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Chapter 21
Clinical Trials and Calcification-Based 
Treatment Decisions

Jane A. Leopold

Cardiovascular calcification is a highly prevalent pathophenotype associated with 
risk factors for atherosclerotic disease, including normal aging, chronic kidney dis-
ease, and diabetes mellitus. In fact, in the Multi-Ethnic Study of Atherosclerosis 
(MESA) study, there was concordance between Framingham risk score and coro-
nary artery calcium scores [1]. The prevalence of calcification in the coronary ves-
sels increases with age and is present in more than 90% of men and 67% of women 
over age 70 years [2]. Calcium burden was similar between men and women but 
lower in African Americans compared to Caucasians. Coronary artery calcification 
was observed in 70.4%, 52.0%, 56.6%, and 59.2% of men of Caucasian, African 
American, Hispanic, and Chinese ethnicity, respectively [1].

The association between cardiovascular calcification and major adverse cardiac 
events are well documented. In the MESA study, individuals with a coronary cal-
cium score of >300 had a 6.84 (95% CI: 2.93–15.99) increased risk of myocardial 
infarction: the risk was 3.89 (95% CI: 1.72–8.79) when the calcium score was 
1–100 [3, 4]. Interestingly, approximately 18% of participants who did not have 
coronary calcification at the index study went on to develop coronary calcification 
during a 3-year follow-up period [5]. When examined in a meta-analysis of 30 stud-
ies that included 218,080 patients, the risk of cardiovascular mortality was mark-
edly increased in patients with chronic kidney disease (OR = 6.22; 95% CI: 2.73, 
14.14) or diabetes mellitus (OR = 2.27; 95% CI: 1.07–3.04) (Fig. 21.1) [6]. Taken 
together, the presence of a high burden of coronary artery calcification combined 
with the high prevalence in patients with diabetes mellitus or chronic kidney disease 
likely explains the high risk for cardiovascular events in these populations.
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Cardiovascular disease remains the leading cause of death throughout the world 
with ~15 million deaths in 2016 [7]. This has been associated with an ~$320 billion 
annual expenditure for healthcare related to cardiovascular disease in 2015, which 
is estimated to grow to $820 billion by 2030 [8]. Owing to the high risk of major 
adverse cardiovascular events associated with vascular calcification, efforts to 
reduce the burden of calcium in the hope of improving outcomes are underway. 
These efforts have focused mainly on two areas: drug development and repurpos-
ing, as there are currently no effective therapies that target cardiovascular calcifica-
tion and selection of devices utilized during percutaneous coronary or peripheral 
interventions for symptomatic atherosclerotic disease. This chapter will focus on 
clinical trials that inform decision-making with respect to currently available and 
future methods to assess cardiovascular calcification, pharmacologic interventions, 
and the invasive diagnosis and treatment of symptomatic vascular disease in calci-
fied vessels.

 Clinical Studies of Methods to Assess 
Cardiovascular Calcification

Following large-scale population-based studies that revealed a relationship between 
coronary artery calcification and major adverse cardiovascular outcomes in asymp-
tomatic individuals, noninvasive evaluation of coronary artery calcification, 
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Fig. 21.1 Vascular calcification, risk of adverse events, and risk associated with chronic kidney 
disease and diabetes mellitus. When present, vascular calcification is associated with an increased 
risk of adverse events, including all-cause mortality, cardiovascular (CV) mortality, coronary heart 
disease events, and stroke. Patients with chronic kidney disease (CKD) or diabetes mellitus are at 
increased risk of developing vascular calcification. (Adapted from Ref. [6])
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primarily via multidetector CT scanning, has emerged as a valuable tool for assess-
ing cardiovascular risk [9–13]. Early clinical studies from single centers demon-
strated that coronary artery calcification had predictive value and improved risk 
stratification of patients with intermediate Framingham risk scores [14]. This has 
been shown in both young and elderly individuals, diabetes mellitus, and smokers 
[15–18]. Population-based cohort studies, such as the MESA study, have confirmed 
the benefits of coronary CT assessments for risk prediction [4]. The Heinz Nixdorf 
Recall (Risk Factors, Evaluation of Coronary Calcium and Lifestyle) study included 
4487 participants in its initial study and scheduled follow-up studies after 5 years. 
Here the prevalence of coronary artery calcification was found to be 82% in men 
(n  =  1918) and 55% in women (n  =  2148) [13]. The Rotterdam Study, which 
included 7893 individuals who were age 55 years or older, reported a median coro-
nary artery calcium score of 98, which was similar to MESA and the Heinz Nixdorf 
Recall study [19]. The Framingham Heart Study added coronary artery calcium 
studies to the Offspring and Third Generation cohorts. After 7 years of follow-up, 
the investigators found that both the presence of calcium in the proximal dominant 
vessel and the number of vessels with calcium were associated with major adverse 
cardiovascular events [20].

Coronary artery calcium has also been measured in young adults aged 32–46 years 
in the Coronary Artery Risk Development in Young Adults (CARDIA) study. This 
prospective study demonstrated that coronary artery calcium scores >0 were not 
uncommon and that this predicted cardiovascular risk, beyond the traditional coro-
nary heart disease risk factors [21]. The Jackson Heart Study reported similar find-
ings in an African American population. In this group, coronary artery calcium 
scores also predicted risk beyond traditional risk factors and identified individuals 
for primary prevention [22, 23]. The Women’s Health Initiative reported the same in 
postmenopausal women [24].

