent)tissues

KlothoFGF23
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Summary
1. Calcification)is)a)cell)mediated)process)that)reflects)a)disease)process.

2. Calcification)occurs)at)two)sites)with)different)clinical)outcomes.

3. Calcification)can)be)used)to)predict)clinical)events.

4. There)are)no)treatments)for)vascular)calcification.

5. The)status)of)calcification)in)plaque)stability)remains)controversial.

6. Inflammation)may)be)a)key)process)in)CAD)in)renal)failure

7. THE)NATURE)OF)CAD)IN)RENAL)PATIENTS)REQUIRES)FURTHER)
BASIC)KNOWLEDGE
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