Coronary artery plaque characteristics that are associated with adverse cardio-
vascular events were evaluated in the Scottish Computed Tomography of the 
HEART Trial (SCOT-HEART). In a post hoc analysis of this study, which evaluated 
patients with stable chest pain using coronary CT angiography, the investigators 
aimed to determine the association between clinical outcomes and adverse coronary 
plaque characteristics seen on the coronary CT angiogram. Of the 4146 patients 
enrolled in the study, 1778 underwent a coronary CT angiogram. As part of the 
analysis, 15 coronary segments per patient were examined for focal calcifications, 
which may be linked to plaque destabilization and rupture leading to adverse clini-
cal events. Patients who had a higher calcium score were also found to have a higher 
cardiovascular risk score. In fact, compared to patients with nonobstructive disease, 
those patients with obstructive coronary artery disease had an eightfold higher cal-
cium score (435 vs. 54 Agatston units, p < 0.001). Moreover, those patients with a 
coronary artery calcium score ≥1000 Agatston units were found to have a 13-fold 
increase in nonfatal myocardial infarction or death attributable to coronary heart 
disease. Thus, a higher burden of coronary plaque calcification portends increased 
risk of adverse cardiovascular events [25].
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To date, the only risk score that incorporates coronary artery calcification in the 
model was derived from the MESA study. This model includes age, gender,  race/
ethnicity, diabetes, current smoking, family history, cholesterol, systolic blood pres-
sure, the use of lipid lowering and hypertension medications, and coronary artery 
calcification and was created to predict the 10-year coronary heart disease risk [26]. 
Unsupervised machine learning has been applied to define characteristics associ-
ated with adverse events. Algorithms using chest and abdominal CT scans from 
2924 asymptomatic participants in the Framingham Heart Study revealed that 
global calcification, defined as aortic, thoracic, coronary, and valvular calcification, 
was one of the components that conferred increased cardiovascular risk [23].

Despite the evidence that coronary artery calcification improves clinical risk 
assessment beyond traditional cardiovascular risk factors, clinical practice guide-
lines have not universally included coronary artery calcium score. The 2019 
American College of Cardiology/American Heart Association guidelines for the 
primary prevention of cardiovascular disease now recognize that in adults at inter-
mediate risk for coronary heart disease events, coronary artery calcium scores can 
be effective for reclassifying risk that would ultimately determine treatment. The 
guidelines now recommend that initiation of statin therapy is reasonable in patients 
with a coronary artery calcium score of ≥100 Agatston units. Individuals with a 
calcium score of 0 were considered low risk and didn’t warrant pharmacological 
intervention, unless they had diabetes mellitus, active tobacco use, a family history, 
or chronic inflammatory conditions. By contrast, for individuals with a score of 
1–99 Agatston units, where risk reclassification was only modest, the consensus 
opinion was to discuss risk and repeat the scan in 5 years [27].

 Blood Calcification Propensity and Cardiovascular Events

A novel methodology to assess blood calcification propensity has now been 
described. This method involves a blood test that examines an individual’s potential 
for ectopic calcification by measuring the time to form primary calciprotein parti-
cles in serum (Fig. 21.2). The timing of spontaneous formation of secondary calci-
protein particles is, in part, dependent upon serum concentrations of calcification 
inhibitors, such as fetuin-A and pyrophosphate among others [28, 29]. If the trans-
formation time (T50) is short, this indicates that there is rapid formation of calcipro-
tein particles and a higher blood calcification propensity. This finding has been 
associated with an increased risk of adverse clinical outcomes. In patients with 
stage 3 or 4 chronic kidney disease, or following renal transplantation, the test was 
inversely correlated with all-cause mortality [29, 30].

The relationship between calcification propensity evaluated by serum T50 and 
cardiovascular events was tested in the Evaluation of Cinacalcet Therapy to Lower 
Cardiovascular Events (EVOLVE) trial. In this study, baseline serum samples from 
2785 eligible patients with chronic kidney disease on dialysis were evaluated for 
calcification propensity. Approximately 30% of the patients had diabetes mellitus, 
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and 23% had established coronary artery disease. The primary composite endpoint 
included all-cause mortality, myocardial infarction, heart failure, unstable angina 
requiring hospitalization, or a peripheral vascular event. After a median follow-up 
period of 619 days, the primary composite endpoint was reached in 1350 patients. 
A lower T50 time was associated with increased risk of cardiovascular events with a 
HR = 1.38 (95% CI: 1.19, 1.60, p < 0.001) for myocardial infarction, HR = 1.22 
(95% CI: 1.05, 1.42, p = 0.01) for peripheral vascular events, and HR = 1.10 (95% 
CI: 1.00, 1.20, p = 0.05) for cardiovascular death. Interestingly, the T50 time was not 
associated with unstable angina or heart failure [31]. While this study had several 
limitations, including use of only baseline samples and a retrospective study design, 
the findings are not surprising as it has long been recognized that hemodialysis 
patients have excess morbidity and mortality, mostly attributable to cardiovascular 
events [32].

More recently, calcification propensity was evaluated in 3404 patients enrolled in 
the longitudinal Chronic Renal Insufficiency Cohort Study. Mean follow-up time 
for participants was an average of 7.1 years. In this prospective cohort, a lower T50 
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Fig. 21.2 Principle of blood calcification propensity measurement. A new serum assay is able to 
determine the propensity for blood calcification. In this test, a laser is used to determine light scat-
ter in serum that is artificially supersaturated with calcium and phosphate. The addition of calcium 
and phosphate to serum results in the formation of primary calciprotein particles. These particles 
undergo spontaneous transformation to secondary particles that contain calcium phosphate in crys-
talline form and serum proteins. The time for 50% transformation from primary to secondary 
particles is indicative of an individual’s ability to inhibit calcification [28]
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time was associated with an increased risk of atherosclerotic cardiovascular disease 
(HR = 1.14; 95% CI: 1.09–1.24), which was not independent of renal function [33]. 
In a subgroup of 1274 patients who had coronary artery calcification measured by 
CT scan, approximately 65% had prevalent coronary calcification. In these patients, 
the T50 time was found to be associated with the severity of coronary calcification. 
At 3-year follow-up, 20% of patients who did not have coronary artery calcification 
at baseline developed incident coronary calcification, while 19% with calcification 
present at baseline demonstrated calcification progression. Here, a lower T50 time 
and hence a higher serum calcification propensity were associated with coronary 
artery calcification progression and severity [34]. Worsening calcification propen-
sity over 24  months was associated with an increased hazard for cardiovascular 
mortality (HR = 2.15; 95% CI: 1.15–3.97, p = 0.02) [35]. To date, tests of calcifica-
tion propensity have only been applied to patients with some degree of chronic 
kidney disease or on hemodialysis. Whether or not this test has applicability in 
broader community-based populations or in select patients at risk for or with estab-
lished atherosclerotic cardiovascular disease remains to be determined.

 Clinical Trials of Pharmacological Therapeutics

At present, there is no known pharmacologic therapy that has definitively been 
shown to prevent or regress established cardiovascular calcification in a double- 
blind randomized clinical trial and been incorporated into mainstream guidelines 
and practice. However, several therapies have shown promise in smaller studies or 
clinical trials. In many instances, early studies have been done in select patient sub-
sets, such as chronic kidney disease that have a high propensity for cardiovascular 
calcification. Whether or not results from these studies have utility in other patient 
populations is unknown.

 Vitamin K

Vitamin K is a fat-soluble vitamin that mediates blood coagulation as well as car-
diovascular calcification through its regulation of the calcification inhibitor matrix 
Gla protein (MGP). Vitamin K is necessary for the carboxylation of glutamic acid 
in activation of MGP. Vitamin K levels are maintained through the diet by intake of 
leafy green vegetables or ingestion of fermented foods, which are then processed by 
commensal bacteria; however, many patients are vitamin K deficient. This is well 
documented in patients with chronic kidney disease and may be a larger problem in 
the population as a whole [36–38]. A recent survey found that only 58–63% of dia-
betic women and 61–68% of women without diabetes mellitus reported daily intake 
of vegetables [39]. Furthermore, clinical studies of patients taking warfarin, a vita-
min K antagonist, have demonstrated increased vascular calcification compared to 
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patients who do not take this drug. A post hoc analysis of eight randomized trials 
that included serial intravascular ultrasound evaluated the effect of warfarin on cal-
cification in patients with coronary artery disease. Of the 171 patients who were 
treated with warfarin, there was a significant annualized increase in calcification as 
compared to 4129 individuals who were not taking warfarin. Warfarin was found to 
be independently associated with increased calcification (OR, 1.2; 95% CI, 1.1–1.3, 
p = 0.003), and the annual increase in calcification occurred independent of changes 
in atheroma volume [40]. This has also been observed in the peripheral vasculature. 
A cohort analysis of 430 patients matched by age, sex, and diabetes status revealed 
that the prevalence of peripheral vascular calcification was significantly higher in 
warfarin-treated patients (30.2% vs 20.9%, p = 0.0023) [41]. To demonstrate that 
warfarin likely had a causal effect, a randomized trial of 66 patients with nonvalvu-
lar atrial fibrillation was conducted. Patients were randomized to warfarin or apixa-
ban for 1 year, and coronary CT angiography was performed to evaluate calcium 
burden. Here, CT scans demonstrated lower levels of calcified plaque volume in 
apixaban-treated patients as compared to those randomized to warfarin [42].

The association between vitamin K deficiency and cardiovascular calcification 
has led to the strategy of vitamin K supplementation as a method to limit calcifica-
tion and subsequent adverse events. A meta-analysis that included 12,888 patients 
enrolled in 13 controlled trials and 14 longitudinal studies found that vitamin K 
supplementation was associated with a reduction in decarboxylated MGP and a 
significant 9.1% decrease in vascular calcification [43]. Clinical trials are underway 
that will evaluate the efficacy of vitamin K supplementation on the progression of 
coronary artery calcification. Results from these trials will be critical to understand 
whether or not this will be a viable therapeutic option for patients. In a recently 
reported double-blind, placebo-controlled, randomized trial of vitamin K supple-
mentation in patients with type 2 diabetes mellitus and established cardiovascular 
disease, calcification was measured after 6 months using 18F-NaF positron emis-
sion tomography. After 6 months, vitamin K supplementation was associated with 
an increase, and not a decrease, in femoral artery calcification [44]. Since this find-
ing is in contradistinction to results from prior studies, additional data will be 
required prior to issuing recommendations pertaining to vitamin K supplementation 
to reduce cardiovascular calcification.

 Sodium Thiosulfate

Sodium thiosulfate is an inorganic sodium salt with reducing properties and has 
clinical application in the treatment of cyanide poisoning [45]. Sodium thiosulfate 
to limit cardiovascular calcification has been trialed in hemodialysis patients. In 
one study of 87 patients with coronary calcium scores >300, patients received intra-
venous infusions twice weekly. After 4 months, vascular calcification increased in 
63% of patients in the control group, but only 25% of patients received sodium 
thiosulfate (p = 0.03). This benefit, however, occurred at the expense of a decrease 
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in bone mineral density, and patients who were treated with sodium thiosulfate 
experienced metabolic acidosis and persistent anorexia [46]. In a second pilot 
study, 22 hemodialysis patients were treated with sodium thiosulfate 3 times 
weekly. After 5 months, there was no difference in the mean annualized rate of 
calcification; however, 14 out of 22 patients did demonstrate progression of coro-
nary artery calcification [47]. While these results appear promising, the side effects 
of this agent, namely, metabolic acidosis and bone toxicity, suggest that it is 
unlikely to have the acceptable long-term safety profile required to treat cardiovas-
cular calcification.

 Bisphosphonates

The bisphosphonates are used widely to prevent and treat osteoporosis. These 
drugs are analogs of pyrophosphate, which inhibits calcification by chelating cal-
cium ions in hydroxyapatite. Early clinical studies with these agents reported con-
flicting results. One study evaluated alendronate in 56 patients with osteoporosis 
compared to matched controls and a referent cohort. After 2 years, there was no 
observable difference in coronary artery calcification between groups [48]. Another 
study performed in women age 55–80 years who were treated for 3 years with 
either oral or intravenous ibandronate found that there was no difference in the rate 
of aortic calcification at the end of the study between groups [49]. Similarly, a pilot 
randomized controlled trial of alendronate in 51 patients with stage 3–4 chronic 
kidney disease revealed that compared to placebo, at 18 months there was no dif-
ference in the progression of ectopic calcification in the aorta in alendronate-
treated patients [50]. This is in contrast to several small studies in hemodialysis 
patients that reported a positive effect of bisphosphonates on cardiovascular calci-
fication. In these studies, which each enrolled fewer than 25 patients, treatment 
with bisphosphonates was associated with either halting or reversing the progres-
sion of aortic calcification [51, 52].

A recent randomized trial of etidronate in patients with pseudoxanthoma elasti-
cum was performed to test the hypothesis that a bisphosphonate could limit arterial 
calcification in this patient population with low pyrophosphate levels. A cohort of 
74 patients was randomized to etidronate (20 mg/kg for 2 weeks every 12 weeks) or 
placebo. After 12 months of follow-up, arterial calcification assessed by CT scan 
was decreased by 4% in etidronate-treated patients but increased by 8% in control 
subjects. However, when quantified by 18F-sodium positron emission tomography 
activity, there was no difference observed between the active treatment and placebo 
group. Importantly, while patients assigned to etidronate were more likely to experi-
ence hyperphosphatemia, this was reversible, and there were no safety issues 
noted [53].

There have been some issues raised with respect to the long-term durability of 
these drugs to prevent or limit cardiovascular calcification owing to concerns related 
to bone density and cardiac arrhythmias. There has been a long-standing debate 
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regarding the effect of bisphosphonates on skeletal toxicity. This has been attributed 
to the bisphosphonate drug selected, oral versus intravenous administration, dosage 
regimen with continuous dosing versus cyclical dosing, and the patient’s comorbid-
ity profile [54]. Another issue was raised by the finding that patients treated with 
parenteral zoledronic acid annually for osteoporosis management had a higher sig-
nal of atrial fibrillation [55]. This has not been explored further, so it is unknown if 
bisphosphonate drugs played a causal role in arrhythmia generation. These agents 
continue to be investigated and these issues remain to be resolved.

 Magnesium

Magnesium is suggested to prevent cardiovascular calcification by regulating cal-
cium influx, mediating pro-calcific enzyme activity, and stimulating activity of cal-
cification inhibitory enzymes [56]. Magnesium also prevents the transformation of 
calcium phosphate nanocrystals to apatite [56]. In patients with chronic kidney dis-
ease, in dialysis patients, and in patients with prevalent cardiovascular calcification, 
increased cardiovascular mortality has been associated with low serum magnesium 
levels [57–60]. Small observational clinical studies have suggested that there may 
be some benefit to magnesium supplementation. A pilot study in seven hemodialy-
sis patients found that after 18 months of supplementation with magnesium carbon-
ate, there was no progression of coronary artery calcification by CT scan [61]. These 
findings were confirmed in a similarly small study that compared magnesium sup-
plementation with magnesium carbonate and calcium acetate as a phosphate binder 
with calcium acetate alone. After 1 year, calcification assessed by X-ray was 
improved in 15% of the magnesium group compared to 0% in the calcium acetate 
group [62]. Another small study that included 34 patients with chronic kidney dis-
ease (stage 3, 4) and trialed short-term magnesium hydroxide for 8  weeks was 
shown to decrease calcification propensity measured in the serum [63]. Currently, 
there is a randomized clinical trial of 250 patients with chronic kidney disease that 
is underway that will test magnesium hydroxide versus placebo on coronary artery 
calcium score after 1 year of treatment [64].

 SNF472

The investigational agent, SNF472, a myo-inositol hexaphosphate, is a hexasodium 
salt of phytate and is under development for the treatment of cardiovascular calcifi-
cation. This agent may have utility in patients on hemodialysis as phytate is a low 
molecular mass and highly soluble crystallization inhibitor [65]. The safety and 
tolerability of SNF472 were demonstrated in healthy volunteers and dialysis 
patients. In a Phase I study, there were no clinically significant effects, and pharma-
codynamic analyses showed that SNF472 decreased hydroxyapatite crystallization 
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potential in dialysis patients [66]. A phase 2b double-blind, placebo- controlled 
study of SNF472 in hemodialysis patients randomized patients to one of two doses 
of SNF472 delivered three times per week with dialysis or placebo and evaluated 
calcification by CT scan after 1 year. After 1 year, the coronary artery calcium vol-
ume score was significantly lower in patients treated with SNF472 as compared to 
placebo (11% vs 20%, p = 0.016). There was also a decrease in the progression of 
calcification in the aortic valve (14% vs. 98%, p < 0.001). There was no difference 
between active treatment and placebo groups with respect to treatment-emergent 
adverse events. Thus, while SNF472 attenuated progression of coronary artery and 
aortic valve calcification in this patient population, it remains to be determined if 
this translates to an effect on cardiovascular outcomes and is translatable to other 
patient populations at high risk for cardiovascular calcification [67].

 Denosumab

Denosumab is an FDA-approved human monoclonal antibody against the receptor 
activator of NF-kB ligand (RANKL) and is used primarily to treat bone tumors and 
osteoporosis. Theoretically, denosumab may limit cardiovascular calcification by 
preventing RANKL interaction with its receptor and preventing deposition of calci-
fied minerals. A post hoc analysis of postmenopausal women at high risk for cardio-
vascular events examined lateral spine X-rays to evaluate for progression of aortic 
calcification. The frequency of aortic calcification progression and adverse cardio-
vascular events over 3 years was not different between the denosumab and placebo 
groups [68]. The phase 2 SALTIRE II trial is currently evaluating the effect of deno-
sumab and alendronate as interventions for calcific aortic stenosis. Patients with cal-
cific aortic stenosis assessed by echocardiography will be treated with denosumab, 
alendronate, or both, or placebo and calcification will be examined using standard 
CT calcium scoring and with 18F-fluoride positron emission tomography activity.

While many of the aforementioned agents have shown promise in the treatment of 
cardiovascular calcification, evidence to support routine use in broader patient popu-
lations remains limited. This is not surprising that the mechanism for cardiovascular 
calcification and, therefore, the appropriate pharmacological intervention, likely dif-
fers between patient subsets. Moreover, safety and efficacy profiles will need to be 
evaluated on a longer-term basis to understand optimal dosing regimens. Forthcoming 
results from randomized trials to resolve these questions are eagerly awaited.

 Clinical Studies of the Invasive Diagnosis and Treatment 
of Cardiovascular Calcification

It has been recognized that conventional coronary angiography does not always dem-
onstrate coronary calcification adequately leading to an underappreciation of the 
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severity of calcification. In a series of 1155 target lesions in native coronary arteries, 
angiography detected calcification in 38% of the stenoses, and 26% were classified as 
moderately calcified, while 12% were severely calcified. These same stenoses were 
then evaluated with intravascular ultrasound. This imaging modality detected calcium 
deposits in 73% of lesions, indicating that coronary calcification is both common and 
frequently underestimated [69]. Optical coherence tomography, which has a higher 
resolution than intravascular ultrasound, can assess calcium arc and length in a coro-
nary artery but has limited depth penetration and, therefore, is likely to miss deep 
intramural calcium [70]. This imaging modality can also provide an assessment of the 
degree of the calcific arch in the vessel cross section; calcium area, thickness, and 
length; and, calcium three-dimensional volume [71]. A head-to- head comparison of 
the two imaging modalities with angiography revealed that angiography detected cal-
cium in only 40% of lesions, while intravascular ultrasound and optical coherence 
tomography detected calcium in 83% and 77% of stenoses, respectively [72].

In contemporary percutaneous coronary intervention (PCI), significant coronary 
calcification is present in approximately 20% of patients, and these patients are 
characterized by a demographic, clinical, and angiographic pathophenotype that 
differs from that observed in individuals with less severe calcification [73]. The 
introduction of next-generation DES hasn’t reduced the hazard associated with cal-
cification, and calcified lesions are associated with a threefold increase in adverse 
events [74]. A large registry analysis of 16,001 patients from a single academic 
medical center revealed that patients with moderate or severe target lesion calcifica-
tion tended to be older, Caucasian, have a higher body mass index, less likely to be 
a current smoker, and more likely to have renal dysfunction, anemia, and peripheral 
arterial disease. They had more complex target lesions (classified B2/C) with a 
higher SYNTAX score and had a higher rate of procedural complications. Within 
this group, moderate to severe calcification was associated with an increased risk of 
death, myocardial infarction, and/or target vessel revascularization [75]. These 
patients also have higher 30-day rates of major bleeding (11.2% vs. 7.2% vs. 5.9%, 
p = 0.0003) compared to patients with moderate or mild or no target lesion calcium 
[76]. Coronary lesion calcification also impacts chronic total occlusion procedures. 
In 1476 procedures performed across 11 centers in the United States between 2012 
and 2016, moderate to severe calcification was identified in 58% of target lesions. 
Percutaneous revascularization of calcified chronic total occlusion lesions often 
required a change in procedural strategy with increased use of the retrograde 
approach, more contrast use, and increased radiation exposure as well as lower suc-
cess rates and increased incidence of adverse cardiovascular events (3.7% vs. 1.8%, 
p = 0.033) compared to patients without calcified stenoses [77].

 Percutaneous Coronary Intervention for Calcified Plaques 
and Coronary Arteries

Given the high prevalence of coronary calcification, patients who require PCI pres-
ent a unique challenge. The optimal treatment for calcified plaque modification in 
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complex coronary anatomies remains a decision point for coronary interventions 
that has been the subject of clinical trials. The standard method of using a balloon 
inflated to high pressure to release the coronary plaque can result in vessel dissec-
tion and perforation when calcified stenoses are present. The risk of not achieving 
adequate enlargement of a coronary lumen due to inability to release or “crack” a 
calcified stenosis is incomplete expansion or malapposition of a coronary stent, 
which predisposes to stent failure and adverse clinical outcomes [78]. At present, 
clinical trials to treat calcified coronary stenoses in the cardiac catheterization labo-
ratory have focused on rotational atherectomy (Fig.  21.3), orbital atherectomy, 
excimer laser coronary atherectomy, or shockwave lithotripsy.

Rotational atherectomy relies on a diamond-encrusted elliptical burr that rotates 
at high speeds (140,000–180,000 rpm) and pulverizes calcified or inelastic tissue, 
while the relatively normal elastic arterial wall remains uninjured. The device 

a
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Fig. 21.3 Atherectomy in a calcified coronary stenosis. (a) A left anterior descending artery has a 
significant calcified stenosis in the midsection of the vessel. (b) Attempts to dilate the stenosis with 
balloon angioplasty were unsuccessful as the balloon would not expand fully (dogbone shape) 
owing to the calcified stenosis. (c) Rotational atherectomy was used to debulk calcium from the 
vessel. The burr can be seen on the angioplasty wire. (d) After rotational atherectomy, the lesion 
was dilated with a scored angioplasty balloon and stented. The final result shows an enlarged and 
patent vessel
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ablates the calcified tissue to particles smaller than a red blood cell, which allows 
them to mix with blood and is ultimately taken up by macrophages [79–82]. Early 
clinical trials that compared rotational atherectomy with balloon angioplasty for de 
novo calcified coronary stenoses or for in-stent restenosis demonstrated equivocal 
results with respect to rotational atherectomy. In these studies, rotational atherec-
tomy adequately increased the lumen diameter but was associated with high rates of 
restenosis. A meta-analysis that included 9222 patients enrolled in 16 early trials 
(1993–2002) revealed that the rate of periprocedural myocardial infarction was 
increased with rotational atherectomy compared to balloon angioplasty (OR = 1.83; 
95% CI: 1.43–2.34) despite similar angiographic outcomes [83]. Similarly, a more 
recent review that included 3474 patients enrolled in 12 clinical trials (2002–2012) 
found that there was no difference between rotational atherectomy with adjunctive 
balloon angioplasty as compared to balloon angioplasty alone with respect to reste-
nosis rates at 6 months or 1 year. There was also no difference in the risk of in- 
hospital major adverse cardiac events (RR; 1.27; 95% CI: 0.86–1.90) [84].

Our current clinical evidence supporting the use of rotational atherectomy comes 
from the Rotational Atherectomy Prior to Taxus Stent Treatment for Complex 
Native Coronary Artery Disease (ROTAXUS) and the Comparison of Strategies to 
PREPARE Severely CALCified Coronary Lesions (PREPARE-CALC) trials. The 
ROTAXUS trial enrolled 240 patients with calcified coronary stenoses and random-
ized them to rotational atherectomy and stent implantation versus stent implantation 
alone (standard treatment). There was a higher rate of procedural success in the 
rotational atherectomy arm (92.5% vs. 83.3%) as well as a high crossover rate from 
the standard treatment group. At follow-up, there was no difference between the 
groups with respect to restenosis, target lesion revascularization, or adverse events. 
The trial, however, was criticized for missing follow-up angiography in 20% of 
patients, which likely affected the power of the study, as well as the use of a first- 
generation drug-eluting stent [85]. The PREPARE-CALC study, in contrast, ran-
domized 200 patients to rotational atherectomy versus a cutting or scoring balloon 
prior to implantation of a third-generation drug-eluting stent. This trial also demon-
strated a higher rate of procedural success for rotational atherectomy (98% vs. 
81%). At 9-month follow-up, there were no differences between groups with respect 
to late lumen loss, target lesion revascularization, or adverse events. Taken together, 
these trials form the basis for the modern approach of selecting rotational atherec-
tomy as a primary strategy for stenosis modification prior to stenting when severely 
calcified coronary lesions are present [86].

Orbital atherectomy, which is similar to rotational atherectomy, utilizes an 
eccentrically rotating 1.25 mm crown coated with diamonds on the front and back 
ends. The device has a low (80,000 rpm) and high (120,000 rpm) rotational speed, 
and the technique to ablate heavily calcified plaque is dependent upon contact time 
between the crown and the plaque. Safety and efficacy of this device was trialed in 
the ORBIT II trial, which enrolled 443 patients across the United States from 49 
centers [87]. In this study, the primary safety endpoint, freedom from 30-day 
adverse cardiac events, and the primary efficacy endpoint (residual stenosis <50% 
after stenting and absence of in-hospital events) were met in 90% and 89% of 
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participants, respectively. A real-world registry of 458 patients with complex 
comorbidities found that no reflow, dissection, or perforation associated with using 
this device occurred in <1% of cases with a 12.6% rate of major adverse cardiovas-
cular and cerebrovascular events at 1 year [88].

Excimer laser has also shown utility for modification of calcified coronary 
plaques. The technique relies on photoablation of calcified plaque by photochemi-
cal, photothermal, and photomechanical methodologies. The laser can break molec-
ular bonds, heat the plaque, or heat liquid near the plaque to create exploding 
bubbles that modify the plaque. This device is typically selected for coronary steno-
ses that can’t be dilated with procedural success rates of 93% reported [89]. 
However, more calcification in the plaque appears to decrease the laser efficacy, and 
intravascular imaging has shown that while laser increased the vessel cross- sectional 
area, this occurred without significant modification of the calcified areas [90, 91]. 
Evidence does support the use of laser to crack calcium behind stent struts in undi-
latable instent restenosis, especially when this occurred as a result of an underex-
panded stent [92, 93].

A lithotripsy balloon has been developed as a device to treat deep intravascu-
lar calcium. The balloon emits pulsatile mechanical energy at a frequency of 
1 Hz that cracks and fractures calcified plaques and calcium present in deeper 
layers of the vessel wall. In 43% of cases, this device was shown to fracture an 
arc of calcium in the vessel lumen and create multiple fractures in more than a 
quarter of the cases. Importantly, there was a higher rate of fracture when there 
was a greater burden of calcium [94]. The Disrupt Coronary Artery Disease II 
study evaluated safety and efficacy of lithotripsy in 120 patients with severe cor-
onary artery calcification enrolled between 2018 and 2019 in 9 countries. There 
was 100% success in device delivery and use. In this study, myocardial infarction 
occurred in 5.8% of patients. A subset of patients underwent optical coherence 
tomography imaging, which demonstrated calcium factures in 78.7% of lesions 
[95]. Other limited studies have similarly reported no safety concerns, and larger-
scale trials are currently underway.

The presence of calcified coronary stenoses as well as calcified coronary arteries 
is well recognized to increase the technical complexity of PCI. Calcification that 
limits plaque or lesion expansion predisposes to less than optimal stent expansion, 
which is associated with stent failure and major adverse cardiovascular events. 
Rotational atherectomy has been a mainstay as a therapeutic modality to treat calci-
fied coronary stenoses, and other devices with adequate safety and efficacy profiles 
are emerging, some with niche indications. Intravascular imaging, which facilitates 
stenting procedures in the absence of coronary calcification, remains critical to 
define the calcium burden within a vessel and guide device selection for lesion 
modification. Device selection can be operator-dependent, but considerations 
include eccentricity versus concentricity of calcification, length of calcium, depth of 
calcium, and ability to deliver devices. Nonetheless, clinical trials have established 
that successful treatment of calcified stenoses for stent delivery and expansion is 
critical to limit procedural complications and adverse outcomes.
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 Coronary Artery Bypass Grafting Surgery in Patients 
with Calcified Coronary Arteries

In those instances where surgical coronary artery bypass grafting (CABG) is the 
preferred revascularization strategy, calcified coronary arteries represent a signifi-
cant challenge for the surgeon. In high-risk patients, calcified coronary arteries and 
calcified stenoses have been associated with incomplete revascularization, athero-
embolic complications, and worse clinical outcomes [96, 97]. Patients with calci-
fied coronary arteries are also more likely to develop calcifications in saphenous 
vein bypass grafts, which predict both early and late graft failure [98]. It has been 
hypothesized that severe calcification impacts outcomes owing to loss of pulsatility 
in the vessels and an increase in ischemic events owing to endothelial dysfunction 
and atheroembolic events from calcified plaques despite bypassing significant ste-
noses [99]. Calcified vessels are also likely to increase the difficulty of creating 
vascular anastomoses and may affect the ability to achieve complete revasculariza-
tion [100, 101]. Patients with significant aortic calcification also have restrictions on 
aortic cross-clamping during surgery owing to the high risk for cerebral emboliza-
tion and stroke [102].

Patients with chronic kidney disease on hemodialysis have a high prevalence of 
vascular calcification and represent a high-risk patient population that frequently 
requires CABG for symptomatic coronary artery disease. Observational studies, 
including one that followed 1300 patients on hemodialysis, have shown that patients 
with chronic kidney disease on hemodialysis have higher operative mortality (7.8% 
vs. 2.1%) and 30-day mortality rates (4.8% vs 1.4%) [103]. These patients were also 
more likely to develop perioperative complications, such as mediastinitis and stroke 
[104]. A cohort of 21,981 hemodialysis patients from the US Renal Data System 
that underwent surgical or percutaneous revascularization revealed that CABG was 
associated with a lower composite of death or myocardial infarction (HR = 0.88; 
95% CI: 0.86–0.91) and mortality (HR = 0.87; 95% CI: 0.84–0.90) compared to 
PCI at 5 years suggesting that, when appropriate, surgical revascularization may be 
preferred over PCI. Overall, it’s been reported that long-term outcomes are improved 
following CABG compared to optimal medical therapy [105, 106].

In patients without chronic kidney disease, post hoc analyses of randomized tri-
als have shown that coronary calcification is associated with an increase in adverse 
events for patients that undergo CABG. In the Acute Catheterization and Urgent 
Intervention Triage StrategY (ACUITY) trial which examined heparin versus bivali-
rudin in patients with acute coronary syndromes, patients with severe coronary 
artery calcification that underwent CABG were older and more likely to have hyper-
tension, chronic kidney disease, and a higher thrombolysis in myocardial infarction 
(TIMI) risk score than patients with mild or no calcification. The presence of severe 
calcification was associated with higher rates of myocardial infarction (22.5% vs. 
13.8%, p = 0.03) and death (11.8% vs. 4.5%, p = 0.007) at 1 year following CABG 
[99, 107, 108]. In the Synergy between Percutaneous Coronary Intervention and 
Cardiac Surgery (SYNTAX) study, severe lesion calcification was present in 588 
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patients that underwent surgical revascularization. This cohort had a higher mortal-
ity rate (17.1% vs 9.9%, p < 0.001) at 5-year follow-up compared to patients with-
out severe calcification. Furthermore, they had a higher rate of the composite 
endpoint of death and myocardial infarction (19.4% vs. 13.2%, p = 0.003) [109]. 
These 1-year mortality rates in patients with severe coronary calcification are sub-
stantially higher than those reported in other contemporary studies of CABG 
(3.5–4.2%), although patients with heavy calcification were more likely to be 
included in the registry arm of surgical trials, so the absolute mortality rate follow-
ing CABG for this patient population may be higher.

 Peripheral Arterial Disease and the Role of Calcification 
in Treatment Decision-Making

Vascular calcification is also prevalent in the peripheral vasculature although exact 
estimates vary (Fig. 21.4). In an unselected group of 650 patients that were asymp-
tomatic and being evaluated for preventative care, 61% had evidence of atheroscle-
rotic calcification in their coronary, carotid, aorta, or iliac vessels [110]. Calcification 
was associated with increased age, and in those patients that were ≥70  years, 

Fig. 21.4 Peripheral arterial calcification. Vascular calcification is highly prevalent in the periph-
eral arteries. Calcification can be seen with fluoroscopy (left panel). Following the injection of 
contrast, a significant calcified stenosis in the superficial femoral artery is seen (asterisk) (middle 
panel). After atherectomy, angioplasty, and stent placement, the vessel lumen is increased
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vascular calcification was present in all vascular beds. In a large cohort study that 
included 4291 individuals who were followed for a mean of 7.8 years, prevalence of 
calcification in the coronary, carotid, aorta, and iliac arteries ranged from 31% to 
55%. Interestingly, while coronary artery calcification was associated with cardio-
vascular mortality, the presence of calcium in other major vascular beds, namely, 
the carotid, aorta, and iliac vessels, was associated with all-cause mortality [111].

Clinical decision-making for therapeutic interventions in patients with periph-
eral arterial is limited by the fact that many patients with severe calcification were 
excluded from clinical trials. Balloon angioplasty of calcified lesions doesn’t pro-
vide adequate lumen expansion with significant early elastic recoil, which contrib-
utes to observed poor outcomes [112]. There have been similar issues with nitinol 
stents in femoropopliteal vessels owing to high compressive forces exerted by rigid 
calcified plaques that prevent in full stent expansion [113]. However, newer nitinol 
stents with closed cell designs that allow for greater resistance to calcified plaque 
compression have been shown to have greater lumen preservation in severely calci-
fied stenoses compared to traditional stents [114].

Atherectomy has been trialed in the peripheral vasculature with studies per-
formed with varying degrees of procedural and early success [114–119]. The 
DEFINITIVE Ca++ registry evaluated the safety and efficacy of directional ather-
ectomy to treat moderate to severely calcified femoropopliteal vessels. This trial 
enrolled 133 patients and found that directional atherectomy was safe and resulted 
in adequate debulking (<50% residual diameter) in 92% of the lesions treated with 
a 33% mean residual diameter stenosis. There was a 52.3% increase in the number 
of patients who were asymptomatic at the 30-day follow-up visit with 88.5% of 
patients showed clinical improvement [120].

Significant peripheral vascular calcification has also been implicated as a barrier 
to the efficacy of drug-coated balloons. In 60 patients with severe claudication or 
rest pain, the presence of circumferential calcium in the vessels was associated with 
a 50% increase in loss of patency. Although the mechanism for reduced efficacy 
wasn’t clear, it was hypothesized that this occurred as a result of the calcium, which 
acted as a barrier to the drug reaching or penetrating the vessel wall [121]. To 
improve patency rates, other investigators trialed debulking of severe vascular cal-
cification using atherectomy prior to drug-coated balloon intervention. In a small 
30-patient trial with severe claudication or threatened limbs where severe calcifica-
tion was identified, debulking was associated with a 90% patency rate at 1 year 
[122]. The more recent Directional Atherectomy Followed by a Paclitaxel-Coated 
Balloon to Inhibit Restenosis and Maintain Vessel Patency – A Pilot Study of Anti- 
Restenosis Treatment (DEFINITIVE-AR) trial randomized patients to directional 
atherectomy and drug-coated balloon or drug-coated balloon alone. In this study, 
technical success was higher for the arm with directional atherectomy (89.6% vs 
64.2%, p = 0.004). There was no difference, however, in 1-year percent diameter 
stenosis assessed by angiography or target lesion revascularization between the 
groups [117].

The thoracic and abdominal aortas are prone to aneurysm formation with abdom-
inal aortic aneurysms affecting 4.8% of individuals with a preponderance in men 
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[123]. Among 356 patients that underwent infrarenal abdominal aortic aneurysm 
repair, aortoiliac calcification was associated with mortality with patients who had 
high calcium scores had lower probability of 5-year survival [124]. Thoracic aneu-
rysms tend to be more heterogeneous with both genetic and atherosclerotic etiolo-
gies. Endovascular interventions have decreased the short-term risks related to the 
intervention; however, they have not mitigated longer-term risk of cardiovascular 
events [125]. In a study that included 196 patients with abdominal aortic aneurysms 
where 85 patients had an endovascular repair and 18 had a surgical repair, aortic 
calcium score was related significantly to all-cause mortality (OR = 2.25; 95% CI: 
1.59–9.47, p  <  0.001) and predictive of cardiac mortality (OR  =  1.32; 95% CI: 
1.08–2.76, p = 0.003). With respect to thoracic aneurysms, 123 patients were stud-
ied with 75 patients undergoing endovascular repair. Here calcium score was also 
related to all-cause mortality (OR = 6.44; 95% CI: 2.57–6.14, p < 0.001) and car-
diac mortality (OR = 3.46; 95% CI: 1.97–4.34, p = 0.002) [126]. Given the relation-
ship between calcification and stent failure, it is not surprising that calcification is a 
noted risk factor for graft-related complications after endovascular aneurysm repair. 
Studies of patients who underwent endovascular repair revealed that calcification in 
the neck of the aneurysm and common iliac vessels was associated with increased 
risk for graft-related failure [127].

 Calcification of the Mitral Valve

Calcification of the mitral annulus is reported in 8–15% of individuals without 
known coronary artery disease but increases with age and risk factors, such as 
chronic kidney disease (Fig.  21.5) [128–132]. When present, mitral annular 

Fluoroscopy Echocardiography

Fig. 21.5 Mitral annular calcification. Calcification of the mitral annulus occurs frequently and is 
often seen by fluoroscopy at the time of routine cardiac catheterization (red arrows, left). Mitral 
annular calcification is also seen on echocardiography. Calcification appears as bright white areas 
at the edges of the mitral valve leaflets (below red asterisks). LA left atrium, LV left ventricle
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calcification is associated with an increased risk of cardiovascular disease and mor-
tality [133]. The Framingham Heart Study reported that there was an increased risk 
of incident cardiovascular disease (HR = 1.5; 95%CI: 1.1, 2.0) and death attribut-
able to cardiovascular disease (HR = 1.6; 95% CI: 1.1, 2.3) in patients with mitral 
annular calcification [133]. Mitral annular calcification has also been linked to an 
increased risk for stroke, possibly due to atrial fibrillation or other conduction sys-
tem abnormalities, which were found to be prevalent in only 34% of control sub-
jects but 70% of patients with mitral annular calcification [30, 134]. Patients with 
mitral annular calcification were also shown to have a higher rate of intraventricular 
conduction delays, bundle branch block, and atrioventricular block [135, 136]. 
Atrial fibrillation is prevalent in patients with mitral annular calcification, and the 
Framingham Heart Study and MESA reported a hazard ratio of 1.5–1.9 for atrial 
fibrillation in their respective community-based populations [137, 138].

Mitral annular calcification has implications for percutaneous and surgical inter-
ventions that involve the mitral valve. Among patients referred for mitral valve sur-
geries, mitral annular calcification is associated with injury to the left circumflex 
coronary artery and cardiac rupture when the valve requires debridement [139, 
140]. Surgical approaches that have tried to avoid disrupting the calcium ring have 
led to perivalvular leakage or high gradients [140, 141]. Owing to this, the current 
approach is to decalcify the annulus via dissection [139]. Although mitral annular 
calcification was initially considered a contraindication to the percutaneous 
MitraClip procedure, case series have demonstrated that it is feasible and was not 
associated with a decrease in procedural success or durability of repair [142, 143].

In patients with mitral valve stenosis, valve calcification is recognized as a predic-
tor of poor immediate and long-term clinical outcomes [144–147]. In fact, the 
Abascal-Wilkins echocardiography score, which predicts the success of percutane-
ous balloon mitral valvuloplasty for patients with mitral stenosis, includes valvular 
calcification in the scoring system with a score = 1 indicating a single area of calcifi-
cation while a score = 4 indicating calcification is present throughout most of the 
valve leaflets. For overall scores >8, based on assessment of leaflet mobility, valve 
thickness, subvalvular thickening, and valvular calcification, surgery is preferred 
[148]. Nonetheless, a contemporary analysis of 1024 patients who underwent percu-
taneous balloon mitral valvuloplasty for mitral stenosis compared outcomes in 
patients with and without calcified valves. Immediate result post-procedure was clas-
sified as good for 80% of 314 patients with calcification as compared to 93% of 710 
patients without calcified valves. Patients with calcified valves were also less likely 
to achieve good functional results, defined as New York Heart Association Class I or 
II and survival without reintervention or cardiovascular death. Thus, percutaneous 
balloon mitral valvuloplasty remains a frontline therapy for patients with calcific 
mitral stenosis [149]. More recently, investigators have moved forward with trans-
catheter mitral valve implantation for inoperable severely calcified mitral valves. In a 
small report of 11 patients, the procedural success rate was 73% and without paraval-
vular leaks [150]. Therefore, it is likely that in well-selected patients, this procedure 
may have benefit, but larger series, clinical trial, and outcome data is needed.

Clinical studies and decision-making regarding aortic valve calcification is 
reviewed in Chap. 22.
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 Conclusion

Calcification in the cardiovascular system is highly prevalent and associated with 
worse clinical outcomes. Advances in imaging technologies have allowed for more 
precise detection of calcified vessels, and CT scans are increasingly employed as a 
diagnostic modality to assess patient risk. In addition, novel blood assays to assess 
calcification potential are proving useful in high-risk patient populations, such as 
patients with chronic kidney disease, but the broad applicability of the test to other 
patient populations remains to be determined. Pharmacological therapeutics to pre-
vent and/or regress calcification are under development or moving forward in early 
phase clinical trials, suggesting that it is likely that these agents will soon have a role 
in the management of patients with calcified vessels. For patients with symptomatic 
vascular disease that require percutaneous or surgical revascularization, it is clear 
that the presence of calcification is associated with higher risk and higher rates of 
major adverse cardiovascular events despite the introduction of newer devices and 
techniques. Thus, it remains imperative that promising new therapies and interven-
tions continue to be trialed in more patients with cardiovascular calcification in 
randomized clinical trials to aid clinical decision-making.
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